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Abstract

Wet filament winding technology has been extensively used for the manufacture
of rotationally symmetric parts made of fiber-reinforced plastics (FRP). As the
design and modeling of FRP-parts require numerous assumptions, deviations
between calculated and achieved mechanical properties are expected. One aspect
that contributes to this discrepancy is the assumption of a homogeneous rectan-
gular cross-section of the fiber-band. In this work, the fiber-band geometry in a
wet-winding process of carbon fiber cylinders is analyzed. An Infrared-optical
system for the detection of the fiber bandwidth and winding-angle is
implemented. The influence of the winding speed and the resin temperature is
analyzed. An image processing algorithm for the automatic measurement of the
fiber's bandwidth and winding-angle is developed. Manual and adaptive gamma
corrections are implemented to improve image quality. A parameter study for the
suitable selection of image processing parameters is performed.
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or/and helical layers. Thus, the laminate's mechanical prop-
erties depend not only on the influence of the process

The conformation of tubes, driveshafts, vessels, and other
rotational symmetric parts has been historically performed
using filament winding technology."™! In the last decades,
with the demand for light-weight structures, carbon and
glass fibers have been successfully integrated into different
winding methods. For instance, in wet filament winding,
where the fibers are impregnated with a low viscous resin
as they are wound onto a rotating mandrel.l”! Furthermore,
the winding pattern is usually a sequence of circumferential

Abbreviations: AFP, automated-fiber-placement; CFRP, carbon fiber-
reinforced plastics; fps, frames per second; FRP, fiber reinforced
plastics; FVF, fiber volume fraction; IR, infrared

parameters but also on the number of layers, as well as
their vvinding-angle.[6’7] For the design of complex winding
structures, analytical models are restricted, and therefore,
numerical approaches can be exploited.®** Even though
this manufacturing technology is well-known, the design
and modeling of wound components require numerous
assumptions and the repeatability of manufacturing is lim-
ited. Therefore, significant deviations in the mechanical
properties of the manufactured parts in comparison to sim-
ulative predictions are expected. Consequently, high safety
factors and/or over-dimensioning are usually applied to the
components. For instance, for pressure vessels, the design is
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usually over-dimensioned above the high legal safety factor
of 2.25."%! This over-dimensioning leads to extra produc-
tion costs since additional material is needed. Therefore, the
goal must be to equalize the modeling and manufacturing
of wound parts to become more material and cost-efficient.

An important aspect of this discrepancy between model-
ing and manufacturing is the assumption of the cross-section
geometry of the fiber-band. Thus, for most of the simulation
approaches, the cross-section is assumed to be rectangular
and constant during the winding patterns. This assumption
contradicts the process' reality where the fiber-band cross-
section is variable, and its shape can be approached narrow
elliptical rather than rectangular, especially with increasing
width to thickness ratio. Moreover, during the fiber's deposi-
tion, which is accompanied by spreading, changes in the
width of the fiber-band (bandwidth) occur. These bandwidth
variations, as well as changes in the winding-angle, describe
the formation of gaps or overlaps in the laminate structure.
In addition, variations of the local fiber volume fraction
(FVF) can be expected from the fluctuations in the fiber-
band thickness, fiber-band slippage, or spreading. Since the
variations of the bandwidth and winding-angle are important
for improved modeling of the part performance, optical sys-
tems have been considered for the inline detection of these
values within this work. Nowadays, image acquisition sys-
tems such as industrial cameras, or infrared-cameras (IR-
camera) have a broad application in manufacturing
processes.'>*! For the manufacture of fiber-reinforced plas-
tic (FRP)-tapes in automated fiber placement processes, IR-
camera systems have shown good results for the fiber-band
recognition due to the thermal difference of the incoming
fiber-band and the deposition surface (background).!>"'7)
However, the quality of the image is highly dependent on
the contrast between the tracking object, that is, fiber-band,
and the background.*%!

This article intends to expand the understanding of
the wet-winding of carbon fiber-reinforced plastics
(CFRP) through the studying of the fiber-bandwidth and
its winding-angle during a circumferential winding pat-
tern. An IR-optical system is implemented and the influ-
ence of the winding speed and resin temperature on the
acquired images are analyzed. An image processing algo-
rithm for the automatic measurement and evaluation of
the bandwidth and winding-angle is developed. This
approach should serve as a basis for more accurate simu-
lation of wound parts as well as support for the develop-
ment of quality control methods.

2 | STATE OF THE ART

To further understand the wet filament winding process,
the relevant state of the art is presented. Thus, the most
important factors and assumptions are summarized.

Furthermore, this overview defines the process basis for
the evaluation of the fiber bandwidth and winding-angle.

21 |
process

Wet filament winding manufacture

Filament winding is a well-established manufacturing pro-
cess for composites since 1940 and widely used for the
manufacture of rotational-symmetric parts, in which pres-
sure vessels for fuel cell-based drive have increased its
demand.!"! A general wet filament winding process can be
abstracted into three steps: Provision of fibers with a
defined tension, fiber impregnation, and deposition around
the winding body (Figure S1). In addition, a common prac-
tice after the process is the curing of the wound part.[Z]

The process begins at the creel rack where individual
rovings are pulled at a defined tension. At the impregna-
tion unit, a liquid matrix material is transferred to the
fibers by immersion, roller, pressure, or vacuum impreg-
nation.>**2! For the roller impregnation technique, the
rovings are guided over a rotating roller, which is loaded
with a defined resin film. Hence, the liquid matrix mate-
rial flows through the rovings in the direction of thick-
ness. The air contained can thus escape upwards and the
impregnation quality increases. Furthermore, for a high
impregnation quality, a low viscosity of the resin, for
example, lower than 2 Pa s, as well as a spreading of the
rovings are beneficial.!*! After the impregnation unit, the
rovings are combined to form a fiber-band. The impreg-
nated fiber-band is then placed on the winding body by a
deposit roll or thread eye along the winding path.

The winding pattern is usually a sequence of helical
and circumferential layers. Circumferential layers cover
in a band-to-band deposition the cylindrical part of the
pressure vessel and serve to absorb radial forces.*?! A
high compression effect of this layer on the layers below
is as characteristic as the possibility of high winding
speeds up to 2.0 m/s. Helical layers, however, allow for
more variations in the winding pattern due to different
winding angles. These layers dominate the axial or the
torsional strength of the part. Once, the part has been
fully wound, the resin needs to cure. Depending on the
resin used, this can take place under ambient conditions
or in ovens. The component must rotate during this pro-
cess to avoid dripping of the low-viscous resin and to
ensure a homogeneous fiber-matrix distribution.*!

2.2 | Fiber-band geometry in wet
filament winding

The laminate is conformed by a sequence of circumferen-
tial and helical layers with different angles, which are
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determined usually by finite element simulations. Thus,
by including the component's geometry and material
properties, the mechanical performance of the part can
be simulated. Furthermore, simulations of the winding
path, which transfers the determined layup in machine
code, can be used to support the manufacture of the part.

Regardless of the software used, the simulations can
model the final component in detail, accurately in many
cases. Nevertheless, within each layer, the fiber-band
cross-section is usually assumed as rectangular with no
changes in its geometry. However, for different winding
patterns some parameters, such as FVF, can be adjusted
to introduce differences in the mechanical properties. To
account for a deviation of the fiber-band geometry from
the rectangular cross-section, the fiber-band can be con-
sidered with a slight overlap instead of a band-to-band
deposition. Based on these assumptions, the overlaps are
estimated, and therefore, the real fiber-band geometry is
not completely considered.

Despite the good modeling obtained with rectangu-
lar cross-sections of the fiber-band, some publications
describe the bandwidth as an elliptical or half-
elliptical cross-section in real terms./** By considering
surface constancy for the fiber-band cross-section, the
same heights of the fiber-band will lead to different
fiber bandwidth and vice versa when considering a
non-rectangular fiber-band. This assumption of an
elliptical cross-section correlates well, with the deposi-
tion of slightly overlapping fiber-bands to achieve a
homogenous FVF.

Moreover, the effect of fiber spreading will cause a
change in fiber bandwidth when the fiber-band is
deposited on the part. This also affects the cross-section
of the fiber-band. However, the effect of fiber spreading
will depend on the surface curvature of the winding
body, the winding pattern, the fiber tension, and the
wetting of the fibers with the viscous resin.[>**24
Therefore, the bandwidth on the winding body will
show fluctuations, even, if considering rovings with no
deviations, which does not apply to reality. These devia-
tions from the modeled rectangular cross-section can
lead to gaps and overlaps affecting the mechanical
strength of a part.®! As gaps and overlaps can result
from fluctuations in bandwidth and winding-angle, a
better understanding of the fiber-band geometry during
wet winding is necessary. To identify fluctuations in
these parameters during manufacturing a suitable
inline measuring system is required. In wet filament
winding, the bandwidth and winding-angle are defined
by the two edges of the fiber-band (Figure 1). Therefore,
the inline measurement needs to allow the detection of
both edges during band-to-band deposition indepen-
dent of the winding pattern of the background and the
incoming fiber-band orientation.

PROFESSIONALS AND SCIENCE
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FIGURE 1 Definition of the fiber bandwidth, and the winding-
angle by the two edges of the fiber-band

2.3 | Image acquisition approaches for
fiber-band recognition

In related technologies as the automated-fiber-placement
(AFP) process or the winding process with thermoplastic
tape (tape-winding), optical inline measurement systems
are already used. Even though the production speed, the
usage of pre-impregnated tapes, and the part geometry
differ significantly from wet filament winding, there are
similarities as the local deposition of fiber-bands on a
background of the same type and high reflectivity of the
materials, which justify a profound look into these
technologies.

Witte measured gaps between tapes during the tape
winding process with the concept of interferometry.'?®! This
approach is based on well-defined edges of the thermoplas-
tic tape after the deposition on the winding body. The verti-
cal resolution of this scanning system is 0.84 pm and a
vertical measuring range of 12 mm can be displayed.”*”

For the inline determination of critical defects con-
cerning their type, size, and position, Colas et al. inte-
grated an IR camera into the tape winding process.”*®! In
addition to superficial placement defects, intralaminar
defects such as porosity and inhomogeneity in the tape
should also be detected in the IR image. At measuring
speeds of up to 7 m/min, gaps and overlaps during the
tape deposition process could already be detected and
visualized by further processing algorithms in a 3D
reconstruction.

Due to its wide distribution in the aviation industry,
there are numerous research initiatives and approaches
for automated inline quality assurance in AFP processes.
The determination of the placement position of the single
thermoplastic or thermoset pre-impregnated tapes plays
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an important role. The resulting gaps and overlaps are
detected by a laser-assisted recording of the height
profile,'*2°-3] IR camera images,['>1416-21:36-39 35 well
as eddy current testing®” or fiber Bragg sensors.!***!!
Laser and thermography methods are widely followed
approaches.

Krombholz et al. have developed an inline system
for detecting the edge position of each deposited fiber-
band using a laser light section sensor.!*?! Even though
the system is designed for the AFP process, it was
developed in a robot-assisted towpreg winding process.
The detection of individual towpregs on an aluminum
core could be performed with the sensors used.!**
However, the deposition of towpregs on a CFRP sub-
strate resulted in difficulties as edge detection was
made more difficult by the substrate, and the material
deformation during deposition.!*?! The sensor used was
designed for the detection of towpregs with a height of
approx. 125 pm at a deposition speed of up to 1 m/s.
Using edge detection, the edge is mapped by a curved
transition in deviation from the model conception of a
right-angled jump. Within the scope of the investiga-
tions, two sensors were compared with each other and
the influence of the laser intensity and the angle of
incidence was worked out.

Briining et al.”*!! and Denkena et al."*! worked with
thermography for inline inspection. By implementing an
IR-camera, the deposited tape is recorded behind the
deposition point (first contact point of incoming fiber-
band and winding body). The method is based on the
approach that there is a significant temperature differ-
ence between the substrate and the freshly deposited
tapes. The temperature difference between the deposited
tape and the base substrate is used to determine the edges
of the tape. The tape is even colder than the substrate
when deposited just behind the pressure roller. An algo-
rithm determines the tape geometry from the data by
evaluating the thermal profile, from which manufactur-
ing defects (gaps greater than 0.7 mm, overlaps, twisted
tows) can be deduced with near real-time resolution. By
correlation with the coordinates of the deposition robot,
a local resolution and thus a target/actual comparison is
also possible. Gaps and overlaps can be separated from
each other from the temperature profile. While overlaps
lead to a lower temperature, gaps show the temperature
of the substrate in the line profile of the temperature. For
a clear determination of the tower edges on both sides
with this measuring principle, a small gap between adja-
cent bands is necessary. To detect surface defects such as
contamination and changes in the surface material, the
edge detection method is combined with a surface inspec-
tion based on the evaluation of temperature
peculiarities,1213-21:3¢]

Gregory et al.*®! of the NASA Langley Research Cen-
ter see an essential advantage of thermography compared
to laser-based detection in the possibility to identify poor
layer bonding/consolidation besides gaps, overlaps, and
fiber twist, additional defects by detailed analysis of the
temperature profile. By considering the local heat flow,
the heat signal can be traced back to the individual defect
patterns. An IR camera with 640 X 512-pixel resolution
and a measuring rate of up to 30 Hz is used for this pur-
pose, which records the material deposit directly behind
the tape deposition. By integrating the camera into the
depositing head, each recorded image can theoretically
be assigned to a position on the component using the
robot coordinates. Within the scope of this work, how-
ever, a correlation is carried out here by assuming con-
stant travel speeds. By evaluation of the thermographic
images, areas with reduced connection to both plates and
cylindrical components could be successfully detected.

2.4 | Selection of image acquisition
technology for wet filament winding

The literature review shows that several optical systems
can be considered for the quality control of the
manufacturing process as AFP or tape-wind-
ing.[36’39’40’43’44] These options can be classified into two
groups: direct measure systems and image acquisition
systems. One of the most popular direct measurement
systems is the linear laser scanner. This method has
shown accurate results for the recognition of some object
surface and profile's edge detection as stated above. How-
ever, limitations occur if the height profile of the depos-
ited fiber-band is not well defined. As both edges need to
be captured for the determination of the bandwidth, a
suitable band-to-band deposition is not possible. This
requirement excludes some technologies as the interfer-
ometry performed by Witte.*! Considering the cross-
section of the fiber-band as an elliptical or half-elliptical
area there will be hardly any recognizable edge in the
heights profile of the winding body (Figure 2). In contrast
to thermoplastic or thermoset tapes in AFP, the deposited
material in the wet winding homogenizes with the back-
ground at the deposition point, so that no edge detection
in a height profile will be possible.

On the other hand, due to the large amount of data
collected, and its flexible integration into different pro-
cesses, image acquisition systems have shown a broad
application in  the evaluation of composite
materials.*****] Thermographic monitoring systems
have shown promising results for the detection of process
relevant defects in composite manufacturing *>'417
46. 47 Nevertheless, a challenge for its implementation is
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FIGURE 2
to-band deposition in wet filament
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the image quality.[***”! To guaranty the image quality
during a real process condition, a suitable image filter
process is, therefore, required. To the authors' best
knowledge, such IR-image filters have been not reported
for a wet filament winding. Nevertheless, some algo-
rithms for the improvement of IR-images have been
already developed.!'>**~° This kind of approach could
be integrated to an IR-image system in a wet filament
winding. However, further insight of the process condi-
tions and its parameter is required to develop a suitable
image process algorithm.

3 | EXPERIMENTAL EVALUATION
OF TEMPERATURE CONTRAST
DURING FIBER-BAND DEPOSITION

For the inline determination of the bandwidth and
winding-angle, the suitability of the IF-camera is investi-
gated. Furthermore, the fiber-band's edges can only be
identified if an adequate temperature contrast is
obtained.

For the investigations, a circumferential layer on a
closed winding layer (here: substrate) with a band-to-
band deposition is considered. It is assumed that the sub-
strate has already time to cool down and then a tempera-
ture contrast to the incoming fiber-band is obtained. The
bandwidth in the direction of deposition should, there-
fore, always show a well-defined (sharp) flank in the tem-
perature profile. On the other hand, the opposite edge of
the fiber-band, that is, opposite to the direction of deposi-
tion, is placed directly next to the fiber-band deposited
shortly before, so that the cooling time is limited to one
revolution of the winding body. In the following, we will,
therefore, examine the effect of the winding speed and

the temperature of the resin on the temperature contrast
of both edges of the incoming fiber-band. Those two pro-
cess parameters are chosen as both directly affect the
temperature of the incoming fiber-band by the original
temperature or in case of speed the dwell time, and there-
fore, the cooling before deposition. Moreover, the wind-
ing speed determined the time for one revolution of the
winding body, and therefore, the cooling time of the pre-
viously placed fiber-band. In particular, the possibility is
investigated that at high winding speeds and small diam-
eters of the winding body, a loss of contrast can occur,
which would characterize a limit of use of the measuring
approach. Moreover, a minimal temperature may be
needed to see a temperature contrast of the incoming
fiber-band.

Therefore, in this chapter, the general suitability of
the IR camera is tested for different winding speeds and
rein bath temperatures. If the results are promising, an
image processing algorithm for the determination of the
fiber bandwidth and winding-angle is developed
afterward.

3.1 | Experimental setup and image
acquisition

For this work, the experiments are carried out on a portal
winding machine type WSE IV, manufactured by Josef
BAER Maschinenfabrik (Weingarten, Germany) with
state-of-the-art materials. A thermoplastic cylinder of a
200 mm diameter is used as the winding mandrel. Car-
bon fiber rovings of the type ITS50 (1600 tex, 24 k) by
Teijin Carbon Europe GmbH (Wuppertal, Germany) are
impregnated and wrapped around the mandrel. Epoxy
resin EPIKOTE Resin 04976 from Hexion Inc. (Columbus,
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Ohio) with a viscosity of 180 + 30 mPas at 60°C is used. A
free path length of 138 cm from the roller in the impregna-
tion unit to the deposition point is measured. In all trials, a
single roving is deposited. A bandwidth of approximately
10 mm at the deposition point is expected.

An A655sc IR-camera from FLIR Systems Inc.
(Wilsonville, Oregon) with an image resolution of 640 x 480
pixels is used. The recording speed is set up to 50 frames per
second (fps). The camera sensor measures in the IR-
spectrum from 7.5 to 14 pm wavelength. In addition, the
camera is equipped with a standard 25° lens with a resolu-
tion of 170 pm at a working distance of 250 mm. For the
experimental setup, the camera is placed perpendicularly
above the deposition point (Figure 3, left). For this setup, an
example IR-image with the characteristics features during
the winding process is presented (Figure 3, right). As the
winding direction is from the left to the right, the previously
wound area has a higher temperature in comparison to the
last deposited layer. Thus, a longer cooling time for the right
side is observed. For each test, the process is continuously
recorded, and a video sequence with about 1000 frames is
obtained. For the reported average values and standard devi-
ations, the temperatures in all the frames are considered.

For evaluation of the IR image, either a gray value
analysis or a temperature profile is possible. To examine
the suitability of the measurement method, the tempera-
ture profile along the deposition line is then considered.
Furthermore, the deposition point is estimated at pixel 400.
For the image analysis, a python script for the characteriza-
tion of the image values from the IR-camera has been writ-
ten. Thus, the incoming fiber-band has a higher
temperature in comparison to the background (Figure 4).

Moreover, the temperature for the previously wound area
(left hand to the winding direction) is higher in comparison
to the temperature at the last layer region (right hand to
the winding direction). For the estimation of AT in both
sides of the fiber-band (ATincoming and ATphaseour), the
maximum temperature at the fiber-band (AT,.,), and the
mean temperature for 100 pixels after the fiber-band edge
are considered. For the relative error of AT, the square root
of the sum of squared standard deviations (standard devia-
tion of ATy, the standard deviation of the average value
of the 100 pixels in the incoming or phase-out area, and its
mean standard deviation) is considered.

Therefore, the fiber-band is determined by the step
rise or fall of the temperature in the temperature profile,
which does not perfectly correlate with the fiber band-
width, but allows for the calculation of AT. The fluctua-
tion range, indicated by the standard deviation of the
mean value over 100 pixels in the incoming or phase-out
area, describes the uniformity of the temperature profile.
Thus, this value is giving an estimation of the risk to
falsely detect other peaks as the fiber-band edges. There-
fore, a low fluctuation width is a good indication for a
well-defined fiber-band edge.

3.2 | Influence of the winding speed on
the temperature contrast

The experiment shows that the previously wound area
appears warmer at higher winding speeds (0.96 m/s) than
at slow speeds (0.28 m/s) (Figure 5(A)). Therefore, the
contrast in the incoming flank of the temperature profile

Previously
wound area

FIGURE 3
[Color figure can be viewed at wileyonlinelibrary.com]

Winding direction

Incoming

Experimental setup of the image acquisition system (left). Characteristic features of the recorded infrared images (right)
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could become more difficult to analyze due to the lower
contrast. Moreover, the absolute temperature of the
incoming fiber-band is lower due to the longer dwell time
between impregnation and deposition.

These results are depicted for different winding
speeds (Figure 5(B)). The data show an increase of both
AT values with increasing winding speed up to 0.7 m/s.
Afterward, the values remain almost constant up to the

Incoming area
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maximum measured value of 0.96 m/s. In the future, it
remains to be investigated how this curve will develop
further for higher winding speeds above 1 m/s. On the
“phased-out” flank, the fluctuation range is nearly con-
stant, and therefore, the ratio of fluctuation range and
AT shows a decreasing trend with the winding speeds as
AT is increasing. As this ratio is for the quantification of
the relative error value, no standard deviation is given.
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(A) Exemplary temperature profiles at winding speeds of 0.28 and 0.96 m/s."?! (B) The influence of the winding speed on

the measurement data of the circumferential winding. The values are estimated for the complete video recorded (temperature profile at pixel

400, with resin bath temperature: 60°C) [Color figure can be viewed at wileyonlinelibrary.com]
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On the incoming flank, however, the curve shows a mini-
mum in the range of 0.7 m/s. The high ratio at low wind-
ing speeds results from the low absolute value of AT. For
high winding speeds above 0.7 m/s, however, the fluctua-
tion range increases significantly resulting in a reduction
of contrast on the incoming flank. For high speeds, even
higher ratios are expected, which will make the auto-
matic calculation of the bandwidth more challenging.

During the development of a suitable detection algo-
rithm, the minimal requirement for the ratio between
fluctuation range and AT must be determined, as this
would limit the suitability of the measurement technol-
ogy to certain winding speeds. Anyhow, the determined
AT values above 8°C promise enough contrast on both
edges for automated processing algorithms by visual
inspection. Moreover, the determined trends need to be
repeated for a winding pattern, in which fiber-band depo-
sition is performed with a defined overlap, as higher
ratios are expected.

3.3 | Impact of the resin bath
temperature on the temperature contrast

The influence of the resin bath temperature on the tem-
perature profile of the IR images is investigated
(Figure 6). Increasing resin temperature results in a
higher value of AT. Same as in the influence of the wind-
ing speed (Figure 5(B)), the incoming value of AT is
always lower than the phased-out one, as assumed. For
resin bath temperatures above 60°C, the fluctuation
range has a more significant influence on the absolute
flank height than for temperatures below 60°C. Thus,
moderate resin bath temperatures between 40 and 60°C
will be beneficial for the data evaluation for this specific
setup.

(A) 20
¢ Incoming

16 + | o Phased-out
_ 12 +
&
'— L
< 8 + % $

o<
4 + g 04
8
O 1 : 1 : 1 : 1 = 1 : 1

0 20 40 60 80 100 120
Resin bath temperature [°C]

FIGURE 6

The experimental results indicate the suitability of the
IR camera for the wet filament winding process. How-
ever, limitations are expected for high winding speeds
and winding patterns calculated with overlap as the tem-
perature contrast on the phased-out flank will decrease.
Thus, to further extend the evaluation and the suitability
of an IR system, winding speeds above 1.0 m/s shall be
additionally investigated. Common resin bath tempera-
tures around 40-60°C are beneficial for the analysis, and
therefore, are in good agreement with the approach. In
the following, an image processing algorithm for the
determination of the bandwidth is evaluated.

4 | DETERMINATION OF THE
FIBER BANDWIDTH BY AN IMAGE
PROCESSING ALGORITHM

The information obtained by the IR-camera is used for
the automatic determination of the bandwidth and its
winding-angle. For image processing standards, a gray-
scale notation is used. Thus, the absolute black, and
white in the image, that is,., minimum and maximum
temperatures, are represented by the values 0 and
255, respectively. An image processing algorithm,
supported by the OpenCV library, is developed in Python.
In the image window, three regions are defined for the
evaluation of the bandwidth and its winding-angle along
the fiber-band. These are classified as upper-, middle-,
and lower-region, (Figure 7). The upper-, and lower-
region consist of two line-regions, located at 10 and
30 pixels from the external border. The middle-region is
defined at the center of the image where the two line-
regions are located at 10 pixels from the center. Thus, the
distance between line-regions is 20 pixels for all the
regions. To obtain the bandwidth, an edge-point is defined

C
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50 +

a0 1

20 +

10 1+

Fluctuation rage/AT*100 (%]

0 —t 4+
0 20 40 60 80 100 120
Resin bath temperature [°C]

Influence of the resin bath temperature on the measured data of the circumferential winding. The values are estimated for

the complete video recorded (temperature profile at pixel 400, winding speed: 0.28 m/s)
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by the interception of a line-region with the fiber-band
edge. Then, from the first and second edge, an edge-line is
mathematically defined for each pair of edge-points. In this
way, the bandwidth corresponds to the magnitude of the
perpendicular line from one of the edge-lines to the other
(Figure 7). Furthermore, the winding-angle is formed by
the bandwidth's perpendicular vector and a line-region.
This method relies on the fiber-band edge recognition, and
therefore, the accuracy of the measurements is dependent
on its correct detection. Thus, a clear contrast between the
fiber-band and the background is required.

Since the temperature decreases after the deposition, the
contrast between the incoming fiber-band and the already

n
->

Gray scale

1%t Edge-line

FIGURE 7
three different regions on the image: Upper, middle, and lower

Estimation of the bandwidth and winding-angle at

[Color figure can be viewed at wileyonlinelibrary.com]

PROFESSIONALS AND SCIENCE

deposited fiber (background) is achieved by a temperature
difference.”! Thus, a clear contrast has been characterized
around AT equal to 8°C. Nevertheless, during the winding, a
clear contrast cannot be always achieved, which difficult the
accurate identification of the fiber-band. For these reasons,
filter algorithms based on image gamma correction are
implemented. Figure 8 shows an overview of the image
processing algorithm. First, the IR-camera records a frame
that is filtered by an initial gamma correction to reduce the
illumination of the image (2. Gamma expansion). Then, a
second gamma filter for the reconstruction of the image
brightness is used (3. Gamma compression). Thus, an image
with only the fiber-band can be obtained. Furthermore, an
edge detection algorithm base on the watershed segmenta-
tion method is implemented.*" Thus, the fiber bandwidth,
and consequently the winding-angle, can be measured from
the edge detection image (4. Edge detection).

41 | Gamma corrections

The gamma correction is defined by a non-linear optimi-
zation of the brightness expressed by Equation (1).[48-5!
Then, an optimized image I, is obtained from the input
I, which is compensated by a gamma parameter y and a
constant parameter C.

Iout :CIiln (1)

In most cases, the brighter pixels belong to the incom-
ing fiber-band, for example, higher temperature. Then,
an initial gamma correction for the attenuation of the
noise in the background is used. A gamma expansion

4. Edge detection

5.
Bandwidth
and

1. IR-Camera
|

2. Gamma expansion

FIGURE 8

3. Gamma compression

winding-
angle

]

Image filter process based on gamma correction and edge detection for the estimation of the fiber bandwidth and winding-

angle and visual validation of the gamma filter process (the enhanced image after the gamma compression is superposed on the image from

the IF-camera)
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parameter y, > 1 is selected such that the illumination
in the image is reduced (2. Gamma expansion). How-
ever, if a strong filter is applied, the information in the
image can be lost and the correct estimation for the
fiber bandwidth is hindered. Therefore, and opposite to
the gamma expansion, a gamma compression parame-
ter y_ <1 is selected for the enhancement of the
image's brightness (3. Gamma compression). Then, the
initial brightness of the incoming fiber is reconstructed
without the background noise. In addition, for the vali-
dation of the fiber's edge detection after the gamma
compression (4. Edge detection), the enhanced image
from the gamma compression is superposed on the
image obtained from IR-camera (Figure 8). Thus, any
unsuitable variations in the detected fiber-band edge
can be identified.

Furthermore, the correct combination of gamma
parameters must be previously determined. This is usu-
ally made by empiric approaches where most of the rec-
ommendations have been proposed for images, rather
than videos.[*®*°! However, a video can be considered a
sequence of images or so-called frames, where the
gamma correction can be applied frame-wise. This repre-
sents a computational challenge for the image processing
algorithm since the calculation must be made faster than
the frame speed of the IR-camera. Thus, to guaranty a
reasonable balance between computational time and
information acquired, a compromise between the image-
size and frame rate needs to be achieved. Thus, for an
image of a size of 640 X 480 pixels, a frame rate of 30 fps
is evaluated.

In this article, two implementations for the gamma
correction are presented. First, a manual gamma correc-
tion, where constant values for y, and y_ are previously
set up for all the frames. The parameter C correspond to
a global scaling factor for all the pixel. Since the pixel
value is restricted to grayscale (0, 255), any global scaling
is normalized, and therefore, C does not influence this
implementation. For simplicity, the parameter C is fixed
to a value of 1. Then, the brightness variation for each
frame is controlled only for the gamma parameter. How-
ever, a parameter study for the suitable selection of image
processing parameters is required.

The second implementation for a gamma correction
has been developed based on an adaptive algorithm.[49]
Based on the distribution of pixels brightness, the algo-
rithm calculates frame-wise a suitable combination of y,
7—, and C. Contrary to the manual implementation, the
parameter C corresponds to a matrix where each pixel
can be independently modified. In principle, an adaptive
method implies a better correction frame-wise, compared
to the manual correction. Nevertheless, the computa-
tional effort required must be evaluated.

4.2 | Parameter study for the manual
gamma correction

A parameter study for the best combination of expansion
and compression gamma parameters is performed. The
gamma expansion parameter y, regulates the attenuation
of the noisy measurements in the background. Thus, y,
must be set up such as a good compromise between noise
reduction and information loss is achieved. Three values
for y, = (6.0; 12.0; 18.0) were evaluated. On the other
hand, the gamma compression parameter controls the
reconstruction of the initial brightness of the incoming
fiber without the noisy measurements in the background.
Thus, y_ must be studied such as a suitable enhancement
of the fiber-band is achieved. Three values for y_ = (0.05;
0.10; 0.50) are evaluated. Then, all the combinations
among y, and y_ are evaluated (Figure 9).

A direct correlation between y, and the attenuation
of the brightness is observed. For y, = 6.0 a poor noise
reduction is achieved, which leads to an inaccurate esti-
mation of the bandwidth and winding-angle. Hence, with
the increment of y, a clearer contrast of the fiber-band is
obtained. On the other hand, an inverse correlation
between y_ and the brightness is observed. Thus, for
lower values of y_, a brighter reconstruction of the fiber-
band can be achieved. However, with very small values,
any remained noise after the gamma expansion is highly
amplified. From the validation images and using the con-
figurations (y, = 12.0, y_ = 0.1) and (y, = 18.0,
y_ = 0.05), a cleared fiber-band is observable (Figure 10).
Nevertheless, a closer look at the configuration
(y4 = 18.0, y_ = 0.05) shows that the second edge in the
fiber-band is repeatedly poorly reconstructed (red lines
Figure 10).

Figure 11 shows the bandwidths and winding-angle
estimations using the gamma configurations for the
image validation. For the configuration with (y, = 12.0,
y— = 0.1), the upper region shows a larger bandwidth
with an average value of 132 + 15 pixels, while in the
middle and lower regions, the average bandwidths are
125 + 13 pixels, and 119 + 12 pixels, respectively. For the
other gamma configuration, the obtained average values
are 115 + 16 pixels, 113 + 14 pixels, and 108 + 13 pixels,
for the upper, middle, and lower regions, respectively.
Furthermore, an oscillation behavior of the values is
observed. This behavior could be related to some process
parameters. For instance, a drop in the fiber's tension. On
the other hand, for the configuration with (y, = 12.0,
y_ = 0.1), the results for the winding-angle show an aver-
age value of 89.2 + 4.1, ° which agrees with the expected
90° winding-angle. Nevertheless, some dispersion is also
observed, especially in the upper region. Contrary to the
bandwidth, no oscillatory effect can be correlated with
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FIGURE 9 Parameter study for the manual gamma correction. y, = (6.0; 12.0; 18.0), y_ = (0.05; 0.10; 0.50). The images correspond to
the gamma compression. (IR-images: 640 X 480 pixels)
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FIGURE 10 Validation of the manual gamma correction for the parameter configurations (y; = 12.0, y_ = 0.1) and (y+ = 18.0,
y— = 0.05). The red lines show the real second edge in the fiber-band (IR-images: 640 x 480 pixels) [Color figure can be viewed at
wileyonlinelibrary.com]
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FIGURE 11
configurations (A) (y4 = 12.0, y_ = 0.1) and (B) (y+ = 18.0, y_ = 0.05)

the winding-angle. On the other hand, for the compari-
son of the two gamma configurations, punctual differ-
ences are obtained for some frames. Thus, a manual
gamma correction does not always guaranty a correct
measurement frame-wise.

4.3 | Adaptive gamma correction

Despite the good result from the parameter study, the
manual implementation limits the image quality to a
fixed condition. In reality, environmental and
manufacturing conditions can variate, and therefore, a
fixed parameter does not always guaranty a suitable
image quality. Thus, an adaptive gamma correction based
on the work from Rahman et al.l*! is implemented. In
this way, the image in each frame is classified into lower
or high contrast and a suitable gamma parameter is cal-
culated. Nevertheless, the method has been only devel-
oped for a compression gamma enhancement. Thus, in
this work, the inverse of the method is applied for the
gamma expansion, Equation (2).

Iou = Cll/y (2)

Consistent estimations of the bandwidth and
winding-angle are obtained for the adaptive gamma
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Bandwidth and winding-angle at three different regions on the fiber-band (see Figure 7). Two gamma parameters

method. For the three evaluated regions (upper, middle,
and lower regions), the average values for the bandwidth
135 + 16 pixels, 126 + 14 pixels, and 121 + 13 pixels are
obtained (Figure 12(A)). Furthermore, the results for the
winding-angle show an average value of 89.4 + 3.1°,
which also agrees with the expected winding-angle. The
results obtained are comparable to the manual gamma
correction with y, = 12.0 and y_ = 0.1. Figure 12(B)
shows the variation frame-wise for the predicted expan-
sion and compression gamma parameters. For the evalu-
ated video, y, ~ 12, while y_ is quasi-constant with a
value of around 0.15. Thus, the predicted gamma param-
eters are close to the suggestion for the parameter study.
Thus, manual implementation is suitable to be applied.
Nevertheless, the real conditions are prone to higher fluc-
tuations of the process parameter, this can end up in not
evaluated condition, where a fixed value for the gamma
parameters is unsuitable. Thus, the exploration and opti-
mization of the computational time in the adaptive
gamma method is an option to be done. This adaptive
method offers the advantage to obtain frame by frame
the most suitable set of parameters for a well-defined
contrast.

In comparison to the manual implementation, a
drawback of the adaptive method is the frame-wise esti-
mation of the gamma parameters which, increment the
computational cost. Thus, the computational time of
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FIGURE 12 (A) Bandwidth and winding-angle measurements at three different regions on the fiber-band with adaptive gamma filter.

(B) Gamma expansion and gamma compression parameters from the adaptive gamma filter

both gamma corrections methods is compared. To
obtain a comparable measurement, both gamma correc-
tions are tested in the same machine, without any opti-
mization flag. Furthermore, the code run in a serial
mode where only one processor core performed the
whole calculation (AMD FX™-8350 Eight-Core Proces-
sor 4.00GHz). For the manual implementation, the
average time required for the gamma correction, that is,
gamma expansion plus compression, is 0.016 s. For the
adaptive gamma correction, the average computational
time is 0.078 s. Thus, the adaptive gamma correction
required at least five times more computational time
compared to the manual implementation. Furthermore,
for a typical application, the IR-camera performs
30 frames/s or 0.033 s/frame. Thus, the manual imple-
mentation consumes almost half of the available com-
putational time, while the adaptive implementation lay
over the time boundary. It is important to remark that
the adaptive gamma method has been developed for
image enhancement and not for video applications.
Then, a parallelization scheme for the optimization of
the computational time is required. In addition, for the
evaluated wet winding process conditions in this
research, a frame rate of 30 fps can be considered a suit-
able recording speed.

5 | CONCLUSION

A new method based on an IR inline acquisition system
to detect and evaluate the fiber-band during wet filament
winding is investigated. The results show the suitability
of the system for the determination of the fiber band-
width and winding-angle during the deposition. How-
ever, the winding speed and resin bath temperature
proved to influence the image quality. For the winding
speeds between 0.28 and 0.96 m/s, no limitations regard-
ing image processing were identified. Nevertheless, the
derived trend indicates a lower image quality at winding
speeds higher than 0.96 m/s, as well as for resin bath
temperatures close to room temperature.

An image processing algorithm for the automatic
detection of the fiber-band width and winding-angle dur-
ing the winding process is developed. A manual gamma
correction to improve the image contrast is evaluated.
The parameter study showed that the wrong selection of
gamma expansion and gamma compression parameters
resulted in an inaccurate measurement of the bandwidth
and winding-angle. Nevertheless, suitable parameters can
be achieved. Since the manual gamma correction does
not always guaranty a suitable image quality, an adaptive
gamma method is implemented. The preliminary results
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showed that the adaptive method is able to find a correct
set of gamma parameters frame-wise. However, the com-
putational cost was five-time higher in comparison to the
manual implementation. A frame rate of 30 fps can be
considered a suitable recording speed.

Future work will focus on the integration of the inline
measurement system into a robot-based winding equip-
ment (Figure S2), allowing for higher winding speeds
above 1 m/s and better process control. Moreover, this
new winding technology enables the correlation of the
machine position data with the inline measured fiber-
band geometry for a 3D-visualization of the wound part.
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