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The primary goal of the proposed advanced computer-based techniques and methods is to improve the 

productivity and quality of a manufacturing process. This is one of the most fundamental problems in 

studies of the process of designing automotive parts, exerting a significant impact on the manufacturing 

costs. Due to the dynamic development of the technology of optoelectronics, fast processing of 

measurement data obtained from the optical devices has finally become possible. Therefore, vision-based 

solutions and numerical methods are proposed for implementation to allow quick and precise mapping of 

the examined surface. As for the proposed application, the geometry and kinematics of product behaviour 

after plastic deformation have been chosen for investigations. The main user of the proposed solutions 

will be the automotive industry. The authors provide comprehensive information on methods used in 

design of tools for the press forming of car body parts. As part of the information, current strategy 

adopted in design work has been presented, with emphasis put on the economic and technological factors. 

Two main techniques of computer-aided design and control of product quality were presented. The 

proposed advanced vision-based technology is a modern tool used in industry, applicable also in the 

automotive sector as a means to provide quick and accurate measurement of product geometry. The 

described solution of stereovision refers to a mobile stand operating under industrial conditions to enable 

shape and deformation analysis through image processing. The image acquisition process and digital 

analysis of the images have been presented to recognise and analyse the objects taken from camera. Also 

a typical, computerised theoretical technique has been described, where the finite element method is used 

to demonstrate current approach to the die forming process. 
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1. Introduction 

The shape of car body determines the aerodynamic properties of the whole vehicle, 

and thus its performance and operating costs. As regards the latter factor, in the case 

of the body, which is the main element of the car, these are the production costs that 

seem to play the decisive role. Car body production is the process both laborious and 

costly; it requires large production areas and the use of expensive machinery and tools. 

The main tool is the die, and its design is one of the most important technological 

operations. The reason lies in the fact that the design of a new die is the task both 
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complicated and responsible, and therefore at least several factors should be 

considered by the designer. The factors usually considered include the size of the 

production lot of a given product, the type and thickness of the material, the size and 

shape of the press-formed element, the mechanical properties of the finished product, 

the properties of the blank, and the dimensional tolerances of the ready item. 

Therefore, developing an appropriate strategy in the design work to make elements of 

the car body is crucial to the quality of final product. Typical tasks in this area include: 

the choice of appropriate methods of calculation, the sequence of operations in 

construction of the tools, quality control, or determination of the economic and 

technological factors that decide about the type of procedure adopted for practical 

execution. 

There are two basic computer-aided techniques used in design work. The first stage 

of the design work anticipates the necessity of getting familiar with a 3D model of the 

die. In this scope of the work it is necessary to develop a theoretical part of the study, 

based on the shape and dimensions of an initial contour, called blank, which is made 

with the help of CAE systems and simulation based on FEM. The computer simulation 

is an essential part of the design work, enabling smooth and quick preparation of the 

preliminary draft design of a die. In the next part of the design work it is necessary to 

revise and verify the guidelines adopted initially and check the correct run of 

computer simulation. And it is at this stage of the design work that the technique 

commonly used is the vision technique, enabling close control of the product 

geometry and quality, as well deformation and strain measurement. 

2. The strategy of car body designing 

The technology of the car body making is a complex process, and as such it should 

allow for numerous factors that occur during plastic forming. The introduction of new 

advanced measurement tools and computational methods has effectively shortened the 

design time and increased the accuracy of the obtained results. Therefore it is 

extremely important to possess full knowledge and understanding of the design 

process of tools, the assembly of individual components, and final quality inspection. 

This allows changes and corrections to be made effectively at these stages of the work 

that require extraordinary attention to the accuracy of performed operations. 

The design programme to make a car body anticipates the following operations: 

 packaging or composition - the process of planning the car interior layout, the 

location of the driver, passengers and cargo space with due observance of the 

principles of ergonomics, safety regulations, etc. This phase ends with the concept 

of body drawn  in three projections, 

 creating the scale model made of special modelling clay or resin put on a skeleton 

made of wood, 

 digitisation of the model, i.e. digital recording of the characteristic points on the 

outer body surface, 
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 plotting the characteristic curves and spanning on these curves the outer body 

surfaces with the evaluation of surface quality, 

 designing of individual elements, such as points of mounting the roof fixing bar 

rails, hinges, window frames, etc. 

 milling the whole body block and its elements from the numerical CAD recording 

to make pressing tools for the manufacture of prototypes. 

 

Developing an effective strategy to make quick and efficient changes in body 

structure (Figure 1) at the lowest possible cost is currently the issue of utmost 

importance. It is estimated that approximately 70% of the overall cost of 

implementing a new model, including its introduction into lot production, is consumed 

by the body design. Within this area, the most money-consuming task is the design 

and manufacture of a new die or modifications introduced to the already existing one. 

Choosing the correct direction of the work determines the cost of final product, and 

therefore all economic and technological factors should be taken into account. The 

economic factors include the cost of material, which represents 25% of the whole die 

production cost. Approximately 60% of the body stamping die is structural steel, 20% 

is alloy steel, 10% is tool steel, and 10% are purchased parts, like dowels, pins, 

screws, etc. This clearly shows that, as far as possible, it is rather recommended to 

make modifications to the dies already used. Another economic factor is the 

anticipated  die service load, which means the number of pieces that are planned to be 

made in a particular die, otherwise called "volumin". Therefore, when planning the 

type of material that determines the die quality, the value of the volumin should also 

be taken into account. The technological factor includes the degree of shape variations 

Fig. 1. An example of the auto body stamping die 
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in the press-formed element that will determine the number of operations necessary to 

make this element. 

3. The design process for large car body parts 

The demand for all the time bolder shapes of the car bodies is forcing the designers 

to introduce frequent and sometimes very complex changes, mainly in the shape of the 

dies used, which translates into the volume of specific car models produced. This, in 

turn, demands from the designers searching for always better solutions in terms of 

both accuracy and speed of calculations. The measurement of product deformation and 

geometry is the main task that enables calculating final deviations from the anticipated 

tolerance of the press-formed item. These measurements allow the necessary 

adjustments to be introduced to the numerical calculations made by FEM.
 

 

Typical tasks performed as part of the press forming process control include, 

among others, the vision-based inspection. In this inspection, rolled products must be 

free from defects that may be detrimental to the usual application. The surface must be 

technically clean, free from rust and inclusions. Defects are not permitted that may 

cause failures during the utilisation cycle, or damage tools, or may be detrimental to 

the welding or brazing processes, or to the adhesion of paint or protection coatings. 

Another task is checking the springback of material when removed from the die. 

These calculations enable making draft designs whose experimental verification is 

performed on real products. The solution proposed by the authors in this field allows 

quick checking of product  accuracy without the necessity to interrupt the process of 

press forming. Figure 2 shows a mobile vision system allowing measurements of the  

Fig. 2. Portable vision-based system for strain and shape measurement  
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shape and deformation. The products upon being removed from the press are 

immediately placed on the measurement bench and subjected to direct inspection of 

selected critical areas. The proposed vision-based inspection system is a response to 

users demand for systems that are easier to operate, cost less, and are flexible. The 

introduced improvements will make the vision inspection system more accessible to 

all manufacturers. Low-cost laptops are a tool powerful enough to handle the portable 

vision inspection tasks and develop tools with graphical user interfaces. Also, easy 

connection to networks makes integration of the vision inspection system with other 

plant floor automation systems much simpler. Using a combination of hardware and 

vision software makes the vision inspection system capable of analysing the images 

usually in a fraction of a second. At this stage, it is possible to determine where the 

defects are located, analyse the deformation, and measure critical dimensions. These 

characteristics of the inspected parts which the vision inspection system will examine 

are very important and essential to successful implementation of a vision system [1].  

4. Vision-based inspection 

The rapid development of image processing techniques started in the 80s allowed 

the emergence of new applications for digital data processing. A new high-definition 

vision based systems, analysing, storing, processing and displaying the image 

information appeared, enabling their extensive use in various fields of technology. For 

example, in metal forming technology, the digital image processing technique 

involves the use of image analysis. This technique allows digital recording of an 

image of the deformed sample surface either during the process or after its completion. 

This has contributed to the emergence of new techniques for the deformation 

measurement or to modification of the existing ones, creating new opportunities for 

learning and solving the problems of plastic forming. The developed systems based on 

numerical analysis of the deformed surface of the sample have considerably  

streamlined the entire process of searching for solutions in the field of kinematics and 

statics. This kind of technique can significantly automate the entire process of the 

deformation measurement. In this way, over the last few years, a new stream of 

research in metal forming, closely associated with the technique of image processing, 

has been created. 

Methods of measurement of the surface shape or deformation (displacement) 

generate solutions that are currently and generally applied in various fields of science. 

Especially, two methods are widely used by different authors. Both methods are based 

on the analysis of surface patterns where the first one is using regular pattern [2,3] and 

the second one is using stochastic pattern [4].  Here, in this group, we can discern a 

number of solutions the repartition of which depends upon the way of determining 

displacements. However, all the contemporary methods – 3D reconstruction of objects 

or measurements of deformations are based on the system of recording the picture by 

means of a CCD camera. These techniques seem to be very useful in the field of metal 
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forming because they are very effective when strain values have to be determined by 

the analysis of surface patterns. An analysis of this type needs numerous 

measurements of the displacement of grid nodes. A technique based on CCD 

technology was introduced in 1980 to track high contrast spots for pointing 

applications in space telescope.  

Since then, numerous solutions based on the advanced image processing methods 

have appeared. The new and more perfect mathematical solutions applied in this area 

allow reducing to minimum the computational time which, in combination with faster 

cameras, enables making calculations in real time. The solution proposed by the 

authors is one of such examples, where the application of vision-based calculations is 

done in a Matlab/Simulink environment. The proposed technique of vision-based 

inspection is related with an analysis of the die forming process carried out under the 

conditions of plane stress. In this process, the internal geometry is known, and analysis 

of the process kinematics is reduced to the study of flat panels. The process of sheet 

metal forming is a practical example well reflecting the model of material flow. An 

extremely important issue in these cases is the possibility of an experimental 

determination of the deformation values in the die-formed element. Knowing the value 

of this strain against the distribution of limit strains in the analysed die-formed part  

enables determining the safe range of press forming operations to avoid crack 

formation in the material. The commonly used method of grid analysis with traditional 

optical methods of measurement is not capable any longer to meet the growing 

demands in this area. The, presented in this study, technique of the sheet metal 

deformation measurement combines elements of the numerical image processing, an 

algorithm for the 3D topographic data acquisition, and an algorithm for the kinematics 

calculation. The said technique not only contributes to automation of the work in the 

search for finer descriptions of the sheet metal properties, but also improves the 

accuracy of traditional methods. Together with the described  stand for analysis of 

three-dimensional objects, the study presented here is a good example of a 

comprehensive solution offered in the subject taken for discussion. The vision 

technique proposed by the authors is an alternative to solutions of this type used in 

commercial applications, such as ASAMA, ARGUS or VIST. 

The proposed solutions include, among others methods to determine the forming 

limit curves (FLC) which, used together with the calculated values of strain occurring 

in the tested products, provide comprehensive information about the state of the 

material. These methods are based on the use of a correlation technique [4] or on the 

analysis of the geometry of ellipses [5]. A development of these measurements lies 

within the area of ongoing research on the cracking moment detection. The, used since 

many years, mapping technique combined with image processing has got numerous 

solutions presented, among others, in [6-8]. One of the most popular techniques used 

as a tool aiding the die design process has been based on the systems developed by 

GOM Company. The solutions offered by them are based on the fringe analysis in 3D 
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reconstruction (ATOS) and on the analysis of measurement points when determining 

the magnitude of deformation (ARGUS) [9,10].  

5. Numerical modelling of the press forming process 

Modelling of the press forming process was done on an Altair's HyPerform 

software. This programme is based on the HyperWorks software operating as a 

preprocessor. For calculations, the RADIOSS solver was used. The HyPerform 

application is a specialised programme to perform numerical analysis of the sheet 

metal forming processes. The built-in tools enable quick definition of the process, 

depending on the type of the press used in the operation of pressing. In the present 

process, the tools were modelled as perfectly rigid bodies. Therefore, to define their 

geometry it was enough to use definitions of the working surfaces of the punch, die 

and blank holder. The definitions of the working surfaces were obtained from a 3D 

model of the die and were next imported to the programme. The imported tool 

geometry was discretized with finite element meshes. The properties of finite elements 

were defined as a "rigid body". The  geometry of the formed sheet metal was defined 

from the technical documentation. For discretization of the formed sheet metal 

geometry, four-node elements were used. Figure 3a shows a press-formed element 

after the last stage of the computer simulation process with the selected area of most 

intense deformation marked in the drawing. The shaped material properties were 

assumed as elasto-plastic with normal anisotropy (r = 1.55). The adopted properties 

corresponded to the AKDQ steel predefined in the database of programme materials. 

The course of deformation was defined as a process carried out on a double-action 

press. Therefore, two basic stages were introduced to the shaping process: 

 blank holder approaching the die (pressing of the sheet), 

 blank holder maintained in locked position (force of 800kN) and simultaneous 

movement of the punch by preset displacement. 

When the analysis of the press forming process was completed, based on the results 

obtained, an analysis of the pressed element springback was performed. 

Fig. 3. FEM simulation results, strain measurement 
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As a result of the numerical analysis of the die forming process, the distribution of 

plastic strain and of the sheet metal thinning after forming was obtained. Figure 3b 

presents the results of calculations of deformation for the entire surface of the die-

formed element with marked area of the most intense deformation., where the imposed 

finite element mesh was an adaptive grid (3 levels of congestion were defined Figure 

3c). This type of numerical analysis is an effective tool supporting not only the design 

work for the construction of dies.  

6.  Experimental set-up 

In this solution, the camera is moved to a new coordinate system by displacement 

and rotation (Figure 4a). The portable vision based measurement system is equipped 

with a tripod, on which two cameras are placed in a specially designed holder. Owing 

to special control elements, the cameras have the ability to precisely adjust the beta 

angle and the inter-camera distance. Hence arises the possibility of measurements 

taken at a small and large distance from the object (Figure 4b). A solution of this 

geometrical model of three-dimensional reconstruction enriched with an additional 

axis of rotation enabling the reconstruction to be done around the object by its rotation 

has been discussed in [3]. The return to a simplified solution has been dictated by the 

mere nature of the measurements carried out in 3D reconstruction. The measured 

objects are large parts of the car body, which prevents them from being rotated on 

special measurement bench to ensure reconstruction of the whole area. In this 

situation, a simpler and more effective solution seems to be a hand-operated 

measuring system capable of registering and submitting the results obtained for any 

arbitrarily chosen area of the press-formed element. Yet, even the most useful 

solutions can become useless in an industrial environment where the lack of 

conditions for the measurements is often a major constraint to this type of application. 

The figure shows an example of measurements taken in industrial environments, 

where the finished press-formed element is subjected to inspection immediately upon 

being taken from the press. 

In the illustrated embodiment, two images are recorded by CCD cameras placed on 

Fig. 4. Principle of stereovision: a) geometrical model, b) vision measurement system  
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a special tripod. The cameras are positioned relative to the OZ axis at a + /-beta angle, 

while  optical axes of the cameras intersect at the point describing the centre of a 

global coordinate system. Thus defined geometrical model of 3D measurements is 

described with the following relationship, in which a transformation has been made 

between the global coordinate system (sample) and local coordinate system (camera 

matrix): 

TT WRTw ].].[[ )(        

     (1) 

where the superscript T denotes the transpose of vectors w and W, for the local and      

global coordinate:   

],,[ zyxw  , ],,[ ZYXW              (2a,b) 

and T and R() and are the translation and rotation matrices, respectively, which are 

defined as follows: 
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Besides, based on relationship resulting from the existence of cameras’ optical 

system it is possible to introduce additionally successive relationships between the 

local and the camera matrix coordinates:        
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Where: λ is the distance from the camera lens to image plane and  (x
*
, y

*
) are 

points in matrix image planes for cameras 1 and 2. (Xo, Yo, Zo) are the translation 

components along the three directions from point O to points O1 or O2. By substituting 

parameters obtained from formula (1) into formula (4), and by taking into 

consideration the existence of two cameras one gets four relationships. In solving 

these equations for {X, Y, Z} allows the 3D shape of the surface of an object: 
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The set of geometrical parameters such as  angles, the distance L and  λ are 

obtained by calibration process of the system. The calibration process is carried out 

using special grid with the precisely plotted regular patterns of known geometrical 

parameters. The process of data collection is depicted by image processing. This is 

one of the most important computational areas in the description of objects in two-

dimensional space. The solution proposed in this scope relates to a method of 

searching for an edge of the markers proposed in [11]. This method allows fast and 

precise location of the markers even with varying contrast of the background, as it is 

shown on the attached drawing. In  mathematical calculations used by this method, a 

LOG filter has been applied, introducing the variable filter size and sensitivity and, 

additionally, parameters cutting-off the lower noise area caused by application of the 

second derivative solution. The results of the grid identification are shown in Figure 

5a. 

At the last stage of calculations, an incremental method was used to calculate the 

deformation [3]. The method uses calculations of the gradient of changes in the 

neighbourhood closest to the examined point. Let us choose a point xi
(n)

 from the 

neighbourhood of the point xi. Based on the directional derivative of the displacement 

increment vector we get: 
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Fig. 5. Experimental results: a) grid patter identification, b) true strain measurement  

b

) 

a

) 



A U T O  M E T  F O R M  2 0 1 2                                          | 95 

 

where: 
2
 ui

(n)
 is the second order increment of the displacement vector, s

n
 is the 

distance between the points xi
(n)

 and xi in the direction, 
n

j expresses the directional 

cosines of a vector in the  direction. The upper braced index denotes the chosen 

direction. The displacement increments ui,j are unknown in this equation. The 

solution of the equation is available when at least two directions are investigated and 

the least square method is used. The results of strain measurement are shown in Figure 

5b. 

7. Summary 

The paper describes the computer-aided design methods for the die-formed part of 

the car body. The proposed solution relates to a strategy in the approach to the 

construction of dies, where the choice of the best solution determines the final product 

cost and quality. Among  numerous solutions currently available on the market, the 

most popular ones in the field of design work include computer simulation methods. 

The choice of a numerical model, materials research and experimental verification of 

guidelines adopted in the design of dies are actually the fundamental challenges for 

the use of these solutions. Therefore, the proposed vision-based method of the 

measurements taken under industrial conditions can reduce the time required for the 

development of appropriate design of the tools and bring savings in the costs 

associated with downtime, transportation of products and outsourcing of the 

experimental verification. Recording of the images, their processing and data analysis 

are performed on a Matlab/Simulink application and using the additionally installed 

modules for calculations in real time. As a result of the calculations, for the selected 

area, a spatial image of the die-formed element was obtained along with the 

measurement in order to detect the local peak of the deformation. 

Scientific work financed as a research project from funds for science in the years 

2009-2011 (project no. N N508 390637) 
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