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Abstract: Fringe projection profilometry is an established 
technique for capturing three-dimensional (3-D)-geometry 
data with high-point densities in short time. By combining 
fringe projection with endoscopy techniques, it is possible 
to perform inline inspection of industrial manufacturing 
processes. A new fringe projection system is presented, 
which uses flexible image fiber bundles to achieve versa-
tile positioning of a compact sensor head. When measur-
ing specimens with highly varying reflectivity, such as 
technical surfaces on tool geometries, measurement errors 
increase especially due to the crosstalk between individual 
fibers in the bundle. A detailed analysis of the transmis-
sion properties of the utilized fiber bundles is presented. 
It is shown that aliasing is avoided due to the non-regular 
grid structure of a bundle. Different techniques are demon-
strated to reduce the effect of crosstalk on the phase evalu-
ation. Measurements of highly reflective technical surfaces 
with different geometrical properties are shown.

Keywords: crosstalk; fringe projection; heterodyne; image 
fibers; modeling.

1  Introduction
In order to ensure the operation of machinery, inline 
inspection of functional elements is a critical part of 
modern industrial processes. To fulfill this task, measur-
ing devices must meet both time and space constraints. 
Different techniques are applicable to measure both 

roughness and geometrical properties of industrial parts 
[1]. While three-dimensional (3-D) measuring microscopes 
based on confocal, interferometry, or focus variation tech-
niques are capable of capturing surface properties with 
a vertical resolution of less than 100 nm, the lateral and 
vertical measurement ranges are limited. Additionally, the 
mentioned techniques exhibit increased measuring dura-
tions for specimens featuring high vertical range. For the 
measurement of free-form geometries, such as gearings 
in industrial processes, optical measurement techniques 
based on triangulation have been established as an alter
native to tactile coordinate measuring machines [2]. While 
these techniques feature larger measuring volumes, they 
are usually not applicable for measuring roughness para
meters due to their limited vertical resolution.

Fringe projection is an optical measuring technique 
based on triangulation capable of meeting the time 
requirements with measurement durations in the range 
of less than 10  s for obtaining high-density areal geom-
etry information of free-form objects. The basic design of 
a fringe projection system consists of a single camera and 
a single pattern projector arranged in a triangle with the 
specimen. In order to obtain a point cloud of the surface 
geometry, a sequence of predefined patterns is projected 
onto the surface and captured with the camera. By eval-
uating the deformation of the patterns in the camera 
images, the relative 3-D position of surface points can be 
triangulated using the correspondence information and 
system parameters, such as the triangulation angle and 
the focal length of the camera and projector.

Unfortunately, the limited access to functional ele-
ments and partially occluded geometries in integrated 
machinery reduces the applicability of commercially 
available fringe projection devices. A possible solution to 
overcome the space limitations is the use of endoscopy 
techniques, which are widely used for imaging tasks in 
medical applications. Three different approaches may be 
considered to transport spatial image information: flex-
ible fiber optical bundles, rigid endoscopes consisting 
of a lens system, and video endoscopes. Each of these 
techniques has unique properties regarding image con-
trast, resolution, and flexibility. Next to the detector part, 
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e.g. the camera, the patterns of the projector may also be 
transported using flexible or rigid endoscopes. Alterna-
tively, pattern generation at the tip of the sensor is pos-
sible using diffraction gratings or dias. This also leads 
to fixed patterns and limited signal-to-noise ratio (SNR). 
Advanced techniques for fast inspection, such as inverse 
fringe projection or adapted patterns, are not possible 
using a projector at the tip.

The new measuring device presented in this article 
uses flexible fiber bundles to transport the image informa-
tion of both the detector (camera) and emitter (projector) 
path to achieve versatile positioning while maintaining 
a compact design of the sensor head. Figure 2 shows a 
close-up photo of the sensor head next to a specimen; 
the two fiber bundles can be seen on the left. The sensor 
head measures approximately 15 mm in width, 15 mm in 
height, and 8.5  mm in depth, including the optics seen 
on the right. In addition to the flexible positioning, the 
sensor head is robust to increased temperatures and elec-
tromagnetic fields, which is beneficial for the inspection 
of industrial forming processes [3].

The quality of optical measurements is dependent 
on the optical properties of the surface. Fringe projec-
tion measurements suffer from surfaces with high reflec-
tance, as a large fraction of the light is either reflected 
away from the camera or leading to highlights result-
ing in areas with very high intensity. When using fiber 
bundles, coupled light also leaks to other cores in the 
bundle, resulting in global deviations in the measured 
3-D point cloud data. While it is common to use spray 
coatings to make surfaces diffuse reflective, this is not 
possible for in-line inspection. Therefore, this article 
gives an overview over the transmission properties of 
the fiber bundles employed in the fiber-optic fringe pro-
jection system. A combination of different techniques 
is presented to reduce the influence on phase measure-
ments, followed by examples of technical surfaces and 
corresponding 3-D measurements.

2  �Fiber-optic fringe projection
Figure 1 shows a schematic of the fiber-optic fringe projec-
tion system. The general setup consists of a base unit, which 
houses both camera and pattern generation unit, and a 
sensor head. The sensor head and base unit are coupled 
using two flexible coherent imaging fibers (FIGH-100-
1500N by Fujikura Ltd., Tokyo, Japan) with 100.000 indi-
vidual cores forming an active area of 1.4 mm in diameter. 
Each fiber bundle has a total diameter of 1.7 mm, a length of 
1000 mm, and a minimum bending radius of 200 mm. For 
coupling of the generated projection patterns to the projec-
tion fiber, a microscope objective with a numerical aperture 
of 0.2 is used. The patterns are generated with digital micro-
mirror device (DMD) from Texas Instruments Incorporated 
(Dallas, TX, USA), allowing for the generation of arbitrary 
projection patterns with a resolution of 1024 by 768 pixels. 
Grayscale pattern sequences with a resolution of 8 bit can 
be displayed with a maximum pattern rate of 290 Hz. For 
illumination, either a LED is employed as an incoherent 
light source with reduced coupling efficiency, or a laser 
light source, which introduces speckle artifacts when pro-
jecting the patterns on rough surfaces. The experiments in 
this work are performed using the LED setup for illuminat-
ing the patterns. The camera is a Point Grey Research Inc. 
(Richmond, British Columbia, Canada) GS3-U3-23S6M-C 
industrial camera featuring a CMOS sensor with resolution 
of 2.3 megapixels. As discussed later in Section 3.1, the reso-
lution is sufficient to avoid aliasing artifacts when imaging 
the fiber’s grid structure. The sensor is capable of capturing 
images at rates up to 162 Hz. According to the datasheet, the 
sensor features a dynamic range of 66.29 dB. The system 
is capable of capturing images with higher dynamic range 
by taking exposure series of fringe patterns on a specimen. 
Measuring times are below 2 s for diffuse reflective objects. 
The far ends of both fiber bundles are fixed at the compact 
sensor head, which features gradient-index (GRIN) optics 
by GRINTECH Gmbh (Jena, Thuringia, Germany) with a 
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Figure 1: Schematic of the fiber-optic fringe projection system.
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diameter of 2 mm and a working distance of 10 mm, result-
ing in a measuring volume of about 5 mm × 5 mm × 2.5 mm. 
Optional mirror prisms, such as seen in Figure 2, may be 
used to rotate the angle of projection and imaging by 90°. 
For larger measuring volumes, GRIN optics with a working 
distance of 20 mm is available.

3  �Image formation model for optical 
fiber bundles

Apart from the number of cores, different types of optical 
fibers are available. Incoherent optical fiber bundles do 
not have ordered end faces and require a calibration step 
to recover the ordered image [4]. In comparison, coherent 
image fibers have ordered end faces and allow for direct 
view of the remote images. The following analyses and 
experiments are valid for coherent fiber bundles.

This section describes several properties of coherent 
fiber bundles and presents a model of the image transport 
via the fibers. Characteristic parameters are estimated 
for the fiber bundles used in the fringe projection system 
described in Section 2. In order to estimate the model 
parameters, a single fiber bundle has been used to directly 
connect the projection unit and the camera. This allows 
for the generation of well-defined input patterns to the 
fiber bundle while observing the output with the camera.

Figure 3 shows the model used to describe the image 
transport in the optical fiber bundle. Followed by a 2-D 
sampling of the image at the far end of the fiber, the 
sampled image is convolved with a model for crosstalk. 
Less significant influences are considered as noise with 
different spectral characteristics.

3.1  �Sampling

Owing to the discrete number of pixels of the fiber bundles, 
image information at the surface is sampled, with the sam-
pling grid being dependent on the fiber structure of the 
imaging fibers. Common grid structures are hexagonal 
grids or randomly oriented fibers [5]. The type of fiber used 
for the fiber-optic fringe projection system features a ran-
domly distributed fiber pattern. A close-up view of the grid 
structure can be seen in Figure 4. The individual fiber cores 
vary slightly in size as well as the grid orientation. Com-
pared to sampling on a regular grid, for example, a camera 
sensor, the stochastic distribution of sampling points has 
the advantage of avoiding aliasing when sampling images 
with higher frequencies than half the sampling frequen-
cies [6]. Despite the relatively low resolution of the fibers, 

Figure 2: Sensor head of the fiber-optic fringe projection system.

Spatial sampling Crosstalk

Noise

Figure 3: Schematic of imaging model for fiber bundles.

Figure 4: Grid structure in camera image.

no discrete aliasing artifacts are visible in the transported 
images. A theoretical analysis for both hexagonal and 
random grid structures is shown in Ref. [7], which also 
gives an estimation of the transmission properties.

Figure 5 shows the Fourier magnitude spectrum of a 
1-D fringe pattern transmitted via the fiber bundle. The fiber 
grid structure is visible as the outer ring; the average period 
of the grid is estimated to 2.88 pixels and is plotted as the 
dashed red circle. The fringe pattern is visible in the form 
of two peaks, which are significantly above the Nyquist 
frequency of an ordered sampling pattern of similar fre-
quency. Wider noise spreads in all directions as a result 
from the stochastic sampling of the high-frequency pat-
terns. However, no discrete aliasing of the pattern occurs.

3.2  �Crosstalk

Owing to the proximity of the individual cores, a certain 
amount of light transported in an individual fiber is 
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coupled to the neighboring fibers. Crosstalk can reduce 
the transmission capabilities of high-resolution image 
fibers significantly, so that a comparison of the number 
of cores is not necessarily a valid comparison for the reso-
lution of fiber bundles [8]. A theoretical analysis of inter-
fiber coupling in fiber bundles depending on the shape 
of the fiber cores is given in Ref. [9]. Core separation is 
limited by the core-to-core distance and the index differ-
ence between the core material and the common cladding.

The following evaluations aim to estimate the transfer 
function and average point spread function for the trans-
ported image by modulating the input. In Ref. [10], the PSF 
of individual fiber cores in a fiber bundle is measured. The 
evaluations in this section aim to estimate not the PSF of 
individual cores but the transfer function image transmis-
sion via the full active area of the fiber using incoherent 
illumination. The result of the analysis is a global average 
of the local transfer functions.

Projecting point patterns with the pattern generator 
to illuminate individual fibers to directly sample the point 
spread is not feasible as accurate phase matching between 
the point pattern and the fiber would be required due to 
the shift invariance of the sampling process [11]. Thus, a 
1-D squared cosine sweep is used to measure the averaged 
transfer function. The fringe patterns are generated in 1-D 
according to Eqs. (1) and (2).

	 ( , ) 0.5 0.5 (2 )posI u v cos f uπ= + ⋅ ⋅ � (1)

	 ( , ) 0.5 0.5 (2 )negI u v cos f uπ= − ⋅ ⋅ � (2)

By projecting an inverted pattern and subsequent subtrac-
tion, the DC component of the fringe patterns can be sup-
pressed. In order to reduce the influence of the outer fiber 
boundaries, all images are multiplied with a Hamming 
window. The attenuation at each frequency is obtained by 
calculating the discrete Fourier transform (DFT) and locat-
ing the bin with maximum amplitude. The attenuation is 
calculated relative to the value of the DC component of the 
patterns, which is constant for all frequencies. Owing to 
the observation in camera pixels, all frequencies are given 
relatively to the sample rate of the camera.

Figure 6 shows the magnitude response measured 
for frequency sweeps in both the vertical and horizontal 
dimension of the projector matrix. The transfer function 
is approximately logarithmic in the measured band, as 
can be seen from the logarithmic fit. Both orientations of 
the input patterns exhibit similar attenuation in the meas-
ured range, confirming the invariance of the fiber grid 
to rotation. Also visible is an offset of the low-frequency 
components with ω approaching zero. The fit shows a 
relative attenuation of the DC component of the DFT of 
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Figure 5: Magnitude spectrum of 1-D fringe pattern captured 
through fiber bundle.
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Figure 6: Measured and fitted 1-D magnitude response.

k = 5.95 dB = 1.9854 compared to the logarithmic fit of the 
higher frequencies. Unfortunately, due to the resolution 
of the DFT for low frequencies, accurate estimation of 
the low-frequency fractions is not possible, leading to an 
inaccurate model for these components. Figure 7 shows 
the result from a 1-D step function. The low-frequency 
components of the PSF can clearly be seen slowly decreas-
ing with growing distance to the step.

The 1-D estimate for the PSF is obtained by assuming 
zero phase (the PSF is centered at 0) and calculating the 
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Figure 7: Measured 1-D step response.
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inverse DFT of the fitted transfer function. Assuming cir-
cular symmetry, the 2-D PSF can be calculated using the 
McClellan transform [12]. Figure 8 shows the cropped esti-
mated 2-D PSF.

3.3  �Noise

Effects not completely modeled by the transfer function are 
considered as noise. The influence of the individual effects 
on phase measurements will be discussed in Section 4. Dif-
ferent factors contribute to the transported image:

–– Aliasing While the fiber bundles do not suffer from 
discrete aliasing artifacts, wider-band noise appears 
when transporting high-frequency signals, as shown 
in Section 3.1. The effect is reduced when using the 
GRIN optics for coupling in the sensor head, as higher 
frequencies are attenuated due to the limited resolu-
tion of these optics.

–– Variable attenuation of pixels Another aspect is the 
individual attenuation of the fiber cores. Owing to dif-
ferent fiber coupling as well as varying attenuation of 
the individual fibers, a constant wideband modula-
tion is applied to the images. An evaluation of spatial 
noise on 2-D and 3-D captured with the endoscopic 
system is presented in Ref. [13] for diffuse reflective 
targets.

–– Global grid structure Figure 5 shows the Fourier 
transform of the fully illuminated fiber. The grid struc-
ture is clearly visible in the form of a ring overlaid in 
the spectrum.

–– Local grid structure Owing to the local directional-
ity of the grid structure, the estimated PSF in the pre-
vious section deviates on a local scale. This leads to 
inaccuracies when trying to model small-scale cross-
talk effects.
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Figure 8: Estimated crosstalk model.

4  �Compensation for fringe 
projection

To obtain a 3-D measurement of the specimen’s geometry 
by fringe projection, points are triangulated using corre-
sponding points on the camera and projector matrix and a 
model of the measuring system. Thus, an essential step in 
performing measurements is to determine the camera-pro-
jector correspondences. Common patterns for this task are 
either 1-D squared cosine patterns or Gray-coded binary 
patterns [14]. The spatial phase of the patterns captured 
on the camera side encodes both the position of the emit-
ting line on the projector matrix and the geometry of the 
specimen. By calculating the encoded phase, the process 
is robust to modulations in amplitude, which occur on 
objects with varying reflectivity. The pattern sequences 
are, however, not invariant to convolution, which occurs, 
for example, in the fiber model as described in Section 3. 
Based on a description of the mathematical formulation 
of camera intensity fringe patterns, the effects from the 
fiber’s properties discussed in Section 3 on phase evalu-
ation are discussed. Binary patterns suffer from similar 
effects due to the need of an adaptive threshold.

The images in a fixed-frequency phase-shift sequence 
can be described by Eq. (3), where (u, v) defines the posi-
tion of a pixel in the camera matrix.

	
( , ) ( ( , ) ( , ) ( ( , )))

( , )
n nI u v B u v A u v cos u v

psf u v
φ= + ⋅

∗ + ε � (3)

where A describes the spatial amplitude modulation, for 
example, from differences in surface reflectivity, and φ is 
the local phase angle. B consists of both the constant com-
ponent of the patterns and light from external sources. 
Parameter ε is added noise in the imaging process, while 
psf is the model for the optical system.

The index n = 1, …, N denotes the position of the image 
in the equally shifted sequence. According to Eq. (4), the 
local phase values of a pattern in the sequence are shifted 
equally over a single period.

	

2( , ) ( , )n u v u v n
N
π

φ φ= +
�

(4)

In case psf is the δ function (ideal transmission) and ε = 0, 
the phase of the pattern can be obtained by rotating the 
patterns on a common complex plane and calculating the 
argument of the accumulated vectors:

	 1

2( , ) ( , )
N

real n
n

I u v I u v cos n
N
π

=

 
=   ∑

�
(5)
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	 ( , ) ( ( , ) ( , ))real imagu v arg I u v I u vφ = + � (7)

Owing to the rotation, parameter B in Eq. (3) is multiplied 
with 0. Thus, any light from external sources is suppressed, 
as long as it is not varying over the captured phase-shift 
sequence. Also, by calculating the phase in Eq. (7), ampli-
tude modulations by A have no further influence. Apart 
from the local reflectance of the specimen, this temporally 
constant amplitude modulation is also capable of mod-
eling the varying attenuation of the individual fibers as 
well as the fiber’s grid structure (see Section 3.3).

In case psf is not the δ function, as described in Section 
3.2, the suppression of external light sources is still valid, 
as long as B and the PSF are constant over time. However, 
due to the convolution of the phase-shift pattern images 
according to Eq. (3), each pattern is independently dis-
torted. Considering the Fourier transformation of Eq. (3), 
the pattern spectrum is convolved with the Fourier trans-
form of the reflectance of the surface. This effectively leads 
to an increased bandwidth requirement of the image. For 
A(u, v) ≠ 1 (or a non-symmetric PSF), this leads to a dis-
torted estimation of the local phase. These phase errors 
are increasing with the dynamic range of A. Although 
deviations in the phase measurement may be reduced to 
a certain extent by increasing the number of phase-shift 
images, this will lead to an increased measuring time.

In conclusion, for a non-biased phase evaluation, the 
optical system must feature a linear magnitude response 
and zero phase with sufficient bandwidth. The bandwidth 
requirements are defined by the geometry of the specimen 
as well as the dynamic range of the reflectance. As the 
fiber bundles do not feature a linear magnitude response, 
it must be compensated by digital signal processing.

Figure 9 shows the signal-processing chain to reduce 
fiber artifacts in the phase measurements. After captur-
ing the pattern sequences, all images are windowed using 
a 2-D Tukey window with α = 0.1 (10% taper) to decrease 
ringing artifacts at the fiber’s edges in the later processing 
stages. Table 1 gives a short overview of the compensation 
for a number of the properties of the optical fiber bundles.

Window Deconvolution

Low-passPhase evaluation

Image sequence

Phase image

Figure 9: Schematic of imaging model for fiber bundles.

Table 1: Artifacts and compensation.

Artifact   Compensation

Fiber crosstalk   HDR imaging, deconvolution
Fiber structure, cladding   Low-pass filter
Variable attenuation of fibers   Phase evaluation
Low-frequency crosstalk   Heterodyne phase unwrapping

4.1  �Deconvolution

The convolution with the PSF, as described in Eq. (3), can 
be compensated by the convolution of the image with the 
inverse PSF. However, due to the decreasing SNR for higher 
frequencies, this will also lead to an amplification of noise. 
Thus, direct inversion of the transfer function estimated in 
Section 3.2 is not feasible. Deconvolution algorithms intro-
duce a regularization term or work iteratively in order to 
avoid the amplification of noise to improve the estimate of 
the restored image.

For the results presented in Section 5, the Richard-
son-Lucy iterative deconvolution algorithm [15] is used. 
As a trade-off between restoration and processing time 
and noise amplification, the number of iterations has 
been empirically chosen to 2 based on evaluations on 
specimens similar to the objects described in Section 5. A 
higher number of iterations lead to no significant further 
reduction in the measured deviations from the reference 
geometries. An additional factor taken into account is the 
reduction in processing times for lower iteration counts, 
which benefits the fast inspection of geometries. In Ref. 
[16], certain convergence properties of the Richardson-
Lucy algorithm are studied. It is shown that the restora-
tion of lower frequency components, which dominate the 
camera images captured via the fiber, converge faster than 
higher frequencies. Higher frequencies suffer from a lower 
SNR ratio, due to the transmission properties of both the 
GRIN optics used in the sensor head and the imaging 
fibers. Therefore, the improvement in restoration quality 
by increasing the number of iterations is limited.

Owing to the properties of the deconvolution algo-
rithms and the limitations of the fiber model, low-fre-
quency components of less than a single fringe period 
cannot be compensated for properly.

4.2  �Filter design

As described in Section 3, the bandwidth of the fibers is 
not limited by the average sampling frequency accord-
ing to the Nyquist theorem because of their stochastic 
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sampling behavior. Nevertheless, the SNR is decreasing 
for higher frequencies due to the attenuation of the signal 
by the transmission properties of fiber and optics. Addi-
tionally, the grid structure of the fibers is overlaid in the 
spectrum. Therefore, a low-pass filter is applied to attenu-
ate high-frequency noise prior to the phase evaluation.

Research has been published on the removal of the 
so-called pixelation artifacts in imaging fibers. In Ref. [5], 
a low-pass filter is applied at half the average sampling 
frequency of the fibers with a sharp roll-off. In Ref. [17], 
2-D Gaussian filters with different standard deviations are 
evaluated. Alternatively, subpixel localization of fiber core 
centers and interpolation has been suggested in Ref. [18].

As discussed in the introduction of this section, the 
digital filter applied to the captured images must feature a 
linear magnitude response in the pass band to avoid errors 
in the phase evaluation stage. Gaussian filters are, thus, 
not suitable for phase imaging as a result of their attenu-
ation in the pass band. As described in Ref. [18], subpixel 
localization of fiber centers and interpolation offer no 
benefit over simple low-pass filtering for 2-D imaging. 
Owing to the computational complexity and resolution 
requirements for the camera, it is not suitable for the high 
pattern rates required for in-line inspection.

Therefore, a low-pass filter has been selected as a pre-
filter for the phase evaluation stage. Based on empirical 
evaluations of measurements on different objects, the 
pass band edge has been defined in normalized frequency 
at ωpass = 0.4 and the stop edge at ωstop = 0.6. A slow roll-off 
is selected to avoid ringing in the time domain. The atten-
uation in the stop band has been set to Astop = −40 dB and 
the pass band ripple to Apass = 0.5 dB. The filter has been 
designed as a 1-D FIR filter using the equiripple method 
and transformed to a 2-D FIR filter using the McClellan 
transform.

4.3  �Phase unwrapping

For fringe patterns with more than one period, the phase 
evaluation in Eq. (7) will lead to an ambiguous phase 
image due to the range of the local phase being limited 
to −π … π. To be able to use fringe patterns with higher 
frequencies, which are more robust to noise, a phase-
unwrapping step is required to solve this ambiguity. Tem-
poral phase unwrapping using a sequence of increasing 
frequencies is commonly selected for this task [19]. Alter-
natively, the unwrapping may be performed using, for 
example, Gray-encoded binary patterns.

Owing to the strong low-frequency components in 
the point-spread function of the optical fiber bundles, Figure 10: Photograph of the specimens.

especially image captures of projected patterns with a 
single fringe period suffer from crosstalk. As the higher 
frequency phase maps are unwrapped using the single-
period patterns, for situations with significant crosstalk, 
the unwrapping will fail. As unwrapping errors are effec-
tively steps of multiples of 2π, large deviations in the tri-
angulated data will follow. Gray-encoded patterns suffer 
from the same problem, as the most significant bit is also 
encoded in a pattern with a single period.

To overcome these problems, a heterodyne unwrap-
ping method is used for unwrapping the higher-frequency 
phase images [20]. This results in only high-frequency 
patterns being projected, which feature a higher SNR. 
The single-period phase map is then acquired by virtually 
mixing the higher frequencies and calculating the phase 
of their beat frequency.

5  �Results
Figure 10 shows a photo of the two objects used for evalu-
ation. The first object is a polished tactile ball probe with 
a diameter of 2 mm. In order to reduce specular reflec-
tions on the polished surface, the object has been treated 
by plasma ion nitriding, which is a common treatment 
of industrial tool steels for hardening. The second speci-
men is a hard coated planar surface with a circular defec-
tive spot in the coating. A CrAlCN coating is used in this 
case, which has been applied to the substrate material by 
employing a magnetron-sputtering process. In the context 
of sheet-bulk metal-forming processes, the coating is 
used to modify the tribo-mechanical properties of the tool 
surface [21] and features a roughness average Ra of less 
than 500 nm. Reflectance of the coated surface areas is 
dominated by specular reflection, while the defective or 
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non-coated spot on the specimen is dominated by diffuse 
reflection.

The spherical object is shown to demonstrate the influ-
ence of high-frequency crosstalk, while the planar object 
introduces low-frequency crosstalk effects in the meas-
urements. All measurements have been performed using 
four phase-shift patterns at three different frequencies for 
unwrapping. The exposure times for capturing the HDR 
pattern images have been adjusted to capture the specimens 
without overexposed spots. In addition to the PSF measured 
for the fiber in Section 3.2, a second PSF has been measured 
for image transport via the fiber and in-focus coupling using 
a GRIN lens from the sensor head. Both due to the differences 
in coupling and the PSF of the lens, the combined PSF is a 
more complete model of the detector path. A comparison of 
both models allows to qualitatively compare the influence of 
the optics and the fibers on the measurements.

5.1  �Spherical surface

Figure 11A shows the fringe amplitude of a phase meas-
urement of the spherical object. Owing to the surface 
angles, a large intensity gradient is visible especially in 
the neighborhood of the highlight.

In order to analyze the local effects on the 3-D data, a 
best-fit sphere has been fitted to all measurements. One 

percent of the data points with the largest deviations to 
the fitted reference has been discarded to remove outli-
ers. Figure 11B shows the deviations for a measurement 
without applying the deconvolution signal-processing 
stage. Next to the highlight, strong deviations are evident 
due to interference from crosstalk effects. Figure 11B and 
C show the deviations for deconvolution using either the 
fiber model or the combined model for fiber and GRIN 
coupling lens. Both methods reduce the influence of the 
highlight significantly, although slight deviations in the 
direct proximity to the highlight remain. For a quantitative 
analysis, the standard deviations of the measured point to 
sphere distances are shown in Table 2. By applying devon-
volution of the fiber and GRIN model, the standard devia-
tion can be reduced by more than 35%.

5.2  �Coated planar surface

Figure 12A shows an image of the fringe amplitudes on a 
CrAlCN-coated planar surface. A defect spot in the coating 
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Figure 11: Measurements on spherical object. (A) Magnitude image. (B) Deviations without deconvolution. (C) Deviations with fiber model 
deconvolution. (D) Deviations with fiber and GRIN model deconvolution.

Table 2: Standard deviations for spherical object.

No modeling  Fiber model  Fiber and GRIN model

3.3 μm   2.6 μm   2.1 μm
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can be seen on the right. Owing to the high specular 
reflectance of the coated areas, the light is reflected away 
from the camera, leading to an attenuation of −60 dB to 
−80 dB for these areas relative to the intensity measured 
at the defect spot. This introduces low-frequency crosstalk 
components, similar to the step measurement shown in 
Section 3.2, to the images. When employing the common 
temporal phase-unwrapping technique featuring single 
period patterns, phase unwrapping in the areas with 
highly attenuated intensity will completely fail, leading 
to unusable measurements. The results in this section 
are obtained using the heterodyne phase-unwrapping 
method as explained in Section 4.3.

Similar to the evaluation for the spherical object, a 
plane has been fitted to the measured data points. To filter 
outliers, the 1% of the points with the largest distance to 
the best-fit plane has been discarded. Figure 12A shows 
the deviations to the best-fit plane without applying 
deconvolution to the pattern images. Periodic deviations 
in the orientation of the projected fringes are visible due 
to the low-frequency crosstalk. In direct comparison, the 
deviations are reduced in Figure 12B and C after applying 
the deconvolution stage. However, the periodic structure 
is still evident.

As discussed in Section 4.1, the low-frequency compo-
nents of the fiber PSF cannot be compensated due to limi-
tations in measuring the attenuation at low frequencies 

and in the deconvolution algorithms. The reduction of the 
periodic structures is a result of compensating the relative 
attenuation of the higher frequencies.

Table 3 lists the standard deviation of point-plane 
distances to quantify the deviations. Despite remaining 
influences of the low-frequency crosstalk, the standard 
deviation of point-plane distances is reduced by 1 μm after 
applying the deconvolution.

6  �Discussion
Especially, the heterodyne phase-unwrapping method is 
beneficial for measuring objects with varying reflectivity, 
as seen in Section 5.2. By projecting only high-frequency 
patterns, the unwrapping algorithm is robust to low-fre-
quency crosstalk, enabling the measurement of areas with 
low intensity relative to the complete image. However, due 
to limitations in the model and deconvolution algorithms, 
frequency components of less than a single period in the 
PSF cannot be compensated. Thus, slight interference in 
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Figure 12: Measurements on planar object. (A) Magnitude image. (B) Deviations without deconvolution. (C) Deviations with fiber model 
deconvolution. (D) Deviations with fiber and GRIN model deconvolution.

Table 3: Standard deviations for planar object.

No modeling   Fiber model   Fiber and GRIN model

6.0 μm   5.4 μm   4.9 μm
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the form of periodic deviations remains for situations with 
significant low-frequency crosstalk. Despite these limita-
tions, the measurements showed the capability of detect-
ing deviations larger than 15 μm in scenes with a dynamic 
range of up to 80 dB, a difference of 1:10,000 in measured 
fringe amplitudes.

The measurements of the spherical objects show the 
influence of higher-frequency crosstalk interference. In 
the neighborhood of the highlight, deviations in negative 
direction are present on one side of the highlight and pos-
itive direction on the other. A reduction in the standard 
deviation of point-sphere distances of over 35% could be 
achieved by applying deconvolution of the fiber and GRIN 
lens transfer function model.

Artifacts evident in 2-D amplitude images transported 
by the fiber bundles, such as the varying attenuation of 
individual fiber cores, and pixelation from the discrete core 
structure, are much less influential on the demonstrated 
3-D measurements as a result from phase evaluation.

To summarize, the remaining deviations can be 
accounted to the following effects:

–– Low-frequency PSF components Frequencies close 
to zero are difficult to compensate using the presented 
modeling and deconvolution techniques.

–– Local directionality of the fiber structure While the 
evaluations in Section 3.2 showed that the estimated 
PSF is valid for a wide frequency range, on average, 
on a local level, the fiber grid structure deviates from 
the model, as each core has a discrete number of 
neighboring cores in varying arrangement.

–– Bandwidth requirements Especially, narrow high-
lights result in larger bandwidth requirements for the 
detection path due to the convolution of the fringe 
pattern with the surface reflectance in the frequency 
domain (see Section 4).

–– Camera and projector nonlinearities In order to 
capture the dynamic range of the patterns, the expo-
sure time needs to be varied over a wide range. The 
larger the range, the larger the effect of nonlinearities 
in capturing the intensity.

–– Signal-to-Noise The SNR is especially increased in 
areas with low intensity and for higher frequency 
components. Applying deconvolution also increases 
the noise level, limiting the applicability of the 
method for certain situations.

Thus, for robust measurements, areas with high-intensity 
gradients will be masked in the 3-D evaluation, which is 
similar to the behavior of commercial systems. If further 
reduction of the measurement uncertainty is required, 
crosstalk artifacts may be reduced to a certain extent by 

increasing the number of phase-shift images, at the cost 
of an increased measurement duration.

7  �Summary and outlook
A new fringe projection system is presented, which uses 
flexible imaging fiber bundles to achieve fast in-line 
inspection of elements with limited accessibility. Based 
on experiments, a model for the transmission properties 
of the fibers has been derived. A combination of different 
techniques is employed to reduce the effects of inter-fiber 
crosstalk and enable the measurement of specimens with 
highly varying surface reflectance. Even in situations with 
fringe amplitude ratios of 1:10,000 in captured pattern 
images, the standard deviation of point-reference dis-
tances is in the order of 5 μm.

Further modeling of optical components of the system 
could lead to further improved results. In addition, a spe-
cifically adapted deconvolution algorithm could consider 
the similarities in the image sequence of the phase-shift 
patterns and, thus, lead to a higher robustness toward 
noise in the camera images. Furthermore, by modulating 
the projected patterns adaptively in intensity, the dynamic 
range in the camera images and, thus, the interference 
from crosstalk could be reduced.
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