Production Engineering (2022) 16:569-578
https://doi.org/10.1007/511740-021-01084-w

COMPUTER AIDED ENGINEERING q

Check for
updates

An optical-flow-based monitoring method for measuring translational
motion in infrared-thermographic images of AFP processes

Berend Denkena’ - Carsten Schmidt? - Marc Timmermann2® - Andreas Friedel®

Received: 25 May 2021/ Accepted: 4 October 2021 / Published online: 19 October 2021
© The Author(s) 2021

Abstract

This paper presents a novel method for a precise localization of the automated-fiber-placement head, without the need for
a data access to the machine control. It is based on a sub-pixel accurate optical-flow-algorithm which determines informa-
tion about the heads movement by means of the material flow in sequences of IR images. Using local curvatures in the
temperature field of the IR images, feature matrices are created which can locally be compared to the features of successive
images. Thus, the translation between images become visible. This enables the possibility to perform an accurate (16.8 pm)
and self-sufficient process monitoring that additionally is capable of capturing the motion and position information of the

AFP system and can be linked to existing algorithms for defect detection and classification.
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1 Introduction

Automated-fiber-placement (AFP) processes enable additive
manufacturing of high-performance fiber-reinforced com-
posites. AFP processes are undergoing rapid development
in line with advances in control systems and studies on the
production of fiber-reinforced polymers. This development
concerns, among other things, the steadily growing automa-
tion in the context of Industry 4.0 strategies. Malhan et al.
developed an automated planning process for robotic lay-up
of prepreg [21]. In the manufacturing process of fiber com-
posites, Parmar et al. present current and future scenarios
related to the application of Industry 4.0 concepts. These
include monitoring systems for the detection and avoidance
of defects during the manufacturing process [23], as well as
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a numerical tool for predicting an efficient heating law for
AFP processes with thermoplastic prepregs [22].

Although the AFP technology is an established manufac-
turing process and is used industrially for the production of
high- quality laminates, manufacturing or material related
defects can occur occasionally. This requires costly manual
inspections and subsequent to the lay-up process a non-
destructive testing (NDT) of the entire laminate. The manual
visual inspection of laminate quality is very time-consum-
ing due to high demands on manufacturing accuracy. High
downtimes of AFP machines are a consequence [1, 2]. Thus,
an in-process monitoring system for an automated and relia-
ble detection of possible material and manufacturing defects
is desirable to achieve cost and time savings in inspections
and tests. In addition, new technologies and methods are
constantly being developed for monitoring systems, such as
3d-printed resistive carbon fiber reinforced sensors for moni-
toring resin frontal flows during composite manufacturing
[19] and carbon coated piezoresistive fiber sensors which are
also capable of monitoring the structural health of compos-
ites [20]. Such a monitoring system requires the inspection
results to be received concurrent to the production process
on real-time bases, which limits both the measuring methods
and the data processing methods. Denkena et al. [3] present
a solution using an online thermographic monitoring system
that assigns IR images of the lay-up process to the respective
course positions. The lay-up head’s position required for this
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is received from the machine control of the AFP machine.
Every individual IR image is analyzed, temperature anoma-
lies are identified and a classification for predefined produc-
tion defects is carried out using artificial neuronal networks.

The mechanical properties of a fiber composite com-
ponent are designed for their specific application. Conse-
quently, similar material or manufacturing defects in differ-
ent components or areas of a component can have different
structure-specific impacts. In addition, the mechanical prop-
erties of a component are directly influenced by the size,
type and local summation of material and manufacturing
defects. Therefore, there is a need for a seamless and geo-
metrically high accuracy detection of any deviation from
the ideal structure during production, so that performance-
impairing deviations can be removed before subsequent
processes like curing. On the other hand, in some cases less
impairing defects may possibly left behind to reduce the
effort for correction. Thus, in order to be able to evaluate
material and manufacturing deviations an accurate and reli-
able detection and evaluation system is essential.

The concurrent research aims at detecting production
defects during manufacturing by means of thermographic
process monitoring and to derive a geometric model of the
cured defect in the final component from the thermal data.
The geometric model is then used to perform structural-
mechanical evaluation of the final part to predict the impact
of the defect on the mechanical part characteristic. For a
meaningful evaluation, both the geometric dimensions of the
defect and its exact position in the laminate are important.
Representative Structural Elements (RSE) are to be used for
online-evaluation of structural defects during the AFP lay-
up process. The scale of such RSE is dependent on the fac-
tors with dominating influence on the structural-mechanical
behavior, such as the characteristic defect size. A monitor-
ing system must therefore at least uphold a higher accuracy
than the average defect size. This especially applies for local
accumulation of material imperfections, where otherwise
non-critical production defects may increase the impact fac-
tor of neighboring defects and thus could lead to local fail-
ure of the structure. As an example, a high accumulation of
material splices within a small area might be mentioned. A
monitoring system must therefore also take the production
history into account, [4].

In order to evaluate the manufacturing process and the
component quality efficiently and machine independently,
the data used as the starting point for a structural-mechanical
evaluation must be subject to criteria for high data quality.
These criteria cover precision, consistency, completeness
and uniqueness of the data. To achieve the essential data
quality criteria for a meaningful evaluation this paper intro-
duces an optical-flow-based method for measuring transla-
tional motion in infrared-thermographic images. Each IR
image is assigned a position that is determined on the basis
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of previously acquired image data—without access to a posi-
tion measurement system of the AFP system. The position
information can then be used to convert the IR images into
a single thermal image of the entire course, by cropping and
stitching all course related images. Thus, enabling a precise,
seamless location of relevant thermal data of the structural
component, which can then be used to locate and evaluate
imperfections.

2 Preliminary work and state of technology

The surface inspection method of thermal monitoring in
[3, 18] is based on threshold values that are dependent on
machine specific production parameters such as lay-up
velocity and compaction pressure, [5]. In order to be inde-
pendent of machines types and process conditions and thus
reduce the associated parameterization effort, the detection
and classification of IR images with defects can be per-
formed by artificial intelligence, [6]. Such a monitoring sys-
tem classifies complete images as either faulty or error-free
by using convolutional neuronal networks. Here achieved
detection rate greater than 95% testify to the reliability of
the system [7]. However, this system depends on the posi-
tion transmitted by the AFP machine to assign found defects
to the corresponding part location. The trigger mechanism
and asynchronous cycle times between the IR camera and
the machine controller result in inaccuracies while local-
izing the position at which the IR images where taken. The
approach in [7] uses a path-based trigger in an attempt to
synchronize the images from the IR camera to the machine
controller. The IR camera runs continuously at the nominal
frequency of 50Hz and transmits the next IR image follow-
ing an external trigger signal every 20mm along the course,
as depicted in Fig. 1. The accuracy of the image position is
thereby directly dependent to the frequency of the IR cam-
era. The loss of precision of the geometric location thus also
scales linearly with the speed of the end effector, presuming
a constant camera frequency.

At present, there is no possibility of effective image data
reduction by cropping of IR recordings, since inaccurate
determination of overlapping areas could lead to redundan-
cies and even to incomplete data.

Optical-flow analyses are used to determine movements
in image sequences. Consequently this analysis allows the
positioning of images relative to each other by extracting
suitable features that can be also recognized in the next
image. Miller [8] uses optical-flow analysis for video navi-
gation of unmanned aircraft by using the algorithm of Lucas
[9] to determine motion vectors of local image areas in suc-
cessive images. Nooralishahi [10] uses optical-flow analy-
sis with Lowe's Scale-Invariant Feature Transform (SIFT)
method [11] to stitch together aerial thermographic images
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Figure 1 Schematic sequence of trigger processing in the IRS640 IR camera

of the earth's surface. This method allows a significant data
reduction by discarding redundant image sections.

3 Method

Redundancy-free thermal component data can be achieved
by determining the material flow between successive images
to then only remove overlapping image areas. The mate-
rial flow is determined by using an algorithm based on the
optical-flow method.

3.1 Technological framework

The in-house-developed AFP experimental system [17]
comes with an integrated IR camera (IRS640). The IR cam-
era is aligned at a 30° angle to the tooling surface and has a
7° Scheimpflug adapter to obtain an even depth of field over
the entire image, Fig. 2. [5]

In order to quantify the relative position of successive
images, a geometric transformation is performed before-
hand. Presuming a flat laminate, the image transformation
is a constant perspective change due to the non-varying

AFP head

IR camera

tows

relative position between camera and tool surface. By stati-
cally transforming the IR-image a constant pixel density is
obtained. This in turn allows precise and even distancing in
all planar directions across the whole image.

The monitoring of AFP processes by means of an IR cam-
era provides the prerequisite for an optical-flow based evalu-
ation, as the frequency is sufficient to provide the required
overlap of individual images for robust optical-flow analysis.
Nevertheless, the image characteristics differ greatly from
those cases optical-flow method is conventionally used,
as the AFP process is a highly dynamic, thermal-transient
process and necessary image characteristics change within
a few milliseconds. In addition, the IR images of an AFP
process contain very simple geometrical features, which fur-
ther complicate feature extraction and feature assignment to
following images.

The research question therefore arises as to whether rela-
tive positioning of the individual images to one another is
possible despite the thermally unstable image data and with-
out positional information from the machine control system
of the AFP machine. The approach to answer the question is
to determine the geometrical transversal offset of successive
images by means of optical-flow analysis.

geometric
transformation

tooling

Ti/109020 @IFW

Figure 2 Setup of the robot actuated AFP head [17] (left) and depiction of the static image preprocessing (right)
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3.2 Extraction of characteristic features

Optical-flow analyses within image processing often use
edge detecting algorithms for feature extraction. Figure 3a
shows an acquired thermal images during the AFP process
with a vertical lay-up direction (LD) and a horizontal course
order (CO), indicated by the frame of reference. The ther-
mal images predominantly contain edges in the direction of
the proceeding placement process resulting from the small
gaps between two tows or lateral tow edges and are therefore
less suitable for determining the positioning orthogonal to
the laying direction. Environmental conditions, the mate-
rial used and the layer in which it is deposited, as well as
process parameters such as the velocity of the AFP-head,
the temperature of the substrate and the compaction force,
have an influence on the global temperature distribution in
the thermal image. Therefore, it is first investigated whether
other characteristic signal features such as the local curva-
tures in the temperature distribution—due to natural thermal
inhomogeneity in the material—can be used as characteristic
features. The local features can be extracted independently
of the tested materials from different manufacturers (¥4,
12 k, thermoset) and different process and environmental
conditions suitable for this application.

The direction-dependent local curvature can be deter-
mined by the Hessian matrices Hf(x, y), Fig. 3b—d:

f:R?SR
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2L (x,y) 0i£y(x,y)
Hf(x’y) = 2 2
2L (x,y) ZL(x,y)
dyox >y 0y? )y

(b) vertical curvature

(¢) norizontal curvature

Each element of the Hessian matrix represents a direction-
dependent measure of curvature—H, [0,0] corresponds to the
horizontal dimension of the curvature, Hf[l ,1] corresponds to
the vertical curvature dimension and the identical elements
Hf [0,1] and Hf[l,O] correspond to the diagonal curvature
measure. The feature matrix M(x,y) is composed of the ele-
ments of the Hessian matrix as follows:
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The feature matrix thus corresponds to a 3-channel image
with directionally individual curvature features. The individual
image channels were reduced in size, since the calculation via
convolutions results in edge effects that do not represent ther-
mal features.

3.3 Feature matching

As mentioned before, the perspective of the IR camera does
not change during the AFP process, so no additional geometric
transformation is necessary before feature assignment.

The transversal offset of two successive images is deter-
mined by means of the block-based method by determin-
ing the normalized sum of the least squares method of the
direction-dependent curvatures, where a block corresponds to
the pixels of the same position in each feature channel c. The
block-based normalized sum of the least squares method R of
a defined area of the feature matrix from the previous image
M, .[6, : —6,.0 : =5 ]atevery possible position i, j]in the
feature matrix of the current image M, . is calculated via:

(d) diagonal curvature
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Figure 3 Original thermal image with vertical lay-up direction and horizontal course order, indicated by the frame of reference (a) and images

with directionally individual
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where 6, € N, amounts to the maximum expected translation
orthogonal to the laying direction. The maximum allowed
translation in laying direction 6, is dependent on the maxi-
mum process velocity v, % , the minimum recording

frequency f,,;,[Hz] and the pixel density p[%] of the IR

camera:
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Figure 4 shows two successive IR images within an AFP
course to the left. The calculated matrix R with the respec-
tive normalized sum of the least squares method is shown
in Fig. 4 to the right. The illustration shows a symmetrical,
circular area—the error ellipse—in which the discrete distri-
bution sum of the normalized least squares method behaves
similar to the density of a two dimensional normal distribu-
tion. Therefore the algorithm of Forstner [12]—practically
implemented as a convolution kernel—can be used to deter-
mine the weighted center of gravity S(i;. j;) limarsmax € R
even though the image information is only finitely available
in the pixel grid. The subpixel exact translation is deter-
mined to a significance level of @ = 0.9.

With the procedure described above a subpixel accurate
translation vector 7 of the material flow is obtained:

_ (i
i js_éx

Figure4 Two positioned suc-
cessive IR images (left) and
the corresponding error matrix
(right)

4 Experimental studies

4.1 Experimental investigation of the accuracy
of the measuring method

The optical-flow-based analysis of the AFP process outputs
translation vectors for each IR image pair. To ensure that the
generated measured values can be compared with a refer-
ence value and evaluated for accuracy, a time difference At
is assigned to each translation vector, which results from the
recording frequency f; of the IR camera.

Consequently, the material flow distance in each cor-
responding time interval of the lay-up can be determined.
Since it can be assumed that the material flow equals the
distance travelled by the end effector, these measurement
pairs can be tested for correspondence.

4.2 Experimental investigation of the accuracy
of the measuring method

The accuracy of the calculated material flow distance is esti-
mated by comparing the derived machine parameters from
the optical-flow-based process monitoring system to the
recorded machine parameters of the AFP system. The meas-
urement is performed during the lay-up of the third layer
of a test laminate. In processes with slit-tape as substrate,
significantly more thermal features can be found, since inho-
mogeneity in the temperature distribution occurs between
individual tows due to very small air pockets, which result
in warmer spots. These can be used as optical features by
the algorithm for determining translation. An increase in the
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number of layers can have a reinforcing effect on the number
and extent of the features, since thermal inhomogeneity in
lower layers can also be seen to a lesser extent in the cur-
rent layer. Consequently, in order to maximize the difficulty
of finding characteristics and thus validate and evaluate the
system under industry-relevant conditions, tape is used in
the bottom layer.

4.3 Experimental measurements

In the experiment, courses of four %4”-tows (HexPly® 8552
UD Carbon Prepreg, AS4 (12 K)) are applied over a length
of [ = 500mm. The relative humidity is 24% and the ambient
temperature is 21°C during lay-up. The target temperature
of the substrate in the nip point is 40°C.The lay-up velocity
of the individual courses varies, whereas the velocity during
cutting the tow remains constant. The IR camera operates
with a nominal frequency of f;; = 75Hz and runs indepen-
dently of the AFP system. This requires the time axes to be
synchronized after conducting the experiments in order to
evaluate the accuracy of the optical measurement procedure.

It is assumed that the distance covered by the end effec-
tor corresponds to the calculated material flow in the ther-
mographic images. The measurements of both the machine
control and the optical-flow-based measuring system are
synchronized over time for two courses of different lay-up
velocities, v; = 0. 3 and v, = 0. 25m The velocity at the
end of every course durlng cutting the tows is v, =0.1%
The sampling frequency of the optical-flow-based measuré—
ment is by a factor of 0.9 lower than the sampling frequency
Jfz = 83.33Hz of the machine controller, due to the IR cam-
era frequency of f; = 75 Hz.

In Fig. 5 the cumulative course length as well as the cal-
culated velocities of the optical-flow based measurement and
the AFP-head position and velocities from the machine con-
trol are synchronized over time. The illustrated course has a
lay-up velocity of v; = 0. 3 with a deceleration to the veloc-
ity of v, = 0. 1— in the range of 0.6s < t < 1.5s. Especially
the calculation of the course length shows a high accuracy.
The significantly higher scatter of the velocities is due to the
slightly varying frequency of the camera.

4.4 Evaluation of the results

The evaluation of the optical measurement procedure—i.e.
the quantified accuracy—is carried out by evaluating its
precision and trueness, [13]. Precision herein describes a
random scattering of measured values. Trueness is a meas-
ure of the deviation due to a systematic measurement error.
Quantifying the accuracy of the measuring method is per-
formed with a non-parametric method according to Passing
and Bablok, which evaluates the power of a method in rela-
tion to a reference method, [14].
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Figure 5 Calculated course length and velocities of the optical flow
based Measurement (blue) and the Position and velocities of the AFP

Each distance between two images can be assigned to a
corresponding target distance of the machine control. The
paths of the AFP-head from the machine control are interpo-
lated cubically so that the required distance increments used
as reference can be derived. All pairs of measurements—the
material flow distance between two images and the associ-
ated distance acquired from the machine control—serve as
data basis for the evaluation. The deceleration to the veloc-
ity required for the cut is not considered separately. Pairs of
measured values with duplicates in the reference measure-
ment are filtered out of the database, with the remaining pair
of measured values being randomly selected.

Passing and Bablok recommend a preliminary correlation
check. Here, the non-parametric rank correlation coefficient
according to Spearman, [15], is used, whose correlation
coefficient p = 0.99937 has been determined to a signifi-
cance level of @ = 0.01. Therefore, as p < 1, the condition
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Figure 6 Linear regression diagram of the optical-flow-based meas-
urement of the distance s, against the reference path measurement
from machine control s,

Table 1 The descriptive statistics of the linearity test for the material
flow measurements

Model coefficients  Value Lower limit 99% Upper limit 99%.
Axis intercept 0.000999 -0.000716 0.002202
Slope coefficient ~ 0.99738  0.99506 1.00012

indicating a high correlation of the measurement pairs is
met.

Figure 6 shows the linear regression diagram of the
optical-flow-based measurement of the distance s, against
the reference path measurement from machine control to a
significance level of a = 0.01. Table 1 shows the descrip-
tive statistics for the two methods and the calculated model
coefficients. The value of the intercept is 0.999um with a
confidence interval including 0. From this, it is derived that
there is no systematic difference between the two methods.
The gradient coefficient is equal to 0.997 with a confidence
interval including 1. This is interpreted as to that the propor-
tional difference between the two methods is equal to 1. Con-
sequently, to a significance level of @ = 0.01, no systematic
or proportional differences between the two methods exist.

For the test to be valid, the assumption of linearity must
be checked as well. This is done by a cumulative sum test
according to Passing and Bablok, [14]. In Fig. 7 the results
of the linearity test are shown. Since the cumulative sum
does not exceed the critical values ¢ = +1.63 at the signifi-
cance level of a = 0.01 the hypothesis of a linear relationship
between the two measurement methods holds.

Figure 7 Cumulative sum score of the linearity test to a significance
level of @ = 0.01
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Figure 8 Bland Altman diagram with the deviations of the optical-
flow based distance measurement over the reference distance

4.5 Analysis of the results

A critical analysis is performed on the Bland Altman dia-
gram, Fig. 8, in which the deviations of the optical-flow-
based measurement from the reference measurement are
plotted against the reference distance, [16]. The average
deviation of the measuring differences to the reference dis-
tance is 4 = —0.162 pm and spreads with a standard devi-
ation of o = 16.8 pm. The majority of the differences lie
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within the 1.96 o-interval and all differences lie within the
%pixel—interval. This confirms the subpixel accuracy of the
optical measuring method.

It can further be seen that the scattering of measured val-
ues increases with increasing reference distance, which in
turn is proportional to the end effector velocity. This indi-
cates a direct dependency of the precision of the optical-flow
measuring algorithm from the process velocity.

The described relative material-flow measuring method
for locating IR-images along the end effector path shows
high precision and trueness. Nevertheless, it should be
checked whether the optical measuring method is inferior
to the absolute measurements of the machine control, since
the measurement uncertainty correlates with the absolute
number of individual measurements taken. It is therefore
desirable to minimize the overlap of successive IR images.
In the test case, the maximum diameter of the error ellipse is
approx. Smm, while the image section is approx. 50mm long.
Thus, an overlapping of the IR images of 20% is deemed suf-
ficient. At a constant material flow velocity v the number of
measurements can thus be reduced by adjusting the record-
ing frequency according to:

1%

f® = 5 05m 08

The number of material flow measurements n for a spe-
cific course length [ can be determined by:

I
"= 0.05me08

In turn, the measurement uncertainty of independent dis-
persing quantities can be approximated by:

60
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Figure 9 Expected uncertainty levels and a color indicated distribu-
tion density of imagepositions depending on course lengths at veloci-
ties of v = 0.3m/s
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In Fig. 9 the uncertainty of the position assignments to
the images depending on the course length are compared.
The slash-dotted lines are the average expected uncertainty
of the position assignment, where:

uo(u; = o)

Ug .= 0p = const.

_ %
2'\/§'f1e

The dotted lines are the maximal expected uncertainty of
the position assignment, where maximal uncertainty of the
optical-flow based measurement is approximated by the 6o
-interval:

up(u; =6¢0)

v
2 'fR

When considering the maximal expected uncertainty, the
relative position of the last image of courses of 12.755m
length is equal for both methods with an uncertainty of
1.8mm at a constant lay-up velocity of v = 0.3%. Further-
more, the color indicates the distribution density of the
uncertainties, where the uncertainty of machine control
assignment is equally distributed compared to the optical-
flow based normally distributed uncertainty.

Ug -= = const.

5 Conclusion and outlook

In this publication a method for sub-pixel accurate optical-
flow based measurement of material flow in IR images of
the highly thermal-transient AFP process was described. It
was proven that the distances calculated with the proposed
optical-flow based measuring method, given two follow-up
IR images with a pixel density of p = 4.9%, achieve a pre-
cision of 0 = 16.8 pm with a trueness of |¢| = 0.162 pm to
a significance level of @ = 0.01. In the presented study, end
effector velocities of up to 0.3% were considered. Due to a
potential decrease in precision at higher velocities, as was
described in Sect. 6.4, further experiments are necessary at
a higher velocity range.

The presented measuring method is attributed with high
accuracy for relative path measurements and thus is suitable
for accurately determining the material flow. The cumulative
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location uncertainty to the 60- interval for course lengths
of up to 25m were shown to be 2.52mm, so that the need
of coupling the optical monitoring system to the machine
interface of the AFP machine is considered obsolete for flat
laminates.

In addition, the calculated sub-pixel-precise offset
of the images can further be used to derive process and
machine parameters such as lay-up velocity, course lengths
and acceleration of the end effector. A decoupling of the
thermal monitoring system would for the first time make
it possible to autonomously analyze and monitor an AFP
process using IR thermography. The obtained process
parameters—i.e. position, velocity, acceleration, and tem-
perature field—can be compared with the target values of the
G-code based machine flow chart of the lay-up in order to
independently monitor the manufacturing process and detect
possible defects in real-time. Furthermore, consistent and
redundant-free thermal data of the lay-up process can be
efficiently stored in a digital component twin for mechani-
cal evaluation.

Moreover, the material flow determination opens up addi-
tional possibilities for the evaluation of component qualities.
By determining the translation vector, ondulations orthogo-
nal to the laying direction can potentially also be determined.
This must be evaluated in further studies.

Furthermore, investigations were carried out with prepreg
materials from two different manufacturers and different
compaction forces and substrate temperatures. Although the
extracted features have different characteristics, the accura-
cies in the determination of the optical flow are similar to
those presented in this publication. Therefore, it is expected
that the presented method is independent of the materials as
well as process and environmental conditions designed for
this application.

Acknowledgements The authors would like to thank the Deutsche
Forschungsgemeinschaft (DFG, German Research Foundation) for
funding the research project “Effects of Detectable Defects (EDD)—
Einfluss von Fertigungsfehlern in Automated-Fiber-Placement-
Prozessen in diinnwandigen Kohlenstofffaserverbund-strukturen”
(Project No.: 413627151). For further information, visit the website
www.hpcfk.de.

Funding Open Access funding enabled and organized by Projekt
DEAL.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will

need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Rudberg T, Neilson J, Henschied M, Cemenska J. Improving AFP
cell performance. SAE International Journal of Aerospace Manu-
facturing and Automated Fastening Conference 2014

2. Halbritter A, Harper R (2012) Big Parts Demand Big Changes to
the Fiber Placement Status Quo. SME Composites Manufacturing,
Mesa, AZ

3. Denkena B, Schmidt C, Voltzer K, Hocke T (2016) Thermo-
graphic online monitoring system for Automated Fiber Placement
processes. Composite Part B; Vol. 97.

4. Engel KM (2019) Consideration of process-induced effects in the
design of fiber-plastic composites. NFL Forschungsberichte, Dis-
sertation, Technical University Braunschweig

5. Véltzer K (2018) Online process monitoring of the Automated
Fiber Placement process based on thermal imaging. Dissertation
2018, Leibniz University Hannover

6. Schmidt C, Hocke T, Denkena B (2019) Deep learning-based
classification of production defects in automated-fiber-placement
processes, Production Engineering Research and Development
(WGP)

7. Hocke T. (2020) Classification and investigation of thermographi-
cally detected manufacturing defects in the automated-fiber-place-
ment processes. Dissertation, Leibniz University Hannover

8. Miller A, Miller B, Popov A, Stepanyan K (2019) UAV landing
based on the optical flow videonavigation. Sensors 19:1351

9. Lucas BD, Kanade T (1981) An iterative image registration tech-
nique with an application to stereo vision. In Proceedings of the
7th international joint conference on artificial intelligence; IJCAI:
Vancouver, BC, Canada; Volume 2: 674—679.

10. Nooralishahi P et al. (2020) Reflectivity detection and reduction
of thermographic images using image stitching technique and
its applications on remote inspection, Proc. SPIE 11409, Ther-
mosense; Thermal Infrared Applications XLII: 114090U

11. Lowe DG (1999) Object recognition from local scale-invariant
features, Proceedings of the Seventh IEEE International Confer-
ence on Computer Vision, Kerkyra, Greece; Vol 2: 1150-1157

12. Forstner W, Giilch E (1987) A fast operator for detection and
precise location of distinct points, corners and centres of circular
features. In Proc. ISPRS intercommission conference on fast pro-
cessing of photogrammetric data: 281-305.

13. DIN ISO 5725-1:1994, Accuracy (trueness and precision) of
measurement methods and results—Part 1: General principles
and definitions

14. Passing H, Bablok W. A new biometrical procedure for testing the
equality of measurements from two different analytical methods.
Application of linear regression procedures for method compari-
son studies in Clinical Chemistry, Part 1. In: Journal of Clinical
Chemistry and Clinical Biochemistry 1983; 21: 709-720

15. Spearman C (1904) The proof and measurement of association
between two things. Am J Psychol 15(1):72-101

16. Bland JM, Altman DG (1999) Measuring agreement in method
comparison studies. Stat Methods Med Res 8(2):135-160

17. Denkena B, Schmidt C, Weber P (2016) Automated fiber place-
ment head for manufacturing of innovative aerospace stiffening
structures. Procedia Manufacturing 6:96-104

18. Denkena B, Schmidt C, Voltzer K, Hocke T (2016) Thermo-
graphic online monitoring system for automated fiber placement
processes. Compos B Eng 97:239-243

@ Springer


http://www.hpcfk.de
http://creativecommons.org/licenses/by/4.0/

578

Production Engineering (2022) 16:569-578

19.

20.

21.

Séanchez del Rio J, Pascual-Gonzalez C, Martinez V, Jiménez JL,
Gonzalez C (2021) 3D-printed resistive carbon-fiber-reinforced
sensors for monitoring the resin frontal flow during composite
manufacturing, Sensors and Actuators A: Physical, Volume 317
Irfan MS, Khan T, Hussain T, Liao K, Umer R (2021) Carbon
coated piezoresistive fiber sensors: from process monitoring to
structural health monitoring of composites—a review, Composites
Part A: Applied Science and Manufacturing, Volume 141
Malhan RK, Shembekar AV, Kabir AM, Bhatt PM, Shah B, Zanio
S, Nutt S, Gupta SK. Automated planning for robotic layup of
composite prepreg, Robotics and Computer-Integrated Manufac-
turing 2021, Volume 67

@ Springer

22.

23.

Baho O, Ausias G, Grohens Y, Barile M, Lecce L, Férec J, Auto-
mated fibre placement process for a new hybrid material: a numer-
ical tool for predicting an efficient heating law, Composites Part
A: Applied Science and Manufacturing 2021, Volume 144,

Parmar H, Khan T, Tucci F, Umer R, Carlone P (2021) Advanced
robotics and additive manufacturing of composites: towards a new
era in Industry 4.0, Materials and Manufacturing Processes

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.



	An optical-flow-based monitoring method for measuring translational motion in infrared-thermographic images of AFP processes
	Abstract
	1 Introduction
	2 Preliminary work and state of technology
	3 Method
	3.1 Technological framework
	3.2 Extraction of characteristic features
	3.3 Feature matching

	4 Experimental studies
	4.1 Experimental investigation of the accuracy of the measuring method
	4.2 Experimental investigation of the accuracy of the measuring method
	4.3 Experimental measurements
	4.4 Evaluation of the results
	4.5 Analysis of the results

	5 Conclusion and outlook
	Acknowledgements 
	References




