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Abstract. Freeform bending with a movable die makes it possible to bend complex structures and 
seamless radii without changing the bending tools. Currently, most research focuses on minimizing 
the geometrical deviations without considering the mechanical properties of the bent tubes. A 
previous work showed, that the geometry can be decoupled from the mechanical properties with 
non-tangential bending [1]. The implementation of a soft sensor based on ultrasonic contact 
impedance measurements (UCI) of the property-controlled freeform bending has also been 
examined [2], as well as a structure for closed-loop control based on material properties [3]. The 
present work deals with a micro-magnetic sensor and Barkhausen noise (BHN) and investigates 
its suitability for the closed-loop control. For this purpose, different processing routes for freeform-
bent steel tubes are experimentally investigated by their characteristic BHN. In addition to an 
existing simulation model, a data basis for the impact of freeform bending parameters is built to 
extend the existing model of a property-based closed-loop control. 
Introduction 
Freeform bending with a movable die is a forming technology that allows the bending of complex 
three-dimensional tube geometries without changing the bending die. The accuracy of the bending 
process depends on the tolerances and fluctuations in the mechanical properties as well as the 
tolerances of the process (e.g., friction, etc.). These disturbances significantly influence the bent 
part. In addition, inadequate knowledge of the mechanical properties before and after the bending 
process can lead to deviations in downstream processes. This leads to the conclusion, that there is 
a need for closed-loop control based on the mechanical properties of the tube, to reduce failures as 
well as scrap and to improve the quality of freeform-bent parts. 

Non-tangential bending allows the decoupling of the geometry and mechanical properties [1]. 
In order to control the mechanical properties during the freeform bending process, a suitable 
measuring system must be available in addition to the intervention in the kinematics of the bending 
die. This paper provides an experimental analysis of the influence of freeform bending process 
parameters on BHN for steel tubes. Therefore, different states of the steel tubes (unbent, bent, 
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unbent and annealed, annealed and bent) are measured with a micro-magnetic sensor and the BHN 
is analyzed. Furthermore, tubes formed with the new concept of non-tangential bending are under 
investigation. Ultimately, the results are compared to the numerical model to check the congruence 
between the numerical model and measurements on real bent tubes. 
State of the Art 
Freeform bending with a movable die is a process that has been investigated to a large extend. 
Most of the research focuses on improving the geometrical accuracy of the freeform-bent part, but 
only a few investigate the mechanical properties during the bending process. [4] showed that the 
manufacturing strategy of roll-formed tubes influences the material properties and the subsequent 
bending process. There have also been investigations that analyze the influence of different process 
parameters on the bending result in freeform bending using numerical simulations [5]. Numerical 
simulations are often used to get a better understanding of the freeform bending process. [6] 
showed two models for freeform bending with three and five degrees of freedom and a simulation 
model for rotary draw bending. Both round tubes and profiles were bent using these models. 
Another simulation model for freeform bending as the preform forming step of hydroforming was 
also investigated [7]. A simulation model is used to calculate the motion profile of the bending die 
to get better geometrical accuracy results while reducing scrap [8]. If only a 2D bending part is 
manufactured, the hole part can be described by the parameters radius and bending angle. In 
freeform bending there is a process-related, complex transition between straight tube segments and 
the area of constant curve curvature due to the particular motion profile of the bending die [9]. 
Accordingly, the specified bending radius is determined by means of regression only in the region 
of constant curve curvature [10]. The bending angle is calculated from the direction vectors of 
approximated straight lines at the beginning and end of the bent part. Automatic extraction of the 
bending line from discrete data and vice versa makes this analysis much faster and more efficient 
[11]. In terms of influencing factors, [12] conclude with numerical simulations and validation 
experiments that the yield strength affects the forming limit and wrinkling instability. The results 
also showed that friction and clamping pressure have a smaller impact on the forming limit 
compared to the axial propulsion speed and the gap between the tubes and bending die. The 
concept of [13] shows that a kinematic bending process can be controlled. A concept for both 
direct and indirect control of torque superposed spatial bending was presented in their work. 

Different approaches are pursued to optimize the bending processes using the extended Kalman 
filter (EKF) in particular. On the one hand, it is used to predict the trajectory during freeform 
bending and thus to optimize the process and the process parameters [14]; on the other hand, the 
EKF is also used in the field of stress prediction and closed-loop control during freeform bending 
[1]. There have also been investigations into BHN measurements to analyze the residual stresses. 
BHN is affected by residual stresses to the same extent as it is by the microstructure, but a careful 
calibration process is necessary to get a good correlation between stresses and BHN [15]. BHN 
has also been installed in a broaching machine tool to conduct in-situ measurements during the 
orthogonal cutting process, and a correlation between the residual stress and the detected BHN 
signal was evaluated [16]. Another study showed that the reciprocal of the peak amplitude of the 
BHN has a linear relationship with the stresses [17]. Therefore, tensile tests with carburized SAE 
9310 and 32CDV13 were applied. For low-frequency BHN measurements near the surface, it was 
shown that in case-carburized steel, the residual stresses change differently compared to the 
subsurface in response to the prior applied tensile or compressive stresses [18]. Although BHN 
has been the subject of numerous studies, the results are difficult to compare because most studies 
differ in terms of the material and samples used [19]. Therefore, it can be concluded that a better 
understanding of how different factors influence BHN is still needed. 

As the state of the art indicates, BHN is suitable for measuring different specimens and a range 
of materials. In addition, it is also shown that freeform bending with its many degrees of freedom 
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is a suitable controllable process. Overall, the great need for closed-loop control based on the 
mechanical properties of the tube during freeform bending can clearly be seen. 
Materials and Methods 
This paper deals with the experimental analysis of the influence of residual stresses in the raw 
material on the geometry and BHN of freeform-bent steel tubes. The aim is to show that different 
stress states can be measured using a micro-magnetic sensor and analyzed using BHN. In addition, 
it will be shown that different stress states influence the resulting bent part. Due to the kinematic 
forming process and the associated many degrees of freedom, freeform bending with a movable 
die is particularly suitable for influencing the mechanical properties. 
Freeform bending machine and tubular raw material. In this article, all experiments are performed 
using a 6-axis freeform bending machine with a movable die, built by J. Neu GmbH (Grünstadt). 
The machine has six degrees of freedom, of which three are translational and three are rotational. 
Fig. 1 shows the six degrees of freedom and all relevant parts of the freeform bending machine. 

 
Fig. 1. Principal of freeform bending with movable die and the resulting bent part [1]. 

 
To produce a freeform-bent part, a round tube must first be inserted into the machine. The tube 

is then advanced along the z-axis at a constant speed. The tube is pushed over the bending mandrel 
and through the bending die. In addition to the feed, the die starts to move. The bending die can 
be deflected in the xy-plane and can rotate around all three axes (x-, y- and z-axis), performing the 
movements simultaneously. To bend a tube, as shown in Fig. 1, the bending die is deflected and 
rotated to its maximum position, then stops and remains in the maximum deflected position until 
the bending angle is reached, and then returns to the starting position. This entire process occurs 
while the tube is being constantly advanced. The kinematic process can therefore be divided into 
three sections: the transition, the constant and return sections. For a more detailed understanding 
of the process, the authors refer to detailed studies of the freeform bending process [1-3, 7, 8]. 

For the experimental investigations in this paper, welded steel tubes made of P235 are used. 
The circular steel tubes have an outer diameter of 42.4 ± 0.5 mm, a thickness of 2.6 ± 0.3 mm and 
a length of 800 ± 2 mm with an evenly finished weld seam. The tubes are manufactured according 
to the international norms EN 10217-1 and EN 10219-1. The steel tubes have been used in other 
investigations and are already described in detail [1, 2, 20]. 
Analysis of bending geometry and Barkhausen noise signal. To analyze the geometry of the parts, 
a three-dimensional triangular surface mesh of the part is created by an optical measurement 
system with a handheld laser sensor. The bend angle is determined by fitting a cylinder at each 
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end of the tube and then measuring the angle between the two centerlines. To analyze the curvature, 
several sections are created along the longitudinal direction of the tube, and a circle is fitted 
through each section. The centers of all fitted circles are then connected, resulting in the centerline 
of the bent part. The curvature of the centerline is then calculated and evaluated. The curvature is 
divided into the same three sections as dictated by the kinematics of the bending tool (transition 
section, constant section and return section) and a non-bent section at the beginning and end of 
each tube. 

To measure and analyze the BHN, a micro-magnetic sensor named µmagnetic in interaction 
with the software Optimizer4D from QASS GmbH (Wetter) is used. As BHN is a non-destructive 
testing method measurement method with high sampling rates, it is advantageous compared to 
other stress measurement methods, such as the hole drilling method. Since the BHN can be 
influenced by a gap between the sensor and workpiece, the sensor is placed directly on the tube to 
neglect this influence. To avoid short-circuiting or overdriving the BHN, a tape covers the sensor 
and, at the same time, minimizes the distance between the sensor and the tube. The sensor measures 
the inductive current, and the results are subsequently visualized using a Fourier transformation. 
The 3D landscape of the measurement signal consists of the axes frequency, time and amplitude. 
The process flow for the downstream signal processing of the BHN is shown in Fig. 2. 

 
Fig. 2. Process flow for measuring and analyzing the MBH. 

 
An analysis network with a so-called “energy detector” is used to analyze the Fourier-

transformed BHN signal. It finds contiguous ranges of a certain minimum energy in a signal. The 
energy is calculated within a rectangular window (in time and frequency), which is successively 
shifted forward in time. Neighboring windows in which an energy threshold is exceeded are 
combined to form a pattern. This pattern is analyzed with respect to the mean value and standard 
deviation for each measurement point. To ensure a high penetration depth, an excitation frequency 
of 200 Hz and magnetizing voltage of 700 mV is set. At higher frequencies, the penetration depth 
is reduced. The Optimizer4D software offers an energy-related value in both the time and 
frequency axes, which is called QASS energy. This value cannot be expressed by the SI-unit 
system and is, therefore, given later on without a unit [16]. 
Strategy. The focus is on the influence of the stress state of the raw material in freeform bending 
and the suitability of the micro-magnetic sensor for inline measurement of property changes during 
freeform bending. Therefore, different conditions of the unbent tube are investigated, as well as 
freeform bending experiments with different starting conditions (see Fig. 3). With these 
experimental investigations and bending strategies, some research questions arise: 
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1. Can disturbances in the unbent raw material be measured with BHN and is there a 
difference compared to annealed raw material? 

2. How does annealing influence freeform-bent tubes in terms of geometry and BHN? 
3. Is it possible to measure a different BHN in non-tangential freeform-bent tubes? 

This paper tries to find answers to these research questions by carrying out experimental 
investigations and micro-magnetic measurements on freeform-bent steel tubes. 

 
Fig. 3. Big picture and schematic depiction of measurement points on the unbent and bent part. 

Experimental Investigations 
This section describes the experimental investigations starting with residual stress annealing the 
unbent tubes, followed by the freeform bending process with a movable die, and the BHN 
measurement and analysis methods. 

Residual stress annealing.  
Residual stress annealing is used to minimize the residual stresses within the unbent tube. Table 

1 shows the exact annealing parameters for the steel tubes made from P235. The annealing 
parameters were also part of other investigations with the same tubes [1].  

 
Table 1. Residual stress annealing parameters for the experimental investigations. 

Temperature 𝑇𝑇0 620 °C 620 °C 620 °C  𝑇𝑇0 
Time 2 h 2 h 48 h 

 
Fig. 4 shows the microstructure of the base material for normal and annealed tubes, based on 

the investigations of [1]. 

 
Fig. 4. Light microscopic image of the microstructure at x500 magnification 

Left: base material, Right: residual stress annealed [1]. 
 
Freeform bending and Barkhausen noise measurement. After the residual stress annealing, all 
tubes (normal and annealed) are bent with the freeform bending machine. Two different bending 
strategies are used. The first bending strategy includes five different part geometries (V01 - V05), 
where all result in a different curvature and bending angle. The second bending strategy includes 
seven different kinematics using the non-tangential bending technology [1]. This results in bent 
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parts with the same geometry but different residual stresses, according to [1]. The maximum 
deflection 𝑦𝑦𝑚𝑚𝑚𝑚𝑚𝑚 and rotation 𝜑𝜑𝑚𝑚𝑚𝑚𝑚𝑚 of the bending die for all experiments are listed in Table 2. 
 

Table 2. Freeform-bent parts with deflection and rotation of the bending die. 
Name V01 V02 V03 V04 V05   
𝑦𝑦𝑚𝑚𝑚𝑚𝑚𝑚 5.85 mm 7.47 mm 9.85 mm 13.29 mm 18.15 mm   

𝜑𝜑𝑚𝑚𝑚𝑚𝑚𝑚 9.83 ° 12.32 ° 15.79 ° 20.39 ° 26.11 °   

Name A01 A02 A03 A04 A05 A06 A07 

𝑦𝑦𝑚𝑚𝑚𝑚𝑚𝑚 9.00 mm 10.00 mm 10.00 mm 11.00 mm 11.00 mm 12.00 mm 12.00 mm 

𝜑𝜑𝑚𝑚𝑚𝑚𝑚𝑚 22.00 ° 16.00 ° 20.00 ° 13.00 ° 14.00 ° 12.00 ° 13.00 ° 

 
The unbent (normal and annealed) and the bent tubes are measured at several measuring points 

with the micro-magnetic sensor; see Fig. 3. There are three measuring points on the sides of the 
tube, with one side corresponding to the weld seam (0°). On the inside (270°) and outside (90°), 
there are seven measuring points each since this is where the tube records the greatest possible 
deformation. Please note that all measurement points are on the constant section of the bent tube. 
Results and Discussion 
At the beginning, the unbent raw material and the annealed raw material are investigated by micro-
magnetic measurements, and additionally, the influence of the annealing process on the 
geometrical dimensions of the unbent tubes is analyzed. Subsequently, the results of unbent tubes 
with and without prior annealing are described and discussed in terms of geometry and BHN. A 
distinction is made between tangentially and non-tangentially bent tubes for the bent components. 

Unbent raw material.  
There are two different conditions of the unbent material: normal and annealed. The annealing 

process has been carried out with the parameters shown in Table 1. Optical measurement 
technology was used to measure the surface of the tube and then evaluate the outer diameter (𝐷𝐷𝑂𝑂𝑂𝑂𝑂𝑂) 
and inner diameter (𝐷𝐷𝐼𝐼𝐼𝐼). In addition, measurements were carried out with the micro-magnetic 
sensor at the positions shown in Fig. 3. The results are shown  
in Fig. 5. 

 
Fig. 5. Results for unbent tubes with and without residual stress annealing 

Left: Outer diameter, right: BHN. 
 

For the outer diameter, it can be seen that all measurement points are within the desired 
tolerances (42.4±0.5 mm) for the normal and annealed tubes. The left side of Fig. 5 shows an 
example of a measured tube where the measuring points are distributed over the length. In addition, 
it appears that a trend reversal is occurring because of the annealing. At both ends, the normal tube 
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has a larger diameter than in the middle area, while the annealed tube shows the opposite trend. 
The deviation of the outer diameter is smaller after annealing compared to the normal material. 
The thickness of the material is within the tolerances (2.6±0.5 mm) for all measurement points. 
For geometrical tolerances, annealing has a positive impact due to the fact that the deviations 
become smaller. 

On the right side of Fig. 5, the weld seam (0°) has a higher QASS energy level compared to the 
other measurement points for the normal tube. After annealing, the energy level of the weld seam 
decreases to approximately the same level as the other points. Because of the annealing process, 
the stresses throughout the tube were relieved, and the microstructure was affected. Fig. 4 shows 
significantly fewer grain boundaries in the annealed material, resulting in a lower QASS energy 
level. Overall, it can be stated that stress-relief annealing mainly affects the weld seam and results 
in a more homogeneous measurement signal with lower standard deviations. 
Influence of bending process on BHN. Both unbent tube conditions (normal and annealed) are bent 
with the freeform bending machine and the exact same process parameters. The results are divided 
into the results for tangential bending (V01 - V05) and non-tangential bending (A01 - A07). The 
results are analyzed in comparison with numerical simulations based on a simulation model 
already described in [20]. 

In terms of geometry, it can be seen that the tubes made from the annealed material achieve 
higher constant curvature (equals smaller radii) than the non-annealed tubes, according  
to Fig. 6. This trend can be seen for all bent components V01 - V5 and A01 - A07. It can also be 
seen that for the non-tangential bent parts, approximately the same curvature results. This validates 
that constant curvature is possible for various non-tangential bending setups and builds the 
foundation for the following investigations. Since no differences were found in the geometric 
dimensions of the unbent annealed tube compared to the normal unbent tube, the differences in the 
curvature must be attributed either to the reduced stresses or the changed microstructure and the 
associated material properties after the annealing process. 

 

  
Fig. 6. Curvature of the freeform-bent parts made from normal and annealed straight tubes. 

 
The results of the BHN analysis for the outside of the freeform-bent parts V01 - V05 and the 

non-tangential bent parts A01 - A07 with and without annealed raw material are shown in Fig. 7. 
The figure also shows the von Mises stresses determined by numerical simulations using the same 
measurement points as in the real bending investigations. In all tests and in the simulation, the 
results on the inside scatter strongly, which is why the evaluation concentrates only on the outside. 

Fig. 7 shows that the BHN measurements for annealed tubes have greater fluctuations than the 
BHN results of normal tubes. A similar trend can be seen in the results of the annealed tubes and 
the simulation. With increasing curvature, the QASS energy level in the annealed tubes and the 
von Mises stresses determined in the simulation increase. This behavior is also to be expected due 
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to the bending process because the greatest strain occurs at the greatest curvature, which increases 
the stresses. The increase in the BHN can be explained by the fact that predominantly tensile 
stresses are expected on the outside of the bent tube, and these stresses increase the intensity of the 
BHN. Compressive stresses, on the other hand, reduce the intensity of the BHN. Only test V03 
does not fit well with this trend. In contrast, this trend cannot be seen in the normal tubes. Here it 
seems like the QASS energy level decreases with increasing curvature. This allows the assumption 
that the stresses induced in the base material run counter to the stresses introduced by the freeform 
bending process. The fact that the results of the simulation fit better to the annealed tubes than to 
the normal tubes is because in the simulation, bending is done with a tube where the initial stress 
state is zero. The annealing reduces the stresses, and therefore the simulation corresponds more to 
these experiments.  

In the following section, the results of non-tangential bending are examined in more detail. The 
quintessence of non-tangential bending is the introduction of different stress states at constant 
geometry. If we look at Fig. 7 together with Fig. 6, we can see exactly this relationship. Significant 
differences can be seen in both the simulations and the measured freeform-bent parts. On the 
outside, for example, the highest QASS energy level (A03) is more than 10% higher than the 
lowest (A01). In contrast to the previous results, a similar trend for the non-tangentially bent 
components can be seen between normally bent tubes and the simulation. The annealed tubes also 
fit with this trend, except for the outlier at A03. In the context of the BHN, the results show that 
as stresses decrease, the BHN also decreases, and as stresses increase, the BHN increases. Based 
on the results shown, it can be said that the sensor used and the BHN are suitable for measuring 
different stresses during freeform bending. However, in order to be able to use the sensor in a 
property-based control loop, a correlation of the BHN with the real stresses in the bent part must 
still be created. In addition, the magnetization parameters must be further refined in order to 
determine the various influences on freeform bending as much as possible, even in an inline 
measurement. 

 
Fig. 7. Resulting BHN on the outside of freeform-bent tubes in comparison to von Mises stresses 

determined in numerical simulations. Left: tangential bending, right: non-tangential bending. 
Summary 
In the present work, the influence of different initial conditions in the tubes during freeform 
bending on the geometry and BHN was investigated. For this purpose, a series of tests were carried 
out with annealed and non-annealed tubes, which were then measured and evaluated with the 
micro-magnetic sensor. In addition, the results were compared with the results from the simulation. 
The following findings can be noted in relation to the research questions defined at the beginning 
of the study: 
• Different QASS energy levels were found in the circumferential direction of the tube, with 

the weld seam significantly above the base material. The energy levels of the base material 
were all within a certain scatter band, which is reduced by annealing. 
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• In terms of geometry, it was found that the annealed tubes lead to smaller radii compared to 
non-annealed raw material. In terms of BHN, the annealed tubes showed better accordance 
with the simulation result and the presented theory. 

• In non-tangential bending, it is possible to decouple the mechanical properties from the 
geometry. The differences in the non-tangentially bent tubes could be measured with BHN, 
showing a similar trend in the normal and annealed results as in the simulations. 

• The micro-magnetic sensor can measure differences in freeform-bent parts, and the results 
are in good accordance with the simulation model. With these results, it can be said that the 
sensor can be used to measure BHN quickly and use the results in order to control the 
freeform bending process based on its properties. 

For future work the parameters of the micro-magnetic sensor need to be optimized for the given 
steel tubes in order to measure more accurately. In addition, a correlation between the BHN and 
residual stresses is necessary to get a better understanding of the process and to control the bending 
process.  
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