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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 μm ) 
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 

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 

 * Marc Timmermann 
 timmermann@ifw.uni-hannover.de

1 Institute of Production Engineering and Machine Tools, 
Leibniz University Hannover, An der Universität 2, 
30823 Garbsen, Germany

2 Institute of Production Engineering and Machine Tools, 
Leibniz University Hannover, Ottenbecker Damm 12, 
21684 Stade, Germany

3 Institute of Aircraft Design and Lightweight Structures, 
Technical University Braunschweig, Ottenbecker Damm 12, 
21684 Stade, Germany

http://orcid.org/0000-0003-4282-1635
http://crossmark.crossref.org/dialog/?doi=10.1007/s11740-021-01084-w&domain=pdf


570 Production Engineering (2022) 16:569–578

1 3

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 

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 



571Production Engineering (2022) 16:569–578 

1 3

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 

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.

Figure 1  Schematic sequence of trigger processing in the IRS640 IR camera

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 (¼”, 
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:
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Each element of the Hessian matrix represents a direction-
dependent measure of curvature—Hf [0,0] corresponds to the 
horizontal dimension of the curvature, Hf [1,1] corresponds to 
the vertical curvature dimension and the identical elements 
Hf [0,1] and Hf [1,0] correspond to the diagonal curvature 
measure. The feature matrix M(x, y) is composed of the ele-
ments of the Hessian matrix as follows:

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 
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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 �x ∈ ℕ
0
 amounts to the maximum expected translation 

orthogonal to the laying direction. The maximum allowed 
translation in laying direction �y is dependent on the maxi-
mum process velocity vmax

[
mm

s

]
 , the minimum recording 

frequency fmin[Hz] and the pixel density �
[

px

mm

]
 of the IR 

camera:

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 Förstner [12]—practically 
implemented as a convolution kernel—can be used to deter-
mine the weighted center of gravity S

(
is, js

)
|imax, jmax ∈ 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 �⃗𝜏  of the material flow is obtained:
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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 Δt 
is assigned to each translation vector, which results from the 
recording frequency fIR 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 

Figure 4   Two positioned suc-
cessive IR images (left) and 
the corresponding error matrix 
(right)
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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 ¼”-tows (HexPly® 8552 
UD Carbon Prepreg, AS4 (12 K)) are applied over a length 
of l = 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 fIR = 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

1
= 0.3

m

s
 and v

2
= 0.25

m

s
 . The velocity at the 

end of every course during cutting the tows is vc = 0.1
m

s
 . 

The sampling frequency of the optical-flow-based measure-
ment is by a factor of 0.9 lower than the sampling frequency 
fR = 83.33Hz of the machine controller, due to the IR cam-
era frequency of fIR = 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

1
= 0.3

m

s
 with a deceleration to the veloc-

ity of vc = 0.1
m

s
 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].

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 � = 0.99937 has been determined to a signifi-
cance level of � = 0.01 . Therefore, as 𝜌 ≼ 1 , the condition 

Figure 5   Calculated course length and velocities of the optical flow 
based Measurement (blue) and the Position and velocities of the AFP
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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

0
 against 

the reference path measurement from machine control to a 
significance level of � = 0.01 . Table 1 shows the descrip-
tive statistics for the two methods and the calculated model 
coefficients. The value of the intercept is 0.999�m 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 c = ±1.63 at the signifi-
cance level of � = 0.01 the hypothesis of a linear relationship 
between the two measurement methods holds.

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 � = −0.162 μm and spreads with a standard devi-
ation of � = 16.8 μm . The majority of the differences lie 

Figure 6   Linear regression diagram of the optical-flow-based meas-
urement of the distance s

0
 against the reference path measurement 

from machine control s
R

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

Figure 7   Cumulative sum score of the linearity test to a significance 
level of � = 0.01

Figure 8   Bland Altman diagram with the deviations of the optical-
flow based distance measurement over the reference distance
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within the 1.96 �-interval and all differences lie within the 
1

2
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. 5mm , 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:

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

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

fIR =
v

0.05m ∙ 0.8

n =
l

0.05m ∙ 0.8

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:

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 6�
-interval:

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

m

s
 . 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.

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 � = 4.9

px

mm
 , achieve a pre-

cision of � = 16.8 μm with a trueness of |�| = 0.162 μm to 
a significance level of � = 0.01 . In the presented study, end 
effector velocities of up to 0.3m

s
 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 

uO =

√
∑n

i=1

(
dl

d�y,i
∙ ui

)2

with
dl

d�y,i
= 1, ui = const

uO = ui ∙
√
n = 5 ∙ ui ∙

√
l

uO(ui = �)

uR ∶= �R =
v

2 ∙

√
3 ∙ fR

= const.
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uR ∶=
v

2 ∙ fR
= const.

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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location uncertainty to the 6� - 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.
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