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Abstract: The energy-efficient production of fiber reinforced plastics allow the usage of lightweight 
products for various applications in future. Structures made of carbon fibers convince through 70% low-
er weights in comparison to products made of steel or aluminum and can achieve better mechanical and 
chemical properties at the same time. Carbon fibers are therefore very attractive for automotive applica-
tions and can be used to reduce the weight of vehicles and consequently their fuel consumption. 

The thermoplastic tape winding process is an energy-efficient technique for the production of fiber re-
inforced plastics. The main disadvantage of this process in comparison to established thermosetting 
winding processes is the missing quality assurance. Products for safety critical applications like pressure 
vessels require high process stabilities which are not obtainable without any quality assurance provi-
sions. 

The process integration of innovative metrology systems enables the industry to use thermoplastic 
tape winding for safety critical products. One of the main quality weaknesses of the manufacturing pro-
cess is the exact positioning of the tapes. To increase the tape positioning accuracy, a metrology based 
control system has to be implemented. As the manufacturing process is using robots as machine tools the 
control systems needs to be adapted to robot specific requirements. Within this paper we present a system 
which has been developed to analyze and evaluate the use of optical metrology to control the robot based 
tape winding process. 
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1.  INTRODUCTION 1 
 

 There are various applications for carbon fiber com-
posites in the industry. They are for example used in spe-
cialized sports equipment where efficient light weight 
structures are needed, like modern sailing race yachts [1]. 
But in the last years carbon fiber structures cannot only 
be found in specialized niche markets where the cost-
benefit ratio usually is of minor importance than in mass 
products. One example is the use of carbon composites 
for the new Airbus airplane series like the A350 [2]. 
 One of the main aims of using carbon structures is to 
reduce the weight of products. Especially for airplanes 
and automobiles the weight reduction directly increases 
the energy efficiency because the powered mass and 
therefore the fuel consumption are lower. In airplanes or 
automobiles the saved weight can be used for higher load 
capacities so that the economic efficiency increases as 
well. 
 Currently, there is a low market demand for mass 
products made of fiber reinforced plastics (FRP) in com-
parison to steel products, but the automobile industry is 
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planning to use more and more FRP products for the new 
model generations of their cars. Therefore, growth rates 
of more than 10% per year are forecasted for the next 
years [3]. 
 The development of the last years in the automobile 
industry is furthermore strongly shifting to the use of 
alternative fuels as a substitution for fossil ones. In terms 
of electro mobility one of the most important develop-
ments is the use of fuel cells and hydrogen for a reduc-
tion of carbon dioxide emission [4]. Though, a huge chal-
lenge is the storing of the hydrogen inside the car. As the 
volatile gas needs to be stored under high pressure, ves-
sels with a big wall thickness have to be used. These 
pressure vessels, made of steel, have a high weight and 
increase the overall weight of the car significantly. 
 Carbon fiber composite (CFRP) pressure vessels can 
save up to 50% of weight in comparison to steel pressure 
vessels, which make them interesting for applications in 
the automotive sector even though they are more expen-
sive than steel products. In automobiles it is furthermore 
not only interesting to use the carbon pressure tanks for 
hydrogen and for CNG (compressed natural gas) as well. 
There are already a significant number of cars with CNG 
technology in the market [5]. 
 Besides the automotive use of carbon fiber composite 
pressure vessels, a field of application for these products 
is breathing air bottles, especially for firefighting 
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purposes. For the relief forces these breathing air bottles 
are of vital importance and lowering their weight can 
improve the force’s firefighting performance. 
 If CFRP products in general and pressure vessels in 
particular shall be used in mass application, it is neces-
sary to advance the existing production technologies to-
wards these new requirements as well. With regard to 
quality assurance the new FRP production processes are 
not as developed as the manufacturing processes for steel 
products, which are already existing for decades. Espe-
cially for security relevant products like pressure vessels, 
a closed quality control loop is very important to avoid 
hazards for the people or the environment. 
 Fraunhofer IPT is developing quality assurance 
methods for FRP production processes. One of these 
quality assurance methods for a thermoplastic tape wind-
ing process will be described in this article. 

 
2.  PRODUCTION TECHNOLOGY FOR CARBON 

FIBER BASED PRESSURE VESSELS 
 

2.1. Laser-assisted Thermoplastic Tape Winding 
 Pressure vessels made of carbon fiber composites are 
usually manufactured in thermosetting filament winding 
processes [6] which are established for mass production 
purposes. There are several different variations of this 
process depending on their exact application [7,8]. The 
common functional principal however is, that resin im-
pregnated filaments are winded around a mandrel until 
the desired wall thickness of the pressure vessel is 
reached [9].  
 An efficient manufacturing process for pressure ves-
sels in comparison to the thermosetting filament winding 
is the laser-assisted thermoplastic tape winding. Both 
processes are similar in some points but differ in the way 
of winding the fiber impregnated material around the 
mandrel. In the thermoplastic winding process pre-
impregnated tapes are used which are in solid state of 
aggregation when they are fed into the process. When the 
current tape layer is put on the previously laid layer of 

the mandrel the thermoplast is melted by a laser to allow 
a subsequent consolidation [10]. A schematic of the ma-
chinery and the process for laser-assisted thermoplastic 
tape winding is shown in Fig. 1. 

The mechanical properties of the whole component 
depend among other things on the laser power and the 
pressing force which are both controlled by the tape 
winding system. The laser power can be controlled by a 
pyrometer and the pressing force of the current tape 
against the underlying layer by a combination of a force 
sensor and a contact pressure roller [11−14]. 
 The disadvantage of dissipating energy through con-
tinuous reheating furnaces cannot be found in the laser-
assisted thermoplastic tape winding process because the 
laser is able to heat up the material locally. Consequent-
ly, the temperature can be controlled for every point and 
layer in the process individually so that it is possible to 
adapt process parameters due to changing environmental 
influence factors. 
 
2.2. Process Challenges 

For security relevant products like pressure vessels it 
is important to assure a continuous high level of product 
quality also in mass production. As already mentioned in 
chapter 2.1 one of the main influence factors in the laser-
assisted thermoplastic tape winding is the exact tempera-
ture control of the laser, which was already solved in the 
past [15]. 

Moreover, the geometrical position of the tapes is 
very important for the component quality. Especially the 
positions of the tapes relative to each other are relevant 
for the mechanical properties of the pressure vessel. The 
ideal condition assumes the tapes lying in the path direct-
ly close to each other. There are mainly two irregularities 
from that ideal condition that can influence the further 
production process and therefore the mechanical proper-
ties: gaps between the tape paths and overlaps (illustrated 
in Fig. 2). 

Gaps can cause mechanical instabilities because ma-
terial is missing in areas where it is expected to be.  

Mandrel

Laser
Contact Pressure Roller

Tape

 
 

Fig. 1. Laser-assisted thermoplastic tape winding of a pressure vessel. 
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Fig. 2. Irregularities in thermoplastic tape winding processes. 
 

However, there are low influences on the further pro-
cess because the gap, if it is not too wide, will not cause 
irregularities to the behavior of the contact pressure roll-
er. Otherwise, overlaps of two tape paths cause uneven 
surface structures and are consequently able to influence 
the contact pressure roller. In [16] it has been shown that 
uneven surface structures caused by overlaps prohibit a 
correct bond of the underlying tape. 

If all machines and environmental parameters were 
ideal and constant there would be no errors during the 
process. However, there are several reasons for the two 
mentioned process errors. The path of the robot as well 
as speed and acceleration of the mandrel are calculated 
during the process planning and machine programming. 
Robots under load usually have certain path errors, even 
though they can be compensated partially [17], so that 
the position of the tape can vary in the dimension of the 
absolute accuracy of the robot. 

A process parameter with a high influence on possi-
ble path errors is the quality of the raw tape. The influ-
ences of the tape quality on the laminate in general and 
different quality properties were analyzed in [18]. If there 
are any tape material inhomogeneities it will be formed 
in different ways, even if all the other process parame-
ters, like the pressure of the roller, are constant. Besides 
that, the width of the tape can vary and therefore directly 
influence the position of the tape on the carrier. Addi-
tionally, the environment parameters like temperature, 
pressure and air humidity affect the process stability as 
well. 

In summary, there are several influences which are 
responsible for tape misalignments. These misalignments 

 
 
 

can decrease the component quality significantly and 
consequently increase the risk of a severe component 
failure. To avoid that a process control concept is neces-
sary, which is able to control the robot and therefore the 
tape position during the manufacturing of the carbon 
fiber vessel to compensate the influence factors. 

 
3.  PROCESS CONTROL CONCEPT 
 

3.1. Requirements 
To control the process, it is necessary for all compo-

nents and the overall concept to fulfill the requirements 
regarding for example the control rate, temperature, con-
tamination, resolution and measurement uncertainty. 
Therefore, the most important points will be described in 
this sub-section. 

The metrology requirements are depending on the 
speed and accuracy which are defined by the manufactur-
ing process. For an economic and competitive production 
of pressure vessels made of CFRP a tape speed of more 
than one meter per second is necessary. In order to quick-
ly respond to tape misalignments, it is furthermore re-
quired to be able to measure with a lateral sampling 
smaller than 50 millimeters. Consequently, with a tape 
speed of one meter per second, a measurement rate of at 
least 20 Hz is needed to fulfill that requirement. 
 The resolution and measurement uncertainty influ-
ence the misalignment of the tapes relative to each other. 
Gap sizes and overlaps of more than a several tenth of a 
millimeter are not tolerable and have to be avoided to 
guarantee the structural integrity of the component. To 
detect gaps and overlaps in that order of magnitude relia-
bly the metrology has to be able to resolve at least one 
tenth of the detectable gap and overlap width. 
 The metrology has to be further adapted to the pro-
cess environment and the material. In the consolidation 
area high temperatures and contamination with material 
residues can be found. Additionally, the surface of the 
FRP material has certain properties which affect the 
measurement because it has a black surface with varying 
reflectivity. The measurement device has to provide reli-
able results even under these process conditions. 
 
 

Scanning Head

Lightbeam

 
 

Fig. 3. Process control through optical measurement. 
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Fig. 4. Signal processing. 
 

 

Other process variables need to be controlled sepa-
rately to reduce the number of influence factors and re-
quirements on the process control. The consolidation 
pressure for example is controlled with the contact pres-
sure roller so that it cannot affect the tape form. 
 
3.2. Metrology 
 To meet the requirements of in-process measurements 
with the needed resolution and control rate, tactile me-
trology is hardly possible to use. There are different opti-
cal measurement methods which have certain advantages 
and disadvantages. One method which is able to meet all 
discussed requirements is interferometry, although it is 
not commonly used in production environments. 

White-light interferometry is moreover able to detect 
absolute distances and is therefore suited for the dis-
cussed application. However, for a point based measure-
ment system a line scan is required to measure the gap or 
overlap width. Therefore a particular line scanner for the 
mentioned production environment has been developed. 
 
3.3. Integration Concept 
 For an integration of the metrology into the manufac-
turing machine it is necessary to consider the mechanical 
configuration of the machine as well as the process con-
ditions like temperature and contaminations. The princi-
ple of the metrology inside the machine for an in process 
control is shown in Fig. 3. 

The scanning device is mounted in a certain height 
over the mandrel. The scanner is performing a line scan 
rectangular to the moving direction of the tape. The mon-
itored area is close to the consolidation point to assure a 
fast reaction on changing process parameters. 

The smaller the line width, the higher can be the lat-
eral resolution or the higher can be the measurement fre-
quency. Hence, the monitored area should be in the tran-
sition zone of the current tape and the previously laid 
one. 
 
3.4. Detection of Gaps and Overlaps 
 The interferometer provides a continuous signal. The 
line scanning is an independent process and has to be 
therefore integrated separately. The acquired signal needs 
to be filtered to extract the information of gap and over-
lap width. The qualitative signal and the filtering process 
are shown in Fig. 4. 
In a first step an encoded position signal has to be added 
to the continuous measurement data to be able to assign 
the lateral position to a measured distance. With this in-
formation the continuous signal can be sampled to the 
correct line width. 

PID 
Controller

Manufacturing 
System / Robot

Optical 
MetrologyMeasured Variable 

Gapwidth / Overlap

Reference Input
Gapwidth = 0

Error
_

Actuating Variable
Robot Position

Control Variable
Gapwidth / Overlap

Disturbance

 
 

Fig. 5. Feedback control system. 
 

 

In a second step the remaining signal needs to be cor-
rected with a compensation function to assure a correct 
dimensional measurement. The optical design already 
causes a non-linearity, which can be mathematically cor-
rected with simulated data. Additionally, misalignments 
in the assembly of the scanning device cause deviations 
in the measured data that are impossible to simulate. 
These deviations have to be compensated with a calibra-
tion process. 

In the last signal processing step the gap width has to 
be extracted. The edges of the tape can be found by using 
the derivative of the signal and analyzing its maximum 
peaks. 
 
3.5. Process Control Strategy 
 The basic scheme of the process control can be found 
in Fig. 5. The model is simplified and consists of the 
main elements which are important for the process con-
trol. These elements are the robot, the controller and the 
optical metrology. 

The actuating variable in this control concept is the 
path offset for the robot which influences directly the real 
gap width and can be defined as the control variable. 
This control variable is acquired by the optical metrology 
and is therewith converted from the dimensional gap 
width to a measured variable, which is subject to the 
measurement uncertainty. The reference input for the  
whole system is the gap width, which should be as small 
as possible. Through the measured variable and reference 
input the error can be calculated, which is used as the 
input for the controller. 

 
4.  EXPERIMENTAL SETUP 
 

4.1. Concept for the Control Development 
 In the previous sections the necessity of a process 
control in the manufacturing process for pressure vessels 
made of carbon fiber reinforced plastics has been de-
scribed. However, a control development at the manufac-
turing system is connected with some disadvantages. 
Influence factors induced by the process like temperature 
variations or contamination complicate the control de-
velopment process and can avoid the correct assignment 
of influence parameters. 
 For the development process it is therefore necessary 
to build up an experimental setup where no process in-
fluences can interfere with the control. This experimental 
setup has to represent the robot based manufacturing 
equipment as close as possible. 
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4.2. Components of the Experimental Setup 
The experimental setup for the control development 

is shown in Fig. 6. A robot is used as a machine tool to 
represent the manufacturing system because the different 
behavior of robots in comparison to standard linear axes 
based machine tools has to be considered in the devel-
opment process. For the experimental setup an ABB IRB 
120 industrial robot in combination with an IRC 5 con-
trol unit is used. The technical specification of repeatabil-
ity, working load, possible accelerations and software 
control options meet the defined requirements. When 
using a robot a security concept is needed to protect indi-
viduals working close to the machine. The robot cell is 
surrounded by safety glass to allow a view inside. 

An Isel RDH-S rotation axis is used in the experi-
mental setup to have the virtual tape path being emulated 
as exact as possible. In the manufacturing process of 
pressure vessels tumble winders are used to reach the 
caps of the vessel. Here a standard rotation axis is ade-
quate because the position and orientation of the robot 
tool center point relative to the mandrel does not differ 
from the manufacturing process. 
 The measurement system which is used in the exper-
imental setup is a Precitec CHRocodile IT. The system 
can be either used for coating thickness or distance 
measurements. 

The scanning unit is developed exclusively for the 
control development and is directly mounted to the robot. 

 

 
 

Fig. 7. Test specimen. 

The mounting position of the scanning unit does not 
influence the measurement results. With the scanning 
unit the vertical measurement range of the entire system 
is 12 mm with a resolution of 0.84 µm. 

 
5.  EVALUATION MEASUREMENTS 
 

For measurements with the described system a test 
specimen has been used. This test specimen (Fig. 7) has a 
defined spiral gap of 0.5 mm in a distance of 10 mm with 
a depth of 1 mm. With this test specimen the control can 
be developed and the measurement device can be charac-
terized as well as calibrated. 

In Fig. 8 a scan of a flat metal surface is shown. The 
curve progression is not linear flat but has a certain char-
acteristic through the non-linear optical design and misa-
lignments in the scanning unit, which were already dis-
cussed in section 3.4. Therefore, a correction function is 
calculated with the data of a flat surface and can be used 
to correct the measured values. 

An example of a correction function is shown in Fig. 
9. For the calculation of the correction table the data 
from the calibration process is filtered so that no meas-
urement errors can cause incorrect calibration data. 
Measurement errors are interpolated with the nearest 
clean measured data. Furthermore, the absolute measured  
height has to be subtracted to be able to not influence the 
reference values. 
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Fig. 8. Scan of flat metal surface. 
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Fig. 6. Experimental setup. 
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Fig. 9. Correction table. 
 

A measurement of the test specimen is shown in Fig. 
10. The gap is represented by the characteristic peak in 
the curve progression. This peak can be used to calculate 
the gap width through the derivative of the measurement 
data. 
 
6.  CONCLUSIONS  
 

The market of products made of carbon fiber rein-
forced plastics is continuously growing. Especially car-
bon fiber products used for vehicles or airplanes can in-
crease the energy efficiency significantly. Lower weights 
of cars and airplanes decrease the fuel consumption 
which allows higher payloads and lower environmental 
pollution. Very important products in this context are 
pressure vessels as tanks for hydrogen or CNG fuels. 

However, especially products for mass markets, like 
the automotive sector, need new manufacturing ap-
proaches to increase the economic and ecological process 
efficiency. Newly developed processes like laser-
requirements on the efficiency. Though, unavailable in-
process metrology prohibits the usage of that process for 
security relevant products like pressure vessels. 

A particular problem in the laser-assisted tape wind-
ing process is the correct alignment of the carbon fiber 
reinforced tapes to each other. Fraunhofer IPT is  
developing a control system for the tape winding process 
to avoid misalignments of the mentioned tapes. 

First results show that the applied interferometric 
sensor is generally applicable for the described field of 
application. The relative tape positions can be detected 
and used for further process controls. 
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