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by Texas A&M High Performance Research Computing (HPRC) were used to finite element 

simulations. 

 



 

 

ii 

 

 



 

 

iii 

 

 

Abstract 

Aluminum profile bending is one of the methods providing potential to reduce weight and 

improve fuel efficiency in automotive, aerospace, and other industries. Most of manufacturers 

make efforts to reduce the number of components and processing steps for manufacturing 

efficiency and to increase product quality. Two and three-dimensional shapes of products are 

also demanded to satisfy aesthetic perspectives.  

To meet the industrial demands toward Industry 4.0, the current research mainly focuses on the 

development of the springback monitoring and control by non-contact measurement methods, 

analytic models and artificial neural networks. A new strategy for on-machine springback 

measurement in rotary draw bending was developed. The measurement strategy is to evaluate 

springback by integrating digital image processing and laser tracking, enabling the bending 

process and springback to be monitored in real time. As a non-contact measurement method, 

this affordable system eliminates an offline measurement process by integrative monitoring the 

springback angle in rotary draw bending. 

Based on the digital image measurement strategy in rotary draw bending, an in-situ springback 

monitoring technique was also developed for stretch bending of large-size profiles. The 

measurement technique is to evaluate springback in real time. Using the so-called circular 

hough transform algorithm, the center of reference circles marked on the profile were detected, 

and springback was calculated. The applicability of computer vision-based springback 

monitoring in large-size profile bending was validated with experiments. 

In advanced 3D stretch bending, a 5-axis machine was used to bend hollow aluminum alloy 

profiles. The method provides the capability of reduced springback for complex shapes. The 

configuration of the 3D bend die and its rotational mechanism were kinematically analyzed and 

an analytical springback model was proposed based on the Frenet-Serret theorem. While the 

kinematically controlled stretch bending imposes stretch through the configuration of the tool, 

super-imposed stretch applied prior to bending provides further springback reduction. Thus, the 

effect of the pre-stretch before bending was also explored in this work. The proposed model 

was validated with finite element simulations and experiments to demonstrate springback 

evaluation for product design and process control purposes. 
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To reduce springback variations and improve process control, an artificial neural network 

(ANN) model was developed. The ANN model was trained based on experimental and 

analytical data. This model provides compensated bending angles to achieve the desired 

dimensions of the product. The proposed strategy was validated with 2D and 3D stretch bending 

experiments and provided evidence to improve the dimensional quality of bent profiles. 
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ANN Artificial Neural Network 

B1 Pitch bending process 

B2 Yaw bending process 

BR Bayesian Regularization 

C Centroid of a spatial coordinate 

CHT Circle Hough Transform 
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CMM Coordinate Measurement Machine 

D Laser moving distance 

DS Data subset 

DOF Degree Of Freedom 
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G  Segmented image matrix 

GA  Genetic Algorithm 
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I(x,y)  Pixel intensity matrix 

IMU  Inertia Measurement Unit 

K(x)  Gaussian kernel function 

Lfixture  Fixture span length 

L1  Straight line at the end of a profile 

L2  3D curved line 

L3  2D curved line 

L4  Straight line at the center of a profile 

LASER  Light Amplification by Stimulated Emission of Radiation 

LVDT  Linear Variable Differential Transformers 
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Li  Length of ith segment 

Linitial  Initial length 

Lpre-stretch  Pre-stretch length before bending 

Lref.  Reference length 

MPG  Mile Per Gallon 

N.A.  Neutral Axis 

Opitch  Pivot point for pitch rotation 

Oyaw  Pivot point for yaw rotation 

P1  The origin of the local coordinate system 

P2  Point of intersection between curved lines L2 and L3 

P3  Point of intersection between curved lines L3 and L4 

PEEQ  Equivalent plastic strain 

R3D4  4-node quadrilateral rigid elements 

R1  Radius in the vertical direction of a bend die 

R2  Radius in the horizontal direction of a bend die 

RDB  Rotary Draw Bending 

RGB  Red, Green, and Blue 

ROI  Region Of Interest 

S4R  4-node quadrilateral shell elements with reduced integration 

SC1  Laser scan process before release 

SC2  Laser scan process after release 

SD  Standard Deviation 

ST  Stretch process 

κ  Curvature 

u  distance between the global and local coordinate systems on the X-axis 

v  distance between the global and local coordinate systems on the Y-axis 

w  distance between the global and local coordinate systems on the Z-axis 

∆θ  Springback angle 

θinitial  Bending angle before unloading 

θfinal  Bending angle after unloading 

θ1  Pitch-bending angle before unloading 

θ2  Yaw-bending angle before unloading 

θI  Initially tilted angle of the rotational joint of the hydraulic actuator 
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∆H  Springback dimension 

∆H1  Springback dimension in the vertical direction of a profile 

∆H2  Springback dimension in the horizontal direction of a profile 

H1  Desired dimension in the vertical direction of a profile  

H1
md  Measured dimension in the vertical direction of a profile 

H2  Desired dimension in the horizontal direction of a profile 

H2
md  Measured dimension in the horizontal direction of a profile 

∆Lpitch  Moving distance of the motorized actuator 

∆Lyaw  Moving distance of the hydraulic actuator 
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1. Introduction 

1.1.  Background 

According to dictionary, the definition of manufacture is “something made from raw materials 

by hand or by machinery” or “to make into a product suitable for use” [1]; i.e., manufacturing 

converts material to useful products. Metal forming is an operation along subtractive and 

additive processes within the category of manufacturing. It is essentially a manufacturing 

technique used to shape the material into the desired shape. In the fields of aerospace, 

architecture, automotive, shipbuilding and others, metal forming plays a significant role in 

manufacturing (see Figure 1.1).  

 

Figure 1.1. Bent products, (a) aerospace; (b) architecture; (c) art; (d) furniture 

Although there are many different technologies for producing a product, additional industrial 

demands such as lightweight, high strength, dimensional accuracy and aesthetics continuously 

challenge metal forming manufacturers. Hollow structural members for lightweight design or 

light materials are frequently used to meet industrial demands. In terms of materials, aluminum, 
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atomic number 13, is the most common metal and the third-most abundant matter in the earth’s 

crust. From a material’s point of view, aluminum alloys are of great interest often as a substitute 

for steel, copper, polymers or other material. Aluminum alloys are highly ductile, making them 

attractive for e.g. flexible forming. Aluminum alloys, with about a third of the density of steel 

and a strong affinity for oxygen, are attractive for reducing the weight of a product while 

providing corrosion resistance in many applications. 

Due to the advantages of aluminum alloys, automotive manufacturers use extruded aluminum 

alloys for crash management systems, such as bumper beams and subframes, to absorb impact 

energy, see Figure 1.2. Furthermore, automakers employ aluminum extrusions to protect battery 

packages in electric vehicles as a rapidly growing product. Another example is stiffeners made 

of aluminum alloys used to reinforce thin-walled structures of aircraft fuselage and wings as 

well [2]. 

 

Figure 1.2. Extruded aluminum application to automotive [3] 

Various manufacturing industries use aluminum alloys due to their lightweight and mechanical 

characteristics. Metal forming of aluminum alloy profiles, accordingly, have become 

increasingly important in manufacturing. Nonetheless, there are different types of quality 

concerns in metal forming; i.e., springback, wrinkling, tearing, and others. To improve product 

quality in bending, this research mainly focuses on measuring, prediction, and control of 3D 

profile bending, with motivation from a desired transition towards the next industrial system 

‘Industry 4.0’ and zero-defect manufacturing.  
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1.2.  Tube bending 

Tubular components with curved shapes account for a large portion of finished products in 

diverse fields, as shown in Figure 1.1 and Figure 1.2. There are various types of manufacturing 

technologies to make a ‘slanted’ product with a metallic tube; i.e., welding, mechanical joining, 

and others. Tube bending is one of the most manufacturing processes that satisfy specific curved 

shapes obtained by bending a material by imposing plastic deformation. In general, a loaded 

tube in a bending machine is formed by dies or rollers, conforming to the shapes of the tool 

configuration used. In the process, bending moments are generally applied to form the tube into 

two or three dimensions. 

While tube bending without external forces can be accomplished with, for example, local 

heating and cooling [4,5], tube bending methods are based on a bend die to apply external forces 

through movements and contact. Based on tool configurations and kinematics, tube bending 

methods are divided into compression bending, press bending, roll bending, rotary draw 

bending, and others.  

Figure 1.3 shows compression bending. The basic bending mechanism is straightforward: a 

tube is fixed to the bend die by the clamp die and the compression die rotates around the fixed 

tube to directly apply the bending force. During bending, the bend die is stationary. The method 

provides usually lower quality due to the shear and contact forces. Since an internal mandrel is 

usually not used in compression bending, the cross-sectional shape can be oval or out of round. 

Compression bending is less suitable for small-radius bending due to buckling and cross-

sectional distortions. Nonetheless, compression bending is a commonly used method in industry 

due to flexibility, low cost and simple tooling. 
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Figure 1.3. Compression bending 

Figure 1.4 shows press bending, which is one of the simple bending methods. A tube is 

supported by two wing dies, and the bending force to the tube is applied by the ram die. An 

internal mandrel is usually not used in press bending, which sometimes will cause significant 

cross-sectional deformation. According to [6], it is practical to bend a tube up to maximum165 

degrees. This bending method is adequate for thick-walled or large-radius tube bending, and 

the tooling is relatively inexpensive. 

 

Figure 1.4. Press bending 

Rotary draw bending is a popular and commonly used method for tube bending, see Figure 1.5. 

Rotary draw bending is quite similar to compression bending, but the bend die rotates in rotary 

draw bending. During the bending process, one of the tube’s ends is clamped between the clamp 

die and the bend die. The pressure die pushes and holds the tube. The bend die, clamp die and 

tube rotate simultaneously until the desired bending angle is reached. Rotary draw bending 
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commonly adopts a mandrel inside the tube to prevent local cross-sectional deformations. Not 

only the circular tubes but also rectangular tubes or channels can successfully be bent in the 

rotary draw bending. Moreover, rotary draw bending is advantageous in small-radius bending, 

and multiple bending of a long profile can make two- or three-dimensional part configurations.  

 

Figure 1.5. Rotary draw bending 

In Figure 1.6, roll bending is illustrated. While three rolls are generally used in roll bending, 

more than three rolls can also be used. As the forming roller moves up or down, the bending 

radius is determined based on the three contacted points between the tube and rollers. 

Furthermore, moving the roller during bending can make varying tube curvature along the 

length as the profile passes through the die assembly. This bending method is flexible and is 

suitable for large radii. The limitations of roll bending are small radius bending, distortions of 

thin-walled sections and large elastic springback, and thus variability.  
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Figure 1.6. Roll bending 

In order to reduce deformation after bending, stretch bending methods [7–9] are developed as 

shown in Figure 1.7. The main concept of stretch bending is to proportionally stretch and bend 

the tube during the entire forming process. In the figure, the blue-colored arrows indicate the 

tensile force and the black-colored arrows indicate the bend die movement. The tube is clamped 

at the ends until forming is finished. Figure 1.7(a) shows so-called force-controlled stretch 

bending, and Figure 1.7(b) shows so-called strain-controlled stretch bending. While the bend 

die in Figure 1.7(a) moves transversely, applying a force to bend the tube, the two semidies in 

Figure 1.7(b) rotate simultaneously. Very low transverse forces, thus, exist in strain-controlled 

stretch bending due to die rotation. Due to stretching imposing less stress gradients across the 

cross section, springback in stretch bending is smaller than the other bending methods shown 

in Figure 1.3 to Figure 1.6. 
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Figure 1.7. Stretch bending, (a) force-controlled; (b) strain-controlled 

Nevertheless, several defects such as springback, indentations, local buckling, sagging, etc. may 

occur, see Figure 1.8. Variations in springback as a global deformation reduce the dimensional 

quality of the formed product. Although stretch forming in Figure 1.7 can be an option to reduce 

springback, and thus variability, springback cannot be fully eliminated. Moreover, other defects 

such as sagging of individual members and other cross-sectional distortion may prevail. Local 

defects can affect the external appearance of the product and cause the need for a wide 
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dimensional tolerance of the surface profile. In addition, local deformations affect the stress 

distribution and may therefore interact with springback. 

 

Figure 1.8. Global and local defects in tube bending 

Advantages and disadvantages of the above bending methods are compared in Table 1.1. 

Compression bending is simple for tooling setup, but performance in small-radius bending is 

limited. While press bending can reduce cycle time and cost, the quality of the bent product 

may be unacceptable in some cases. Rotary draw bending is popular due to its high accuracy, 

fast production, repeatability, and others. On the other hand, the setup cost is relatively high. 

For roll bending, tool change is not necessary for variable curvature bending, but increased 

flexibility comes with the disadvantage of lower dimensional quality. As mentioned, springback 

variability is one of the main challenges in tube bending; however, stretch bending can decrease 

springback and thus reduce variability. Since each bending method has its advantages and 

disadvantages, a proper bending method should be selected based on the actual product need 

and manufacturing capabilities in the company. 
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Table 1.1. Advantages and disadvantages of the tube bending methods 

 Advantages Disadvantages 

Compression 

bending 

• Fast production 

• Simple tooling setup 

• Limit of small radius bending 

• External damage 

Press bending 
• Fast production 

• Low tooling cost 

• Poor accuracy 

• Poor repeatability 

• External damage 

Rotary draw 

bending 

• Small radius bending 

• High accuracy 

• Fast production 

• Repeatability 

• Expensive setup cost 

• Tooling dependent bending 

Roll bending 

• Variable curvature bending 

• Flexible bending without 

tooling change 

• Limit of small radius bending 

• Poor accuracy 

• Poor repeatability 

• Large springback 

Stretch bending 
• Less springback 

• Large part forming 

• Complex bending control 

• Local deformation 
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1.3.  Springback mechanism 

When applying an external force to a specimen in a uniaxial tensile test, a typical metallic 

material such as aluminum experiences deformation, see Figure 1.9. The initial length of the 

material is continuously stretched until the strain reaches point Ys. If the final strain is within 

the elastic region, the imposed deformation of the material recovers to the initial length after 

unloading. Upon continued deformation beyond the elastic region, the material is plastically 

deformed. Point Ys in the plastic region follows the red-colored arrow after unloading, and a 

permanent deformation remains. The unintended elastic recovery after unloading—

springback—depends on the elastic modulus and the stress at the instant of unloading. The 

higher the elastic modulus E , or the lower the yield strength yield , the lower the springback. 

The plastic strain plastic after unloading can be expressed by 

plastic total elastic  = −  (1.1)  

where total is total strain before unloading, and elastic equals /yield E . 

 

Figure 1.9. Stress-strain relation 

Figure 1.10 shows the stress and strain distribution in pure bending. The material in Figure 

1.10(a) is approximated with an elastic-perfectly material model. The stress within the elastic 

region is proportional to the strain with the coefficient of proportionality, and the stress beyond 
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the elastic limit ② is constant Y .The corresponding beam bending is shown in Figure 1.10(b). 

It is assumed that the beam deflection follows the classical beam theory due to Euler-Bernoulli. 

The bending moment is applied to bend the beam; the initial bending angle is initial ; the 

bending radius is initial . Upon bending the extrados of the beam is stretched; the intrados is 

compressed. The neutral axis denoted by N.A. is a layer with zero strain or stress, which is 

indicated by the dotted line at the beam center, assuming a symmetrical cross section and a 

material that behaves equally in compression and tension. The strain distribution and the stress 

distribution under bending are shown in Figure 1.10(c) and (d). The blue color in the stress 

distribution indicates tensile stress, and the orange color indicates compressive stress. When 

the extrados and intrados are still in the elastic region, the stress in the y-direction is linearly 

distributed across the depth of the cross section. The assumption is that the cross section is 

symmetric. Thus, the bending stress at mid height of the cross section (the neutral axis) is zero. 

In this case, the final bent angle becomes zero after unloading due to purely elastic 

deformations. As the bending angle increases, the strain in the vicinity of the extrados and 

intrados get deformed into the plastic region. When the total strain in the y-direction is within 

the plastic region, the magnitude of the tensile and compressive stress is Y . After unloading, 

the final bent angle generally becomes smaller than the initial bending angle. 
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Figure 1.10. Bending; (a) elastic-perfectly plastic material; (b) pure bending; (c) strain 

distribution; (d) stress distribution 

Figure 1.11 illustrates the bent shape of a solid rectangular beam before unloading and the final 

shape after unloading. The dark and light gray colors indicate the bent and final shapes, 
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respectively. After springback, the final bending radius final  is larger than the initial bending 

radius initial . 

 

Figure 1.11. Shapes before and after springback 

From geometry, the arc length of the neutral axis N.A. before springback and after springback 

does not vary, which be expressed as,  

initial initial final final   =  (1.2)  

While the arc length of the neutral axis does not change, the initial bending radius initial  is 

changed due to springback. The springback angle spb  is the difference between the initial 

bending angle initial  and the final bending angle final . This change in springback angle can 

be expressed by 

(1 )
final

spb initial
initial


 


 = −  (1.3)  

The curvature  (=1   for small deformation) is changed, and the change of the curvature   

can be expressed by 



 

14 

 

 

 

1 1

initial final


 

 = −  (1.4)  

This curvature change   is a characteristic that indicates the magnitude of springback locally. 

Assuming constant bending along the segment, the springback angle spb  is given by 

spb initial initial    =   (1.5)  

In industrial practice, there are many factors that affect springback in bending— bending speed, 

friction, temperature, material properties, and others, the cross-section of the beam and the 

bending moment are only considered to calculate springback. The bending moment M  from 

the stress distribution in Figure 1.10(c) can be calculated by 

/2

/2

h
Y wh

M b ydy
−

=   (1.6)  

where wb  and h  are the width and the depth of the cross section, respectively. It presumes that 

elastic stresses are not neglected. The bending moment M  is simplified as following 

2

4

Y wb h
M


=  

(1.7)  

Figure 1.12 is the moment-curvature curve of the beam. After unloading, the point finalP  moves 

to the point plP  along the red-dotted arrow. 

 

Figure 1.12. Moment-curvature curve 
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With the change of the curvature  , the springback angle spb  is calculated as follows 

3 Y
spb initial initial

Eh


   =  (1.8)  

It is shown that the material properties and the depth of the cross-section based on Eq. (1.8) 

affect the springback angle. Higher strength Y  causes larger springback; higher elastic 

modulus E  and depth h  both reduce springback. 
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1.4.  Springback compensation and control 

In metal forming, including tube bending, the ultimate goal is to make a product whose 

geometry is within the dimensional tolerances of the nominal shape. To meet the dimensional 

quality requirements, various approaches, such as feedback control, overbending, or tool shape 

adjustment are used to compensate for or control springback. Given that springback cannot be 

accurately eliminated due to variations in material properties, springback variability after 

bending can be controlled with several approaches [10]: (ⅰ) load-unload (prediction of next stop 

position)-load-unload, (ⅱ) iteration of load-unload, and (iii) one-hit bending with sensor data 

and a physical model. Trial-and-error is also a commonly used strategy for springback 

compensation. This experience-based compensation, however, requires multiple attempts—

iterative processing—and is not adequate for manufacturers who consider tooling design time 

and cost saving. 

A re-bending strategy is one of the springback compensation methods that uses multiple 

bending. This approach requires multiple trials until the springback angle reaches the target 

angle. In addition, springback can be compensated by adjusting the shape of the bend die. 

According to  [11], the traction field to achieve the desired shape can play a role as an indicator 

for the final die shape and springback compensation. When the traction field i
f  in the ith 

iteration is the same as the traction field 1i+
f  in the (i+1)th iteration, the displacement field of 

the bent shape 
i
ulu  is the final die shape as indicated in Eq. (1.9). These re-bending steps help 

to find the die shape for springback compensation.  

* ( )i i i
ul spb= −u u u f  (1.9)  

Another tooling design method for springback compensation is the displacement adjustment 

(DA) method developed by Gan and Wagoner [12]. After springback, the die shape and bent 

shape are compared, and the shape error is defined. To compensate springback, the die shape 

in each iteration is modified as much as the shape error until the bent shape falls within the 

tolerance band of the product. The DA method is a non-theoretical based approach, which is 

given by 

1i i i
tool tool
+ = + X X y  (1.10)  
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where 
1i

tool
+

X  and 
i
toolX  indicate the die shape before and after shape adjustment, respectively, 

and 
iy  is the shape error. According to [13], the 3D shape deviations between the die and the 

bent product can be efficiently measured by 3D scanning instead of traditional measurement 

fixture. Using the deviation data, the die surface is adapted to springback compensation. 

Another method is to correct bending processes for variations. Figure 1.13 shows block 

diagrams of open and closed-loop control systems. The difference between the two control 

systems is the presence of a feedback process in the control system. The open-loop system uses 

input data only once and delivers outputs, which is more applicable to mass production due to 

its non-iterative process scheme. It is a simple and inexpensive method for springback 

compensation. Thus, manufacturers can reduce product lead time and save manufacturing costs. 

On the other hand, the springback compensation algorithm in the open-loop system must be 

accurate because machine setting can be determined by the algorithm. 

The closed-loop system for feedback control aims to control the process within one cycle. Based 

on the input parameters (machine inputs), the output values are compared with the target angle. 

In order to achieve the desired specification, updated inputs are feedbacked to the bending 

machine. The in-line measurement or sensing technology is important to provide feedback. 

Using the sensing data, this bending strategy is implemented until the specified criteria are 

satisfied. The iterative feedback process can increase cycle time to compensate springback 

compared to the open-loop system. 



 

18 

 

 

 

 

Figure 1.13. Block diagram for springback control, (a) open-loop system; (b) closed-loop 

system  
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1.5.  Artificial neural network 

Artificial neural network (ANN) is extensively used to analyze complex data or predict a 

tendency without theoretical modeling. For tube bending, ANN can be employed to predict or 

control springback. ANN, also known as neural network (NN), is one of the calculation 

algorithms, reflecting the nervous system of humans. Figure 1.14 shows the overall architecture 

of artificial intelligence (AI). ANN is a branch of machine learning (ML) and a fundamental 

algorithm for deep learning (DL). In the 1950s, Rosenblatt [14] developed the simplest neural 

network, called a perceptron. The perceptron, a classification algorithm, makes output by 

weighting input data. While the initial perceptron, which is a single layer, classifies linear logic 

gates—AND, OR, and NOT, it is limited by its inability to classify a non-linear logic gate such 

as XOR. To overcome the non-linear problem, multilayers are introduced. Currently, various 

ANNs including convolutional neural network (CNN), recurrent neural network (RNN), and 

support vector machine (SVM) are used for computer vision, pattern recognition, regression, 

natural language processing, and others. 

 

Figure 1.14. From artificial intelligence to deep learning: architecture 

Figure 1.15(a) illustrates an artificial neural network. ANN simulates biological nervous 

mechanisms [15]. In the human nervous system, each end of the neuron is interconnected to 

other neurons, which is the pathway for communication. ANN comprises three layers: input, 

hidden, and output layers. Each layer has nodes corresponding to neurons and connected to 

other nodes. A weight between two nodes is used to scale the output values for signal 

propagation. Outputs are obtained by weighting nodes’ values from the input layer via hidden 
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layers. This type of ANNs is a feed-forward neural network, which is trained by back-

propagation. The back-propagation is repeated until the optimal weights are obtained. 

 

Figure 1.15. Schematic diagrams of an artificial neural network 

The summation of the input values is converted into the output value through nonlinearity f, 

called an activation function. The classical linear and non-liner activation functions are listed 

in Table 1.2. 
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Table 1.2. Activation functions in artificial neural networks 

Function Formula Remarks 

Identity ( )f x x=  Linear 

Hyperbolic tangent 
( )

( )
( )

x x

x x

e e
f x

e e

−

−

−
=

+
 Non-linear 

Arc Tangent 2

2
( ) 1

1 x
f x

e−
= −

+
 Non-linear 

ReLU ( ) max(0, )f x x=  Non-linear 

Logistic 
1

( )
1 x

f x
e−

=
+

 Non-linear 

The computed outputs are obtained by weights and activation functions based on given inputs. 

Differences between the outputs and computed outputs are quantifiable. The loss function L 

evaluates the learning performance. There are several types of loss functions in regression as 

listed in Table 1.3. For linear regression, square loss and absolute loss are the most common 

loss functions. While the square loss function is very sensitive to outlier data due to the square 

of the error, the absolute loss function is less sensitive to outliers. The goal in ANN is to 

minimize loss and to iterate towards optimal weights by finding minimal optimum (see Figure 

1.16). 

Table 1.3. Loss functions [16] 

Function Formula Algorithm 

Square loss 2( , ( )) ( ( ))L y f x y f x= −  Linear regression 

Absolute loss ( , ( )) ( )L y f x y f x= −  Linear regression 

Log-cosh loss ( , ( )) log(cosh( ( ) ))L y f x f x y= −  Extreme gradient boosting 

Quantile loss 

( 1)( ( )),  if ( )
( , ( ))

( ( )),  if ( )

 (0,1) is given quantile

y f x y f x
L y f x

y f x y f x

where









− − 
= 

− 



 Quantile regression 
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Figure 1.16. Loss function optimization 

ANN is sometimes referred to as a black box, and is a sort of established correlation between 

given input and output data. When conducting ANN analysis, the sample size is important. 

Although there are not exact rules to determine the sample size, there are rules-of-thumb [17]; 

i.e., (50~1000) × the number of output classes, (10~100) × the number of features and 10 × the 

number of weights. If high quality and sufficient amounts of data sets including complex and 

non-linear data for training ANN are provided, ANN can produce a non-linear prediction model 

and solve complex problems. Thus, ANN can apply to various fields. ANN was used for 

establishing a cost prediction model in pipe bending [18]. Haghdadi et al. [19] analyzed the 

flow behavior of a cast aluminum alloy under 400~540 ⁰C with ANN, and Hsiang et al. [20] 

investigated thermo-mechanical properties of hot extruded magnesium alloy under 320~400 ⁰C. 

The ultimate bending moment of steel tubes in pure bending [21] and the flexural overstrength 

factor (local buckling load vs. yield stress) of structural steel pipes [22] were predicted by ANN. 

By controlling forming parameters predicted by ANN, springback variations due to variations 

in material properties and frictional conditions in channel forming were minimized [23]. For 

improved product quality and manufacturing speed, a combination strategy of ANN and 

fundamentals of plasticity theory was used to control the variable blank holding force in deep 

drawing [24]. To obtain optimal bending parameters in L-bending, ANN was employed to 

provide data sets for the optimization algorithm [25]. Furthermore, Ma et al. [26] used ANN 

for springback prediction and compensation in rotary draw bending, and improved the 
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geometrical quality of the bent tube by the bending angles predicted by ANN. ANN is a data-

driven based approach without explaining physical manufacturing phenomena. Therefore, 

ANN is believed to be a useful method to predict product quality and improve manufacturing 

processes towards Industry 4.0. 
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1.6.  Research statement 

1.6.1. Research problems 

Most bending methods cause plastic deformation, producing permanent deformation and thus 

a shape different from the original one. Since the cross section of a straight aluminum profile 

is efficiently formed in extrusion, profile bending can be an ideal process for providing a curved 

configuration of the extrusion. Moreover, bending is a method used for reducing weight by part 

consolidation and need for joining interfaces. However, springback variations can cause a 

quality problem for the finished product. 

Springback in profile bending can be predicted by theoretical modeling or numerical 

simulation. The theoretical approach may help efficiently predict springback after bending, and 

numerical simulation can provide accurate information regarding stress or strain distribution 

during and after bending. Nonetheless, accurate springback prediction is difficult due to the 

complexity associated with material product and process interactions. In addition, the 

geometrical complexity in 3D bending also hinders springback prediction. 

In order to check geometrical quality, the geometric dimensions of the finished product are 

measured after completing the forming process. Springback measuring methods using a length 

gauge, a radius gauge, or an angle gauge are capable of obtaining off-line measurement data. 

The off-line measurement methods, however, are limiting in monitoring springback in real time 

or measuring springback on the machine. 

Digital data acquisition and analysis during bending processes are required for Industry 4.0. In 

Industry 4.0, the integrated sensing systems in the manufacturing machines are essential for 

real-time monitoring, aiming to achieve the smart factory by the cyber-physical system (CPS) 

technology [27]. Real-time data including process monitoring, springback measuring, and 

others, should be acquired to achieve digital manufacturing.   
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1.6.2. Research objectives 

Figure 1.17 illustrates extrusion-making in upstream processes. Material and geometric 

properties, and their variations, are created in upstream processes prior to the forming step. 

Semi-finished tubes in batches are delivered from aluminum extruders. Thus, the final product 

quality and manufacturing processes are significantly influenced by upstream processes.  

 

Figure 1.17. Illustration of the upstream processes for extrusion 

The primary objectives of this dissertation are to measure and monitor springback in real-time, 

and to predict and control springback in order to improve the dimensional accuracy of 2D and 

3D profiles bent in stretch bending. As shown in Figure 1.18, the main objectives are deduced 

with respect to manufacturing processes towards Industry. 4.0. In order to accomplish the 

research objectives, the following tasks are conducted: 

• Task 1: suggest non-contact measurement methods to capture the deformation of a 

profile. 

• Task 2: evaluate the possibility of the digital-image based on-machine measurement. 

• Task 3: develop a kinematic analysis to identify the 3D shape of a profile. 

• Task 4: identify the mechanical relations between actuator operations and bending 

angles. 

• Task 5: develop a model to predict 2D and 3D springback. 
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• Task 6: investigate the effect of stretch before bending in 2D and 3D stretch bending. 

• Task 7: propose an ANN model to control springback and use the model to save 

experimental costs. 

 

 

Figure 1.18. Main objectives 
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1.6.3. Papers for dissertation 

This doctoral thesis comprises published/submitted journal papers and one conference paper 

which are produced during the Ph.D. study. Figure 1.19 presents the relation between research 

objectives and papers. Seven tasks are linked to three main objectives, and those seven tasks 

are discussed in four papers. The papers written to accomplish the main objectives are presented 

in this doctoral dissertation. Paper I covers springback measurement and monitoring in rotary 

draw bending. The fundamental measurement approach is connected to paper II, which is 

related to stretch bending. Papers II, III, and IV cover the overall main objectives in 2D and 3D 

stretch bending.  

 

Figure 1.19. Relation between research objectives and papers 

A brief overview of each paper is provided as follows: 

Paper I (Journal paper) 
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‘A strategy for on-machine springback measurement in rotary draw bending using digital 

image-based laser tracking’ 

• Authors:Taekwang Ha, Torgeir Welo, Geir Ringen, Jyhwen Wang 

• Status: published in International Journal of Advanced Manufacturing Technology 119 

(2022) 705–718, DOI: 10.1007/s00170-021-08178-w 

• Research objective: measure and monitor springback in real time. 

• Brief description: 

A cost-effective system for on-machine measurement is used to measure springback in 

rotary draw bending with an affordable 635 nm laser and a webcam. A target board 

displays a laser beam installed at the end of a profile. The web cam acquires the target 

board images in real time. By extracting the laser beam from the acquired images, the 

location of the laser beam is identified and monitored. The springback angle, then, is 

evaluated with the actual travel distance of the laser beam on the machine. 

• Contribution of the paper: 

An image processing technology is integrated with the manufacturing process to track 

the deformation and measure the springback angle in real time. The measurement 

strategy with the integration of a laser and an image processing technology enables 

springback angles to be measured on a machine and a bending process to be monitored 

in real time. The method eliminates the need for the workpiece to be transferred to a 

measurement device. On-machine measurement using laser tacking, thus, can be used 

as a springback measurement technique for Industry 4.0. 

• Personal contribution: 

First author; led the writing of the original draft and finalized the article with feedback 

from co-authors. Proposed a measurement methodology. Developed the software code 

for computer-vision based laser tracking. Conducted sample preparation and all 

experiments. Analyzed experimental results. Prepared all figures. 

Paper II (Peer-reviewed conference paper) 

‘A computer vision-based, in-situ springback monitoring technique for bending of large 

profiles’ 

• Authors: Taekwang Ha, Jun Ma, Jørgen Blindheim, Torgeir Welo, Geir Ringen, 

Jyhwen Wang 
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• Status: presented in 24th International Conference on Material Forming—ESAFORM 

2021, Liège, Belgique, DOI: 10.25518/esaform21.4002 

• Research objective: measure and monitor springback in real time. 

• Brief description: 

The three reference points on a profile in stretch bending are used to track the 

deformation of the workpiece with image processing. The reference points marked on 

the profile’s side are partially hidden and incomplete circles. Those points are detected 

by locally setting regions and filtered to extract the point’s center from the complex 

background. Using the center of each point, springback is evaluated by tracking the 

position change of the points. 

• Contribution of the paper: 

While general measurement tools and machines are available to measure springback, 

they cannot easily accommodate large products due to the size limit of measurement 

devices. This paper provides an in-situ springback monitoring technique for bending 

large-size profiles due to the measurement restrictions for such profiles. Springback in 

stretch bending can be evaluated based on the computer vision technique. The circular 

hough transform (CHT) algorithm enables the identification of the center of the hidden 

and incomplete reference points. As a sensor-based springback monitoring system, this 

measurement strategy helps to evaluate springback without taking the workpiece from 

the machine and can be applied to control product quality and move towards Industry 

4.0. 

• Personal contribution: 

First author; led the writing of the original draft and finalized the article with feedback 

from co-authors. Proposed a measurement methodology. Developed the software code 

for image processing. Conducted experiments with the help of co-authors. Analyzed 

experimental results. Prepared all figures. 

Paper III (Journal paper) 

‘On kinematics in sequential three-dimensional (3D) stretch bending: analytical 

springback model’ 

• Authors: Taekwang Ha, Torgeir Welo, Geir Ringen, Jyhwen Wang 

• Status: submitted to Journal of Manufacturing Science and Engineering 
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• Research objective: predict springback in 3D stretch bending 

• Brief description: 

The 3D bending geometry is calculated from the homogeneous transformation of the 

rotated bend die. The variable-curvature 3D bend geometry is discretized and 

expressed by the Frenet-Serret theorem, enabling the geometry to be described with 

tangent, normal, and binormal vectors. Integrating all discretized segments, the global 

springback after unloading is efficiently predicted. This generalized analytic approach 

and numerical simulation are applied to evaluate springback in both 2D and 3D stretch 

bending of a thin-walled aluminum profile with a rectangular cross-section. 

• Contribution of the paper: 

This work gives a springback prediction method for varying curvature 3D profile/tube 

bending. A kinematic model for 3D stretch bending is established from the rotational 

motion of the bend die. The discretized curvature of a bent profile geometry is described 

by using the Frenet-Serret frames, and a model for springback prediction is further 

developed based on the kinematics analysis of the bending process. This developed 

model is able to evaluate the 3D springback of a profile with arbitrary cross-section 

efficiently for product design and development. 

• Personal contribution: 

First author; led the writing of the original draft and finalized the article with feedback 

from co-authors. Developed the kinematic model for 3D bending. Conducted 

experiments and numerical simulation. Analyzed analytic, numerical, and 

experimental results. Prepared all figures. 

Paper IV (Journal paper) 

‘Smart control of springback in advanced stretch bending by an artificial neural network’ 

• Authors: Taekwang Ha, Torgeir Welo, Geir Ringen, Jyhwen Wang 

• Status: submitted to Journal of Manufacturing Processes 

• Research objective: improve dimensional accuracy 

• Brief description: 

For a complex and non-linear springback problem, an artificial neural network (ANN) 

as a data-driven approach is an attractive option to establish a springback prediction 

or control model. The ANN is trained with a small number of experiments and 
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supplementary analytical data sets. The trained ANN is validated with experiments, 

showing that springback in 2D and 3D stretch bending can be controlled by the 

bending angles from the ANN prediction. 

• Contribution of the paper: 

This paper presents an efficient method to control springback by an ANN and to 

improve geometrical quality in 2D and 3D stretch bending. The method utilizes a small 

number of experiments for ANN training by adopting supplementary data sets from an 

analytical springback model. The ANN provides adjusted bending angles for 

springback control. This approach for springback control can be applied to obtain the 

desired geometry and improve geometrical quality without a large number of 

experiments. 

• Personal contribution: 

First author; led the writing of the original draft and finalized the article with feedback 

from co-authors. Designed the experimental study with the help of co-authors. 

Developed the ANN model for springback control. Conducted experiments and 

analyzed results. Prepared all figures. 
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1.6.4. Dissertation outline 

As mentioned, the dissertation consists of three (targeted) journal papers and one conference 

paper. The two papers in Chapters 2 and 3 are published in an international journal and 

presented at an international conference, respectively. The two papers in Chapters 4 and 

Chapter 5 are submitted to international journals. 

The remainder of the dissertation outline is as follows. 

• Chapter 2 introduces a digital-image based on-machine measurement strategy in 

rotary draw bending. The on-machine sensing technology is developed to capture the 

deformation of a profile using laser image tracking, enabling non-contact 

measurement. (Paper I) 

• Chapter 3 presents an in-situ springback measurement strategy based on image 

processing in stretch bending. Instead of laser tracking, reference points on the profile 

are used for springback measurement. (Paper II) 

• Chapter 4 demonstrates the kinematics of the semi-die motions and an analytical 

springback model for 3D stretch bending. Using the kinematic analysis, the allowable 

yaw bending limit with respect to the pitch bending angle is formulated. (Paper III) 

• Chapter 5 demonstrates springback control of a profile with an ANN for 2D and 3D 

stretch bending. The ANN trained with experimental and analytical data is used to 

adjust bending angles for springback control. (Paper IV) 

• Chapter 6 provides the overall summary of the dissertation and future work for 

advanced stretch bending. 
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2. A strategy for on-machine springback measurement in rotary 

draw bending using digital image-based laser tracking 

2.1.  Introduction 

The constant striving for cost reduction, quality improvement, and lightweighting of products 

is a significant challenge to many manufacturing industries. This leads to the preference for 

relatively light-weight materials, but controlling springback after forming presents a challenge 

for processing-sensitive lightweight alloys. As a countermeasure, springback, due to elastic 

recovery after unloading in a metal forming process, is controlled by a feedback control 

algorithm to satisfy the required final geometric dimensions [28]. Welo and Granly [10] used 

an analytical model for feedback control of a rotary compression bending. The closed loop 

model was operated in real time, and the torque and the rotation angle were measured in-process 

for feedback control. Löbbe et al. [29] controlled springback in progressive bending with 

induction heating. The induction heating was controlled by a feedback algorithm through 

measured a springback angle. According to Pan and Stelson [30], the optimal process for 

springback compensation is traditionally achieved by the less scientific approaches, i.e. 

operator’s experience, skill, or trial-and-error. Multiple bend trials are essential, which finds a 

better bending process. Borchmann et al. [31] demonstrated that by conducting a sensitivity 

analysis of practical bending tests and developing a digital equipping support database the 

product quality could be made user-independent. Since springback control or compensation 

begins with knowing the status of product’s geometry regardless of automatic control or manual 

control, the first step to control the product quality is to acquire an accurate dimensional change 

due to springback. 

Geometric measurement is fundamental to assess product dimensions, monitor manufacturing 

processes, and improve product quality. To monitor and evaluate springback in a bending 

process, different types of measuring techniques have been developed based on contact or non-

contact methods. Since a bevel protractor is simple and relatively less time-consuming to 

measure an inner or outer angle, it is often used to measure springback angles: springback 

 
 Reprinted with permission from T. Ha, T. Welo, G. Ringen, J. Wang, A strategy for on-machine springback 

measurement in rotary draw bending using digital image-based laser tracking, Int. J. Adv. Manuf. Technol. 119 

(2022) 705–718 
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relationships between parameters influencing springback [32], validation of a feedback system 

for springback compensation in air bending [33], springback evaluation of sheet metals in vee 

bending using a neural network [34], and so on. While a bevel protractor can be a good approach 

to measure an angle between flat surfaces, in the case of a tube or a rounded product, it is 

sometimes challenging to align the tangential surfaces with a protractor. A coordinate 

measurement machine (CMM) is also commonly used to accurately measure geometry 

dimensions by physically touching measuring points, but being less efficient to acquire the data 

on the grounds that the bent samples are transferred to a CMM and collecting many sampling 

data takes much of measuring time. Wang et al. [33] adopted linear variable differential 

transformers (LVDT) to calculate bending angles of loading and unloading cycles in air 

bending. The measured values were used for feedback control in incremental air bending. 

Ghiotti et al. [35] presented an in-line measurement method for real-time springback 

measurement by embedding an inertia measurement unit (IMU) into a mandrel in three-roll 

bending. The IMU attached to the mandrel allows the springback to be measured in a single 

process, but the use of the springback measurement method presumes the existence of a 

mandrel. A closed-loop controlled profile bending platform developed by Welo and Granly [10] 

recorded in-process torque and rotation to indirectly measure springback. The closed loop 

feedback control showed three times more process capability of dimension than traditional 

processes. Although the parameters such as torque and rotation are measured in the process, the 

accuracy of the springback measurement depends on the accurate prediction model to calculate 

springback using a steering model with directly measured parameters as input. 

With the latest advancement in image processing or computer vision technology, new 

approaches integrating optical technologies for springback measurement have been applied to 

metal forming. Wang et al. [13] compared the geometry model to a rebuilt configuration of an 

automotive panel by scanning point data on the panel surface. The obtained data were used to 

update the die for springback compensation. Katona et al. [36] integrated three-dimensional 

optical measurement to inspect a bent pipe in a pipe bending process, as an alternative to a 

conventional inspection gauge. An optics-aided measurement helps save processing time for 

quality control, as well as evaluate the product status without removing the workpiece in 

process. A laser is frequently used as reference to mark targets for measuring distance or 

position in real time [37] due to its outstanding characteristic of the so-called laser 

directionality, which is a non-contact measurement technique applicable of springback 

measurement. Ha et al. [38] measured springback angle on the tube bending process by 
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installing a laser fitment at the tip of a circular tube and capturing the laser moving distance on 

the target board. One of the limitations of the measurement method is that the laser moving 

distance needs to be manually read, and this is time consuming and causes time-delay when 

evaluating springback angle. Löbbe et al. [29] employed two parallel laser sensors to measure 

springback angle at different temperatures of progressive die bending. The laser sensors 

installed in the die gauged the distance to the workpiece, and the bent angle was calculated with 

the triangulation principle. The measurement technique demonstrated a capability of ±0.25° 

measurement error. The applicability of laser sensors relies upon sufficient space to install them 

on a die, though. 

Many springback measurement techniques have strong capabilities in obtaining accurate 

measurement data. Sensor based in-line measurement, however, can facilitate the adoption of 

Industry 4.0. In-line measurement techniques allow real time monitoring of manufacturing 

processes. By identifying the current status of tube bending, for example, the monitoring system 

can be connected to a control system to adjust the process parameters to meet product quality 

requirement. To replace an off-line quality control and expensive inspection procedures, this 

paper addresses an easily manageable, simple, and cost-effective on-machine measurement 

technique to monitor springback in rotary draw bending (RDB) in real time, by integrating 

image processing based laser beam tracking. It allows springback angle in RDB to be 

conveniently measured by an affordable sensing system. 

The goal of this research is to develop a new strategy for on-machine springback measurement 

focused on RDB. The measurement strategy and the laser tracking technique using digital 

images are addressed in Section 2.2. In the present study, a 635 nm laser installed at the tip of 

a profile was tracked to observe the profile’s elastic behavior in different bending cases. An 

image processing technology using a MATLAB platform was integrated for data acquisition 

during the bending process in real time. Presented in Section 2.3, image enhancement 

techniques [39], i.e. image quantization, binarization, and segmentation, were applied to make 

input images suitable for laser beam tracking. Section 2.4 shows the on-machine measurement 

experiments and the comparison between the measurements from the proposed method and the 

conventional manual method. Conclusions of the present research are presented in Section 2.5. 
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2.2.  Proposed Springback Measurement Concept 

Previously, Ha et al. [38] suggested an in-line springback measurement method by installing a 

laser fitment at the tip of a profile and manually reading the laser travel distance on a graph 

paper attached to a datum board, as shown in Figure 2.1. Geometric deformation of a profile is 

shown as laser moving on the target. Although the method is appropriate to measure in-line 

springback angle, it takes time to manually read the laser moving distance based on the grid 

size. Figure 2.1 illustrates an experimental system for in-line springback measurement and the 

laser beam spot of loading and unloading on the datum board. 

 

Figure 2.1. Schematic of in-line springback measurement 

Ferreira et al. [40] developed a springback evaluation technique for stamping with image 

processing. The filtered workpiece image was used to evaluate springback angle. In this 

research, instead of detecting the workpiece shape, the digital image-based laser tracking was 

integrated into the laser measurement method to measure springback angle for on-machine 

measurement in real time, as shown in Figure 2.2. An affordable webcam connected to a 

computer was used for image acquisition, and the acquired images with 30 frames per second 

(fps) were analyzed to calculate springback angle in real time; every single image frame has a 
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single laser-beam spot being projected on the datum board. The beam spot reflects geometric 

change of the sample as reference in the machine. 

A laser fitment is made up of a Class 2 laser and an adaptor to hold the laser, which is installed 

into the aluminum profile before the bending process. The wavelength of the laser used is red-

colored 635 nm and the power is 1 mW. This laser is the same as that in a laser pointer and is 

safe for industrial operation when laser safety guidelines are followed. The device for image 

acquisition can be positioned in various ways. However, it was set in front of a datum board to 

avoid perspective images for less image processing, and directly linked to a computer for image 

acquisition, processing, and springback calculation in real time. 

 

Figure 2.2. Schematic of real-time springback measurement, (a) loading; (b) unloading 
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Figure 2.3 shows a schematic image with 640480 resolution, which is displayed on a computer 

monitor. The laser-beam spot on the image was captured with a rectangular bounding box and 

a crosshair. The bounding box indicates the location of the laser beam, and the crosshair 

describes the centroid of the laser beam. The centroid as a beam location was used for tracking 

a laser beam. Only one laser beam, detected by image processing, is shown in the actual image. 

The beam moves from right to left on the datum board in Figure 2.3, as the tube springs back 

after unloading. The location of the captured laser beam upon final loading and after unloading, 

respectively, is tracked, and the moving distance is used to calculate the springback angle. The 

50 mm long reference line on the datum board (see Figure 2.3) is used for converting from the 

laser beam travelling on the computer monitor to the actual distance on the datum board. In 

other words, calculating the distance per pixel enables the tracking of laser beam motion on the 

datum board. 

 

Figure 2.3. Schematic of a laser tracking image 
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2.3.  Springback measurement approach in rotary draw bending process 

2.3.1. Digital image processing for laser beam tracking 

A color image has three-dimensional color information being allocated to each pixel of the 

image. For a single channel image processing, the three-color components are quantized to the 

grayscale which only has a light intensity with an 8-bit depth. Image quantization is a process 

for dimensional reduction to grayscale, thus it allows each pixel to get a single light intensity 

and one-dimensional information. Converting color to grayscale is also referred as image 

decolorization.  

The luminance method [41] or weighted method considering the brightness perception of 

human eye is one of the converting algorithm, which is widely used for converting a color 

image into a grayscale image. Luminance by Recommendation ITU-R BT.601-7 is the 

combination of red, green, and blue (RGB) channels with each weighting as follows: 

0.299 0.587 0.114I R G B= + +  (2.1)  

Each pixel of a color image is composed of RGB channels, however, the grayscale luminance 

of the ith frame by Eq. (2.1) can be represented by 

(0,0) (0, 1)

( , )

( 1,0) ( 1, 1)

i

I I n

I x y

I a I a b

− 
 

=
 
 − − − 

 (2.2)  

where I is pixel intensity, i is the number of image frames, x and y are spatial coordinates, and 

a and b represent pixels of an image resolution. 

As mentioned, a reference line was marked on the datum board to calculate the distance per 

pixel. The filtered grayscale image of a datum board with a reference line was segmented with 

the global thresholding technique [42] for background subtraction [43,44]. Figure 2.4 shows 

the image histogram of Figure 2.5(a) and the threshold is indicated for image filtering. The 

segmented image, ( , )G x y , by thresholding is expressed as follows: 

1 if ( , ) Τhreshold
( , )

0 otherwise.

x y
G x y

     
= 

   
 (2.3)  

While image thresholding with a fixed level is not suitable to divide the interested region from 

the image background [45], a fixed-level threshold in Figure 2.5 was used for image 

segmentation due to the simple background of the datum board. Based on the image histogram 
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of Figure 2.4, a grayscale image and a segmented image after thresholding are shown in Figure 

2.5.  

 

Figure 2.4. Image histogram of the grayscale image 

 

Figure 2.5. Image thresholding, (a) grayscale; (b) segmented image 

To remove unnecessary noise for object detection, the region of interest (ROI) for the reference 

line shown in Figure 2.6(a) was extracted from the image background. The extracted ROI was 

converted to grayscale using Eq. (2.1). Figure 2.6 presents the ROI of the original image and 

the reference line surrounded by a bounding box. The number of pixels in the reference line 

was calculated by the diagonal length of the bounding box. Instead of longitudinal length in the 

bounding box, the diagonal length was used to reduce errors from a skewed image. The actual 
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laser moving distance on the datum board can be computed based on the distance per pixel of 

the prescribed reference line on the computer monitor.  

 

Figure 2.6. (a) ROI of the original image; (b) bounding box of the ref. line 

In the same manner as the above technique, the image frame for the laser beam was also 

converted to the grayscale and binary image. The segmented binary image has a background 

with 0 and a laser beam with 1. The target object is recognized by the binary information, and 

the object is being tracked. The goal of object tracking is to obtain its trajectory of every input 

frame by image processing [46]. A target object of an image frame can be represented by a 

centroid for object tracking. The centroid of the laser beam intensity was computed based on 

the binarized image. The centroid of a spatial coordinate, 𝐶(𝑥̅, 𝑦̅), is given by 

( , ) ( , )

,
( , ) ( , )

x y x y

x y x y

x I x y y I x y

x y
I x y I x y

 

=     =

 

 
 (2.4)  
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The laser beam movement on the datum board upon springback is found by the difference in 

the centroid position after springback compared to the initial position of the centroid. The laser 

moving distance per frame can be evaluated by the Euclidean distance of the centroid between 

the ith and (i+1)th frames. Therefore, the laser moving distance, d, in real time is computed by 

1( , ) ( , )i id C x y C x y+= −  (2.5)  

The image processing for laser detection and tacking is shown in Figure 2.7. Here, Figure 2.7(a) 

is the input frame, Figure 2.7(b) is the image converted to 8-bit grayscale, Figure 2.7(c) it the 

binary image to identify an object, and Figure 2.7(d) is the output frame through image 

segmentation and filtering. The fully converted image, Figure 2.7(d), is used to display the laser 

beam position and to acquire the desired data. As mentioned above, the centroid which is an 

intersection of the crosshair in Figure 2.7(d) is tracked, and the centroid position is logged in 

real time.  

 

Figure 2.7. (a) Original image; (b) grayscale; (c) binary; (d) laser beam detection 

In the algorithm for real-time springback measurement, there are two different image 

processing groups to calculate the laser beam position, as shown in Figure 2.8. The first group 
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is for the reference line, and the second group is for the laser beam tracking. Since the position 

of the image acquisition device, a webcam of Figure 2.2, was not fixed, computing the distance 

per pixel of the reference line prior to laser beam tracking was required during setup. While 

image processing for the reference line is run once, image processing for laser beam tracking 

iterates until the end of image acquisition. The laser beam tracking can be performed by 

synthesizing two image processing algorithms. 

 

 

Figure 2.8. Image processing flow for laser beam tracking 

2.3.2. Geometric calculation of springback 

The springback angle,  , in Figure 2.9 is taken as the difference between bending angle before 

unloading initial  and released bending angle final . 'A B  is the datum board distance from the 

neutral axis of the unbent tube, AC  is the imaginary line of the profile’s neutral axis after 

unloading, and BC  is the actual moving distance of the laser beam on the datum board. The 

springback angle CAB  can be calculated by trigonometry, which is given by 
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'
arctan( )   arctan( )

'

BC BC
or

AB A B
  =  =  (2.6)  

 

Figure 2.9. Springback geometry of profile bending 

Geometrically, the location of point A is unknown due to the unknown released bend angle, 

final . To overcome uncertainty and reduce the calculation error, Ha et al. [38] computed the 

springback angle by creating an imaginary line ' 'A C  parallel to AC  and updating a 

calibration distance 'CC  based on an initial bent angle 'CA B . 'A C  moves towards ' 'A C  

by updating the calibration distance as follows 

 initialinitial initial

initial1 initial initial

sec( (1 )) 1sin( (1 )) (sec 1)
'

cos( ) tan (1 ) tan( (1 ))

rr
CC

   

     

 − − − −
= − 

− − 
 (2.7)  

where r  is bending radius, 1  is bend angle, and   is springback ratio given by 

initial







=  (2.8)  
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The calibration distance is assumed sufficiently small, compared to the laser moving distance, 

BC , to be neglected in the springback calculation. Then, the springback angle is approximated 

by 

1( , ) ( , )
arctan( )

'

i iC x y C x y

A B


+ −
 =


 (2.9)  
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2.4. Experiment and Discussions 

2.4.1. Experimental set-up 

The material used for RDB was the AA6082-T4 hollow rectangular tube with exterior 

dimensions 60  40 mm and thickness of 3 mm. The bend die radius was 252 mm, and the 

bending angles were 30º, 45º, 60º, and 90º. Three workpieces (950 mm long) were used for 

each bending angle. The datum board was installed at 3.0 m distance from the point O  in Figure 

2.9, the center of the bending radius.  

A laptop computer with i5-7200U 2.5GHz and 8GB memory was employed to realize a tracking 

system. A webcam with 720p (1280720) and 30 fps connected to the computer acquired 

images during the unloading process. The image processing was performed in MATLAB. For 

each bending process, 90 frames with 640480 true color (24 bits) images were obtained at a 

rate of about 10 fps, and were used to track the laser beam of the datum board in real time. 

Figure 2.10(a) illustrates the overall experimental system viewed from the tube. The enlarged 

image displays the reference line and the laser beam on the datum board. A laser fitment was 

installed at the tip of the hollow profile shown in Figure 2.10(b). The laser beam was used for 

the indicator of the profile’s longitudinal direction on the datum board. As noted above, the 

laser beam on the datum board was tracked by the image processing algorithm. The springback 

angle, 𝜃, in Figure 2.10(b) was manually measured without taking the workpiece from the 

machine to compare the springback to on-machine measurement. Since RDB was conducted 

without mandrel and wiper die in the experiments, it was assumed that springback only occurs 

in the bent part, which eliminates any effect of the absence of wiper die and mandrel after 

unloading. 
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Figure 2.10. Experimental set-up, (a) view from a tube; (b) bent tube 

Springback can be calculated with a robust prediction model. However, springback is affected 

by complex process conditions such as material properties, geometry, lubrication, bending 

speed, and tooling, geometry. Since precise springback prediction is not an easy task, 

springback measurement is of great importance to control product quality and compensate 

springback. 

Two different measurement methods were adopted for the springback measurement. Firstly, 

manual measurement of springback was carried out without removing the workpiece from the 

bending machine to verify the on-machine springback measurement in real time. The tube 

shapes at 30º, 45º, 60º, and 90º bending angles are shown in Figure 2.11. 
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Figure 2.11. Experimental workpieces, (a) 30º; (b) 45º; (c) 60º; (d) 90º bending 

Secondly, the springback angle was monitored and measured in real time during the unloading 

process. This on-machine measurement method serves the purpose of measuring the springback 

angle by digital image-based laser tracking, without transferring the workpiece for springback 

measurement. The image processing algorithm was run after each bending process, before the 

clamp was released and unloading performed.  

The on-machine measurement results of springback are plotted in Figure 2.12. Each graph has 

real-time springback data of three workpieces. The x-axis indicates the frame number, and the 

y-axis indicates the springback angle. The webcam had a 30 Hz frame rate. Due to the time 

spent on image processing, the output frame rate after image process became 10 Hz. The gray-

colored circle in Figure 2.12 is the starting point of unloading, as the clamp after bending was 

randomly released. Each profile was fully recovered in two or three frames after unloading, and 

the springback angle was rapidly increased and converged after unloading. The slope of 

springback also increased, as the bending angle increased. However, the sharp edges after 

unloading were shown in the 30º bend angle in Figure 2.12(a) because the clamp bumped 

against a stopper when it was fully released. The peak point was stabilized and converged fast. 

Accordingly, the effect of the clamp releasing vibration is considered negligible. The on-
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machine measurement graphs display that the image tracking algorithm follows the laser beam 

in real time, and tubes are less bent than the desired bending angle due to elastic recovery. 

 

 

Figure 2.12. On-machine springback measurement in real time 

As an example of the image processing for on-machine springback measurement, the original 

and tracking images for 90º bending are shown in Figure 2.13. The images in Figure 2.13(a) 

are the raw images from the image acquisition device, and Figure 2.13(b) shows the object 

captured images by object tracking in real time. The laser beam was located on the right side of 

the datum board as the initial position before unloading in the 1st frame. Unloading started at 

the 44th frame, and the laser beam moved from the 45th to the 48th frames. The final position of 
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the laser beam is shown in the 90th frame. While the springback angle was calculated with the 

final laser position of the 90th frame based on the 90 input images, the real-time monitoring can 

also apply to determine the status of loading and unloading for on-machine springback 

measurement. 

 

Figure 2.13. Laser beam tracking, (a) original image; (b) tracking image 
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2.4.2. Measurement results 

According to the image processing flow presented in Section 2.3, the springback was logged 

on the computer during the unloading process, and the springback was also manually measured 

after springback. The springback angles by on-machine measurements are listed with the 

manual measurement results in Table 2.1. Both measurements show that the springback 

increases with an increasing bend angle from 30º to 90º. However, the standard deviation (SD) 

of the manual measurement is mostly higher than the image processing results. The average SD 

of the manual and on-machine measurements are 0.12º and 0.09º, respectively. 

Table 2.1. Springback measurement results (unit: degree) 

Measurement Workpiece 
Bending angle 

30º 45º 60º  90º 

Manual 

1 2.99 3.68 4.31 5.51 

2 3.05 3.80 4.27 5.77 

3 3.31 3.77 4.44 5.57 

Average ① 3.12 3.75 4.34 5.62 

Stand. Dev. 0.17 0.06 0.09 0.14 

On-machine 

1 3.11 3.80 4.19 5.62 

2 3.25 3.93 4.37 5.69 

3 3.37 3.85 4.36 5.74 

Average ② 3.24 3.86 4.31 5.68 

Stand. Dev. 0.13 0.07 0.10 0.06 

Difference |①-②| 0.12 0.11 0.03 0.06 

 

The springback results are plotted with bar charts in Figure 2.14. A line with two filled circles 

at its end is the relative difference slope between two different measurements based on the same 

workpiece. The maximum observed difference is 0.20º of workpiece 2 in 30º bending, and the 

minimum is 0.06º of workpiece 3 in 30º bending. For workpiece 1 bent at 90º, while the clamp 

was released at the 83rd frame as shown in Figure 2.12 and the data logging was finished at 

90th frame, the springback from the on-machine measurement was 0.11º slightly higher than 

the manual measurement. It is considered that the unloading point does not critically affect the 

springback measurement. The springback difference of each workpiece had no particular trend, 

but the overall differences between manual and on-machine measurements were within +0.20º/-

0.12º. 
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The averages of the springback angles and the differences between the two measurement 

techniques are plotted in Figure 2.15. From the error bars in Figure 2.15(a), it can be observed 

that the variation of the measured springback angles, manual or on-machine, are very small. 

The springback values, as expected, increased as the bending angles increased due to elastic 

recovery of the material. Since the differences between the averaged manual and on-machine 

measurements were within 0.12º for different bending angles ranging from 30° to 90°, the on-

machine measurement based on image processing captured the springback trend well. The on-

machine springback measurement data in Figure 2.14 and Figure 2.15 show that there is no 

appreciable difference comparing the two methods through four different bend angles with three 

samples for each angle. With these validation results, the on-machine measurement by image 

processing appears to be a feasible springback measurement strategy for profile bending.  

 

Figure 2.14. Springback comparison based on each workpiece 
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Figure 2.15. (a) Average springback angle; (b) difference between the averaged manual and 

on-machine measurements 
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2.5.  Conclusions 

In this paper, a cost-effective system for on-machine springback measurement in RDB has been 

developed using digital image processing and laser tracking. The system was integrated with a 

635 nm laser, an affordable image acquisition device, and an image processing technology. 

Springback was evaluated in real time, while eliminating the need for transferring the workpiece 

to an off-line measurement device.  

The newly developed measurement method was applied to AA6082-T4 rectangular tube 

bending at 30º, 45º, 60º, and 90º. A target board to display a laser beam was set at 3.0 m from 

the center of a bend die. Every color image acquired by a webcam was quantized to a grayscale 

with the intensity value ranging from 0 to 255. Then, the grayscale was binarized by 

thresholding based on the image histogram to extract the laser beam from the image background. 

The springback angle was calculated by updating the beam location of the images. The 

performance of the on-machine measurement method was validated by comparing to 

conventional manual measurements. The average SD of the on-machine measurement was 

0.09º ranging from 0.06º to 0.13º while the corresponding value for manual measurement was 

about 0.12º. The differences between the averaged manual and on-machine measurements were 

within 0.12º ranging from 0.03º to 0.12º, and the on-machine measurement was found to be in 

a good agreement with the manual measurement. The affordable hardware system and tracking 

algorithm based on MATLAB were sufficient to capture the physical springback angle 

compared to the manually measured data.  

The measurement strategy with integration of a laser and an image processing technology 

enables a bending process to be monitored in real time and the springback angles to be measured 

on a tube bending machine. Thus, the present approach provides an attractive measurement 

technique that can be adopted to improve manufacturing efficiency. For implementation, the 

laser and camera hardware are easily available. With hardware connection, the laser beam 

detection, object tracking, and springback calculation programs can be executed in a computer 

to collect springback data for progress control in a smart manufacturing environment. The 

digital images and the extracted springback data can be stored in a cloud data platform and 

become an essential component of a data-driven decision system where product quality is 

predicated. The on-machine measurement and real-time process monitoring technology can 

facilitate manufacturing digital transformation towards Industry 4.0.  
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3. A computer vision-based, in-situ springback monitoring 

technique for bending of large profiles** 

3.1.  Introduction 

The progress in the metal forming technology has been driven by with growth of automotive, 

aerospace, shipbuilding, and manufacturing infrastructure. Different complex products using 

metal forming are widely used in the subframe, product skin, product component, and so on. 

Once a formed product is used as a component of an assembly, its dimensional accuracy based 

on assembly tolerances affects product assembly of components and quality control [47]. 

Springback is an inevitable phenomenon under certain metal forming conditions. It is an 

important factor which decreases geometrical accuracy and reduces product quality if not 

controlled properly. While many theoretical approaches have been developed to predict 

springback, these are not fully capable of representing the actual forming process due to the 

process complexity and parameter uncertainty [48]. Several factors of forming processes—i.e., 

material and machine condition, manufacturing environment, etc.—can cause geometrical 

variability due to springback. 

 Geometric measurement after metal forming is usually the first step in understanding the 

geometric accuracy by springback. Many researchers have studied springback measurement 

methods, such as non-contact measurement. A laser beam as a non-contact method was 

proposed to measure springback in rotary draw bending by Ha et al. [38]. They used a laser 

assembly fitted at the tip of a circular profile, making a reference for the longitudinal direction 

of a profile during bending. The location change of a laser beam by a springback phenomenon 

was shown on the target board. By reading the change of laser beam locations between loading 

and unloading, the springback angle was obtained with the trigonometric calculation. Ghiotti et 

al. [35] proposed a springback measurement technique in roll bending using an inertia 

measurement unit (IMU) attached to a mandrel. The angular velocity and acceleration data were 

acquired by the IMU, and the bend radii and springback factor were calculated. Hamedon et al. 

[49] introduced a deformation measurement technique by adopting a borescope attached to a 

 
**  Reprinted with permission from T. Ha, J. Ma, J. Blindheim, T. Welo, G. Ringen, J. Wang, A computer 

vision-based, in-situ springback monitoring technique for bending of large profiles, ESAFORM 2021, Liège, 

Belgique: ULiège Library; 2021 
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stamping die. A 90° folding mirror was added to overcome a space constraint and acquire image 

frames of a workpiece. The geometrical status, i.e. deformation, wrinkling, and springback of 

a workpiece in stamping, can be monitored in real time. However, an additional piece of 

equipment for protecting a sensor from e.g., high temperature or lubrication of a die is necessary 

under certain circumstances. Ferreira et al. [50] integrated an image processing into a press 

controller to calculate springback angle during forming operations. The original image was 

converted and filtered to obtain a binary image of an aluminum alloy sheet. The binary image 

was divided into two frames of left and right edges, and then the springback angle was 

calculated by detecting two extreme points of the edge to make a reference line of the sheet 

metal. 

The aforementioned measurement methods do not need physical contact to measure geometry 

in real time. Nevertheless, those methods require a location to install a sensor to a forming 

system, or an extra component to protect a sensor [35,38,49]; simple image background can be 

necessary to easily detect the edge of sheet metal [50].  

To overcome limitations associated with image processing in metal forming, this present work 

presents a springback measurement technique by computer vision used under complex and 

heavy-noise image background. Three points on the side of a profile were marked on prescribed 

locations, and a simple cell phone camera was used for image acquisition. The image processing 

was based on the stretch bending process of a large profile in real time. Local point tracking 

was applied to follow the deformation of the profile instead of a global search of the image. 

The remainder of this paper is organized as follows: An overview of the stretch bending 

machine for experiments is presented in the Section 3.2. Springback measurement for a large 

profile is introduced in Section 3.3. The measurement validation of the computer vision and 

conclusions are addressed in Sections 3.4 and 3.5, respectively. 
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3.2. Three-dimensional (3D) stretch bending 

A rectangular hollow profile of length 1,900 mm is used in the three-dimensional stretch 

bending machine, shown in Figure 3.1. Unlike transverse die forces applied to the profile 

[51,52], rotating dies are used for stretch bending in this machine. The bending machine has 

two sets of a two-axes gimbal system, and the rotating pivots of each gimbal are orthogonal. It 

has five degrees of freedom (DOFs) for stretching and bending. 1 DOF serves to stretch the 

profile in the horizontal direction, other 2 DOFs enable bending in the horizontal direction, and 

the other 2 DOFs enable bending in the vertical direction. Each arm is symmetrically set. The 

arms can be independently controlled in 5 DOFs, providing product flexibility. The bending die 

is three-dimensional; thus, the profile can be bent in vertical and horizontal directions. 

Moreover, several sensors, i.e. position and torque, are used to monitor the process and provide 

feedback to the control system. 

 

Figure 3.1. 3D stretch bending machine 

The machine operations in translation (green arrow) and horizontal bending (red arrows) are 

controlled by hydraulic forces. The yellow lines of the machine in Figure 3.1 are the hydraulic 

hoses. On the other hand, machine operations in vertical bending (yellow arrows) are controlled 

by servomotors and ball screws. A profile installed into the die is clamped at the ends. Thus, 

the hydraulic clamping system with an insert constrains the profile. The right arm base is 

translated to prestretch the profile until the prescribed time and position are reached. Next, the 

profile is bent in the vertical direction. For 3D bending, as shown in Figure 3.2, the profile is 

subsequently bent in the horizontal direction. The rotating speeds of all pivots for bending are 
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also controllable. The clamped profile is released after bending, and then the profile is free to 

spring back. 

 

Figure 3.2. 3d profile bending 
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3.3. Springback measurement procedures 

3.3.1. Experimental set-up 

AA6082 T-4 hollow profiles were symmetrically bent in the vertical directions (yellow arrows 

in Figure 3.1). The specific material dimensions and properties are shown in Table 3.1. Since 

the profile length was 1,900 mm, it is challenging to measure geometry with a coordinate 

measurement machine (CMM) or a vernier caliper due to the measuring range. While a laser 

tracker or a 3D scanner is an option to measure such a large-sized object, cost efficiency, 

measuring accuracy, or measuring resolution can be a problem. To achieve an affordable and 

feasible measurement, a cell phone camera (iPhone 6) and a laptop computer (i5-7200 CPU 

2.5GHz / 8GB RAM) were used for image data acquisition and processing. The acquired color 

images were 1920 pixels wide and 1080 pixels high. The iPhone 6 camera with a 73° field of 

view was set up perpendicularly to the machine to avoid skewed images. Figure 3.3 shows the 

side view of a profile, which has three points. Since point marking is robust to vibration or any 

other external noise, two points were marked at a prescribed location of 150 mm from each 

extreme edge and 30 mm from the bottom, while the third point was marked at the center of a 

profile.  

Table 3.1. Material dimensions and properties 

Length 1900 mm 

Width 60 mm 

Height 40 mm 

Thickness 3 mm 

Elastic modulus 72 GPa 

Yield strength 146 MPa 

Flow stress (MPa) 
0.26502(0.0092 )p = +  
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Figure 3.3. Three reference points on the side of a profile 

Springback is an elastic recovery phenomenon occurring right after unloading. During the 

bending process, three image frames are acquired to calculate springback at t0, t1, and t2 in 

Figure 3.4. t0 shows the moment that a profile is fully clamped and ready to bend; t1 shows the 

moment that a profile is bent to the target angle and ready to be released; t2 shows the moment 

that a profile is fully bent and released. Each image frame is segmented and filtered to extract 

the three reference points. The first image enables transforming the real distance to the distance 

between the pixels of points 1 and 3 on the image frame. It allows the distance per pixel to be 

calculated. From the second and third image frames at t1 and t2, the deformation status of the 

bent profile is identified. Springback as shown in Fig. 4 is obtained with the three points marked 

on the profile.  

 

Figure 3.4. In-situ springback monitoring procedures 
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3.3.2. Image processing for springback measurement 

Computer vision technology as a means of sensing has been widely applied to detect, 

discriminate, recognize, and track an object with high accuracy from food quality evaluation 

[53] to traffic analysis [54], autonomous driving [55], or exploring space [56]. For the 

geometrical measurement with computer vision, displacement history of long-span bridges was 

measured with LED targets and a high-resolution camera [57]; seismic responses of a bridge 

under the different weight and speed of vehicles were monitored with a vision-based system 

[58]; digital image correlation (DIC) was also used for deformation measurement of an object 

surface [59]. Based on such computer vision techniques, springback in metal forming was 

measured without contacting the workpiece or necessitating removing it from the machine. 

The three image frames from the camera were processed within MATLAB environment. 

Generally, image pre-processing is required to separate a target object from the image 

background. An image of the manufacturing environment does not possibly provide a clear-

background image, and the obtained images may also have a complex and noised background, 

as shown in the image histogram of Figure 3.5. The intensity of image pixels is broadly 

distributed, and all image pixels, except for the target object, act as noise for image processing. 

An advanced algorithm is necessary to detect and extract the points for global object search, an 

it can require a high-performance hardware and a lot of computation time. 
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Figure 3.5. Gray-level histogram of the image 

To avoid background noise, a local search instead of a global one was used by segmenting a 

region of interest (ROI). The converted gray-scaled image is expressed as 
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where 𝐼𝐺(𝑥, 𝑦) is the image intensity, M and N are image resolution in an image. A matrix in 

𝐼𝐿(𝑥, 𝑦) represents the intensity of a segmented image for local search of a target object, and it 

can be expressed as 

(0,0) (0, 1)

( , )

( 1,0) ( 1, 1)

L L

L L L

L L

I I m

I x y

I n I n m

− 
 

=
 
 − − − 

 (3.2)  

where m and n are image resolution of the segmented image. A local search strategy reduces 

computation time. Each element of the local matrix is also transformed into the global 

coordinate 𝐺(𝑥, 𝑦), given by 

1 0 1

( , ) 0 1 1

0 0 1 1

L

L

u x

G x y v y

−   
   

= −
   
      

 (3.3)  

The circle Hough transform (CHT) [60,61] was used to find the point center of a profile in the 

segmented image. The general equation of a circle centered at (a, 𝑏) with radius 𝑟 is given by 

2 2 2( ) ( )x a y b r− + − =  (3.4)  

The locus of the center can be expressed in polar coordinates as 

cos

sin

a x r

b y r





= −


= −
 (3.5)  

The image space is transformed into the parameter space with Eq. (3.5). Figure 3.6 illustrates 

the CHT concept to search a circle center; black dots are edge pixels, and a triangle is the peak 

in the parameter space. The parameters, the locus of center and radius, generate many circles in 

the parameter space along the edge of the image space. The parameter space contains a peak, 

an overlapped point, which can be represented as the center of the circle.  
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Figure 3.6. Concept of the circular hough transform 

Figure 3.7 shows an original image after loading and unloading. As mentioned in Section 3.3.1, 

the locations of points are predetermined. Three local regions containing a reference point at 

time t0, t1, and t2 are segmented based on the input bending angle. Red cross-hairs represent 

locations of reference points by circle detection. In Figure 3.8, the procedure to search a circle 

on the image is introduced. The first image of points 1, 2, and 3 is the segmentation from the 

original image; the second image is a gray-scale image; the third image is a binary image by 

thresholding; the last image shows the circle detection. The local coordinate of the circle 

searched by the CHT in the fourth image of Figure 3.8 is transformed into the global coordinate 

given by Eq. (3.3).  
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Figure 3.7. Original images of 50° bending 
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Figure 3.8. Image filtering and target detecting of 50° bending 

The height between point 2 and a line passing through points 1 and 3 is changed after unloading, 

as shown in Figure 3.7. The height h is computed in the global coordinates given by 

3 1 2 1 3 1 1 2

2 2
3 1 3 1

( )( ) ( )( )

( ) ( )

y y x x x x y y

y y x x
h

− − + − −

− + −
=

 (3.6)  

where x and y represent the coordinate of the point’s center, and the subscript indicates the 

number of points. The springback Δh in Figure 3.9 is the change of a sagitta and computed with 

two different sagittas from the loading and unloading status, which is expressed as 

1 2h h h = −  (3.7)  
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3.4. Measurement validation 

Two profiles were bent at 30° and 50° angles. To validate the proposed computer vision 

technique, measurement results by computer vision were compared with two manually 

measured profiles. Measurement by computer vision was validated with the measured data after 

unloading, since manual measurement was conducted with the profiles after springback. Figure 

3.9 illustrates a scheme manual measurement for springback. A profile was supported at two 

datum points by a fixture, and a Vernier caliper was used to measure the height h2 from the 

reference distance L. Intrados of the profile was measured, representing the surface of die 

contact. Since the radius of the bend die, approx. 1,807 mm, is relatively larger than the center 

of the reference points from the bottom in Figure 3.3, the reference points were used for 

springback measurement. As shown in Figure 3.9, springback was evaluated by the difference 

between the height, h1 and h2. 

 

Figure 3.9. Scheme of springback measurement 

The two profile samples of 30° and 50° bending are shown in Figure 3.10. Measured data after 

unloading by the computer vision and manual are listed in Table 3.2 and Table 3.3, respectively. 

In brief, the height in Table 3.2 and Table 3.3 increases as the bending angle increases, and the 

height becomes larger when the reference line increases. The reference points on a profile were 

predefined for image processing, and their location were changed during the bending cycle. 

Since the distance between points 1 and 3 was not the same as the fixture distance, L=1764mm 

in Table 3.3, measured data by the computer vision were converted to compare springback. 

Table 3.2 included raw data by the computer vision, and the converted data based on the fixture 

distance of manually measured profiles is listed in Table 3.4. 
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Figure 3.10. Bent profiles 

Table 3.2. Measured data after unloading by the computer vision 

No. Bending angle Distance between points 1 & 3 (d2) Height (h2) 

1 30° 1604.98 mm 51.78 mm 

2 50° 1582.60 mm 156.05 mm 

Table 3.3. Manually measured data 

No. Bending angle Fixture distance (L) Height (h2) 

1 30° 1764 mm 74.90 mm 

2 50° 1764 mm 196.50 mm 



 

69 

 

 

 

Manual springback measurements and the ones by computer vision are compared in Table 3.4. 

The reference distances between points 1 and 2, 1604.98 mm for 30° bending and 1582.60 mm 

for 50° bending, were converted to 1764 mm. The cord heights of 30° bending by the computer 

vision and manual were 72.70 mm and 74.90 mm, respectively. While the relative difference 

was 2.77 %, the absolute difference of springback was 2.20 mm. For 50° bending, each chord 

height obtained by computer vision and manual was 197.98 mm and 196.50 mm, respectively, 

meaning that the relative difference was 0.71 %. The absolute difference of springback was 

1.48 mm, which was less than the difference of 30° bending. According to a dimensional 

tolerance, the dimensional quality of the difference values, 2.20mm and 1.48mm, is determined. 

While two samples are hardly justifiable to validate the measurement method, it shows potential 

of computer vision-based measuring for springback of large profiles. 

Table 3.4. Results of the computer vision and manual measurement (unit: mm) 

No. Bending 

angle 

Fixture 

distance (L) 

Height (h2) Target 

height 

(h1) 

Springback (Δh) 

Computer 

vision 
Manual Computer 

vision 
Manual 

1 30° 1764 72.70 74.90 79.31 6.71 4.41 

2 50° 1764 197.98 196.50 207.84 10.05 11.34 
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3.5. Conclusions 

In this paper, a computer vision technique was adopted to monitor springback and to overcome 

the challenge of range of a measuring device for a large profile. Two different bending cases 

with 30° and 50° angles were experimentally analyzed using AA6082 T-4 hollow profiles of 

1,900 mm length. Using a laptop computer and a cell phone camera, springback was monitored 

during bending process without extra sensors or electronic components attached to the machine. 

Images obtained by a cell phone were processed by MATLAB, and the acquired images were 

segmented and filtered. The circular hough transform (CHT) algorithm was used to search 

reference points on the profile. With the detected points, springback was evaluated by 

calculating the Euclidean distance of the sagitta. 

The measurement results were validated with the manually measured data. For the 30° and 50° 

bending, released profile chord heights were 51.78 mm and 156.05 mm. The distance between 

points 1 and 3 of an image was converted to 1,764 mm of the fixture distance for comparison. 

The relative springback difference by the computer vision was 2.77 % for 30° bending and 0.71 

% for 50° bending compared to the manual measurements. Although the sample size was small, 

the computer vision technique under operation showed potential to measure springback in 

large-profile bending. 

Sensor-based digital data is one of the essential elements to move forward to Industry 4.0 and 

digital transformation. The proposed measurement has the advantages of an affordable setup, 

non-contact sensing, and in-situ monitoring for a large-profile springback. It is expected to 

increase the performance of the computer vision technique in this study with the several factors, 

image quality with high resolution, reduction of image distortion, and precise marking of 

reference points. 
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6. Conclusions and suggested future works 

6.1.  Conclusions 

Many automakers try to minimize the number of components to increase fuel efficiency. 

Optimized manufacturing processes reduce manufacturing costs and improve productivity. In 

addition, complex shapes of products are consistently demanded due to design purposes or 

aesthetic views. Thus, light and high-strength materials, such as aluminum alloys, have been in 

the spotlight, and manufacturing processes such as bending have been widely used to satisfy 

industrial demands. 

As manufacturing environments are becoming flexible and smart manufacturing is coming up 

for better productivity, manufacturing processes from upstream to downstream are required to 

be intimately connected and integrated. In this context, the main objectives of this dissertation 

are to measure and monitor springback in real time, and to predict and control springback in 

order to improve the dimensional accuracy of 2D and 3D profiles bent in stretch bending.  

To accomplish the first research objective, measuring and monitoring springback in real time, 

on-machine measurement methods as non-contact methods are developed based on image 

processing and laser tracking. In Paper I, the laser tracking approach makes it possible to 

evaluate springback in rotary draw bending without taking the workpiece from the bending 

machine. In Paper II, the image processing to find reference points as location indicators enables 

measuring springback of a large profile in stretch bending. By conducting experiments, the 

developed methods are validated. Both measurement approaches show that the developed non-

contact methods can be used for measuring and monitoring springback. 

In Paper III, the kinematic model of the semidie and the analytical springback model are 

developed to achieve the second research objective—springback prediction in 3D stretch 

bending. The Frenet-Serret theorem is adopted to describe the various curvature of the 3D bent 

geometry. Experiments and numerical simulations are also used to demonstrate the springback 

prediction capability of the analytic model. In addition, the pre-stretch effect is also investigated 

in stretch bending. By evaluating the prediction capability, it is proved that the proposed method 

can predict 3D springback in stretch bending.  

Paper IV addresses the third research objective—improvement of the dimensional accuracy. To 

achieve the objective, an ANN model is developed to control springback in stretch bending. 
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The proposed ANN model provides the adjusted bending angles to achieve the desired 

geometry. The controlled case by the ANN and the uncontrolled case are compared to 

demonstrate the improvement of geometrical accuracy. It is concluded that the ANN helps to 

control springback and improve dimensional accuracy. The springback control method can be 

integrated with the control system for better product quality toward Industry 4.0. 

  



 

129 

 

 

 

6.2.  Future works 

The current manufacturing environments have rapidly changed beyond automation, and better 

manufacturing flexibility, productivity, and efficiency are still of interest. In new manufacturing 

environments towards Industry 4.0, computer systems are connected, digital data are integrated, 

and decisions are made based on data-driven approaches. In this respect, the current work in 

bending can be improved as described below. 

 The digital-image based laser tracking method was proposed to monitor springback in rotary 

draw bending. The laser assembly was fit at the end of a profile, and the laser point was 

projected on the datum board. Since the laser spot exist within the datum board, measurable 

bending angles are limited. Using the grid or point pattern on the profile, the springback after 

bending may be accurately monitored regardless of bending angles, and deformation during 

and after bending can be investigated. Robust image-processing algorithms may be required to 

recognize the patterns; developing AI algorithms may be helpful to process a large amount of 

data and improve the image-processing speed. 

In stretch bending, an in-situ monitoring method for springback was proposed. The 

measurement method was a non-contact method, and a mobile phone was used to acquire image 

data during processing. While the system was affordable and efficient in 2D stretch bending, it 

had some limitations: image distortion, low-quality image resolution, or incomplete reference 

points. The performance of the computer vision technique can be improved as follows: More 

accurate dimensions can be measured based on the accurate shape and location of reference 

points on a profile. Two image acquisition devices can help to identify 3D geometry instead of 

a single camera for 3D stretch bending. Moreover, developing an AI algorithm to recognize 

reference points will speed up image processing. 

The 3D springback model proposed in this dissertation accounts for global deformation in 

advanced stretch bending. The global deformation was experimentally and numerically 

demonstrated. In advanced stretch bending, the die-pivot location for bending a profile affects 

the strain history during bending. Global deformation can be further investigated by changing 

the pivot location to bend a profile. Local deformation such as distortion or sagging, however, 

can be a defect to control product quality as well. Considering local deformation with respect 

to loading sequences in 3D stretch bending may improve the geometrical quality.  

The springback control approach using an ANN was proposed to improve the geometrical 

quality of a profile. While the proposed ANN model was trained with experimental and 
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analytical data, nominal material properties and geometries of an aluminum alloy were 

considered without considering deviations. Using upstream material data, different material 

properties can be integrated into the prediction model. Deviations of the material properties and 

geometries can be considered by the processing data provided by the ANN, and the bending 

processes can be also controlled in real time.  
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