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Abstract. Spring steel wires are usually supplied and stored on coils. The manufacturing and 
coiling processes of these wires induce inhomogeneous plastic deformations that lead to 
undesirable residual stresses and varying wire curvatures in the semi-finished product. These 
residual stresses and curvatures defects are causing varying process conditions in the subsequent 
manufacturing processes, which have a negative impact on the product quality, leading to wastage 
and thus affecting the economic and ecological efficiency. Especially the curvature deviations 
must be compensated for the stability of the subsequent processes. This is usually realised with 
roller straighteners, which are set manually by the machine operators only at the beginning of a 
process. In this paper, we introduce a new approach with a modular straightening-machine design 
and a new set-up process. The more isolated deformation behaviour in a module-based straightener 
overcomes the complexity of interactions between the close-positioned spaced straightening 
rollers. This is combined with a set-up process that is independent of conventional material testing, 
modelling the actual and batch-specific behaviour of the wire in the straightening process. The 
exact knowledge and time-consuming determination of the material properties thus becomes 
obsolete. The experimental investigations show the influence of defined straightening strategies 
on the residual stress evolution and the residual forming limit of the spring steel wires 
(X10CrNi18-8) in the new straightening process.   
Introduction 
Spring steel wires are usually supplied and stored on coils. The manufacturing and coiling 
processes of these wires lead to inhomogeneous plastic deformations and friction induced heat that 
lead to undesirable residual stresses and varying wire curvatures in the semi-finished product  
[1, 2]. These residual stresses and curvatures defects are causing varying process conditions in the 
subsequent manufacturing processes, which have a negative impact on the product quality, leading 
to wastage and failure and thus affecting the economic and ecological efficiency [3]. Especially 
the curvature deviations must be compensated for the stability of the subsequent manufacturing 
processes. This is usually realised with roller straighteners (Fig. 1, (a)), which are only set 
manually by the machine operators at the beginning of a process and are not adjusted during the 
continuous process. The disadvantages here are the necessary experience of the machine operator, 
the duration of setting up and the static setting of the rollers that do not respond to the variations 
in the material properties and curvature in the online process. Therefore, various approaches for 
the model-based determination of the set-up and control of the straightening-machines have been 
developed. These include analytical forming models [4, 5], models considering the Bauschinger 
effect [2, 6], and also FEM [7]. But, all these approaches, of course, require the operator to have a 
greater understanding of materials science and testing, which increases labour costs and set-up 
times. 

Therefore, the aim of our research project is to enable the development of an automated and 
online controlled continuous wire straightening process. However, as previously mentioned, 
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setting up, modelling and controlling the straightening process on conventional straightening 
machines is an enormous challenge due to the complex mechanical interactions between the 
closely spaced straightening rollers.  

 
Fig. 1 (a) (Sabre) straightening-machine with conventional design, (b) 3D straightening-

machine with modular design. 
Therefore, a new approach on straightening with a modular straightening-machine design  

(cf. Fig. 1, (b)) and a new calibration process is presented (cf. Fig. 2). With a more isolated 
deformation behaviour in a module-based straightening machine, we will overcome the 
complexity of the interactions between the close-positioned straightening rollers, enabling a 
model-based process control. This is combined with a calibration process that is independent of 
conventional material testing, modelling the actual and batch-specific behaviour of the wire in the 
straightening process. The exact knowledge and time-consuming determination of the material 
properties thus becomes obsolete. With this new approach, bending and sabre curvatures and their 
combined occurrence (helix) are to be compensated but also purposefully formed. The last module, 
for the straightening of sabre curvature, can also be pivoted to compensate twisting. 

 
Fig. 2 Concept of the calibration process of the modular straightening machine with exemplary 

data.  
As there are no standardised guidelines on how to set up conventional straightening machines 

and, of course, the novel modular straightening machine, first a set-up strategy (calibration 
process) was developed (cf. Fig. 2): 

1. Measure the wire's initial curvature b, in this case, represented by the vertical height on 
a defined segment of a circle. 

2. Define a straightening strategy, e.g. the desired curvatures b after each straightening 
operation.  

3. Cut a set of 250-500 mm long wire segments. At least two per module. More will make 
it more accurate.  

4. Measure the resulting curvature b after the first straightening operation in the first 
module of at least two different roller positions z. A starting value for a first positioning 
of the roller z can be calculated using the corresponding strain from a calculated bending 
curve and the yield strength reported by the supplier or is known from previous 
calibration processes. 
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5. The model of the actual and batch-specific behaviour of the wire is built up by least-
square regression of the resulting curvatures b and the roller  
positions z. These can be linear for simple straightening jobs and quadratic for higher 
accuracy. 

6. Roller position z1 can now be determined solving the regression model for the curvature 
value b defined in the straightening strategy.  

7. Prepare at least two wires (with z1) for each of the following directional modules for 
setting them up. 

8. The following straightening modules are then set up as described in the previous steps 
(4-6), whereby the last target value is usually 0. 

This process is possible because the design is modular, and therefore, there are no interactions 
between the modules and their straightening operations. The same set up process is also performed 
for sabre straightening and forming (cf. Fig. 3 (b)), whereby this process is generally located 
subsequent (cf. Fig. 1 (b)). The main reason for this layout is that the dominating curvature 
component is to be straightened first. 

 
Fig. 3 (a) Potential straightening strategies to be assessed. (b) Examples of sabre curvatures. 

The above-described guideline for the calibration process makes it possible to follow the path 
of a defined straightening strategy. However, to decide which strategy is optimal, suitable 
indicators must be used. Therefore, Fig. 3 illustrates potential straightening strategies (1-5) to be 
assessed in the following. The initial curvature (0) of the wire (from the coil) is b = 9 mm on a 300 
mm segment of a circle. Strategy 1 follows the idea of minimizing the forming operations, whereas 
strategy (5) features three forming operations. Strategies (2-4) are intermediate, with two forming 
operations and different target curvatures.   
Materials and Methods 
The tested material is an austenitic X10CrNi18-8 spring steel flat wire with a cross-section of 3.9 
x 0.4 mm2. Tensile testing is performed according to DIN EN ISO 6892-1 [8] with Zwick Z100 
tensile testing machine. The criterion for evaluating the residual forming limit is defined as the 
integral of the tensile stress σ over the strain ε until fracture. Residual stress measurements were 
carried out according to DIN EN 15305:2009 [9] using X-ray diffractometer DR45 by Stresstech 
GmbH performing sin2ψ method in γ-Fe {311} lattice plane in the depth of approx. 6 μm. The 
stresses were measured in the centre on the outer and inner side (in relation to the coil winding) in 
the longitudinal direction of the 500 mm long wire segments. 
Results 
The first finding is that the above-described straightening process (using individual straightening 
modules) is a capable process, i.e. that the paths of the straightening strategy described in Fig. 3 
(a) can be followed accurately. Especially, it is also possible to first straighten a wire and then 
form curvatures like a sabre with the modular 3D straightening-machine in a controlled manner 
(cf. Fig. 3, b). However, this freedom in the straightening process raises the question of which 
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strategy should be chosen. Therefore, the evolution of the residual stresses and forming limits 
regarding the different straightening strategies have been investigated. These two aspects are 
considered to be antagonistic constraints when optimising straightening strategies. 

 
Fig. 4 Evolution of the curvature b in the reverse straightening experiment for the target values 
b = 4.5, 0, -4.5, -9, -27, -35 mm and an initial curvature of b = 9 mm on a 300 mm segment of a 

circle.  
First, the influence of the inhomogeneous properties of the wire are illustrated using a 

straightforward experiment. The reverse straightening experiment follows the hypothesis that a 
homogeneous wire regains approximately its initial curvature when it is passed through the 
straightening machine again with the same straightening parameters but upside down. This should 
apply in particular if the aim is to mirror the initial curvature (9/-9/9/...). The six target curvature 
values b = 4.5, 0, -4.5, -9, -27, -35 mm are reached accurately with the first forming operation. 
Then, six alternating forming operations are performed and evaluated. Fig. 4 shows that the 
resulting curvatures of the second and third straightening operations do not fulfil the hypothesis. 
This is attributed to the initial inhomogeneity and residual stresses distribution of the wire. The 
deformation releases the inhomogeneity, which manifests as springback, especially after the first 
straightening process. This is likely to be caused by the misfit of the residual and load stresses. 
Then, after the third straightening operation, an almost stationary and alternating path results, 
which indicates homogeneity (indicated by the average trendline) and thus fulfils the initial 
hypothesis.  

 
Fig. 5 (a) Near surface residual stress measurements depending on the number of straightening 
operations with the same position of the roller z (reverse straightening experiment: target b = 0). 

(b) Near surface residual stress measurements in dependence of the number of straightening 
operations and the strategy. 
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Near-surface residual stress measurements were performed to confirm the observation of the 
preceding reverse straightening experiment and to establish the basis for the optimization process 
of straightening strategies. At first Fig. 5 illustrates the initial inhomogeneous residual stress 
distribution of the wire taken form the coil (straightening operation/strategy 0), stated by a 
deviation from the inner to the outer surface of approx. 240 MPa. This stress distribution counters 
a homogeneous forming behaviour, as the major deformation in the straightening process takes 
place in the surface layer. Fig. 5 (a) shows the corresponding residual stress evolution in the reverse 
straightening experiment for target value b = 0 for the first two straightening operations. The 
inhomogeneity is reduced but not eliminated. This measurement proves the superposition of an 
inhomogeneous residual stress distribution with the load stresses, which was assumed in the 
evaluation of the reverse straightening experiment (cf. Fig. 4). Due to the residual stress 
distribution, the tensile load on the inner surface layer is reduced, and the compressive load on the 
outer surface layer is increased in the first forming process. Since a smaller curvature occurs after 
the first straightening operation than in subsequent straightening operations, it is considered that 
the decrease in tensile load on the inner surface layer is dominant, although a definite assessment 
is not possible for the time being without a complete residual stress depth evaluation. Vice versa, 
this leads to the conclusion that the reverse straightening experiment is a useful method to 
determine the effect of the residual stresses, which in the case of straightening is considered more 
relevant than determining the residual stresses per se.  

Fig. 5 (b) shows the residual stress distributions and deviations between the inner and outer 
surface in dependance of the number of straightening operations and straightening strategy. It can 
be seen that the level of residual stresses is not significantly reduced by straightening. However, 
the deviation of the residual stress distribution is significantly reduced, and thus homogeneity is 
achieved. In particular, a higher number of straightening operations (>1) tends to lead to a greater 
reduction in the deviation of the near-surface residual stresses. But, with a measurement 
uncertainty of 60 MPa in the confidence interval of 95 %, this tendency is considered less 
significant regarding the selection of the straightening strategy. 

 
Fig. 6 (a) Residual forming limit in dependence of the number of straightening operations and 

the strategy. (b) Stress-strain-curve of the flat wire with initial curvature of b = 9 mm (from 
coil).  

Another key indicator for defining a straightening strategy is the residual forming limit. 
Therefore, the influence of different straightening strategies on the residual forming limit was 
investigated. Fig. 6 (a) shows a trend towards a slight reduction in residual forming limit, but with 
the standard deviation of the test points being greater than the observed effect. In this context, it 
has to be considered that with a high-strength spring wire, a significant change in the residual 
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forming limit is not to be expected because it has a long history of forming operations and thus has 
been strongly affected by work hardening. We therefore conclude that within the limits of the 
investigated straightening strategies there is no influence on the residual forming limit.   
Conclusion and Outlook 
In conclusion, the modular design is an advance in straightening technology, enabling low set-up 
times without extensive material testing. The operator does not need to have a detailed knowledge 
of materials science and testing. Furthermore, the modular design is the key to optimising the 
straightening strategy. By isolating the levelling processes and thus eliminating the interactions 
between the straightening operations, the process becomes controllable. The mere fact that a 
defined strategy can be easily followed ensures that more residual forming limit will be retained 
than in conventional straightening processes.  

The residual stress analyses show that significant homogenisation is already achieved with a 
single straightening operation. However, the residual stresses are not significantly reduced, which 
is usually not necessary with the present compressive residual stresses. But, as these measurements 
have near-surface and microscopically resolution, further investigations with in-depth and 
macroscopic resolution are required. An (optical) hole-drilling-method [10] is therefore being 
adapted in parallel to this work with regard to the wire-specific challenges. However, even without 
this knowledge, the actual material behaviour, i.e. the sum of the actual material properties of the 
wire, including residual stresses, is determined by the calibration process of the modular 
straightening machine. In this context the developed reverse straightening experiment is a useful 
method to determine the effect of the residual stresses, especially their inhomogeneity, which in 
the case of straightening is considered more relevant than determining the residual stresses profiles 
per se.  

Regarding the variations in wire properties that occur during the continuous straightening 
process, an online-control design and a corresponding compensation strategy are required. Here, 
it appears to be most sensible to pursue the objective of controlling the straightness at the last 
straightening module of each type because this does not cause any interactions with preceding 
straightening operations. This possibility is a key benefit of the modular design compared to the 
conventional straighteners. However, it is necessary to find measurable process quantities that 
enable a closed-loop control. These may include force, eddy current or tactile and optical curvature 
measurements of the straightening process or the subsequent processes. 
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