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ABSTRACT

During recent years, optical measuring technolo-
gies in sheet metal forming and tooling have been
used more and more in the industry. Main appli-
cations are the digitizing of metal sheet parts and
tools, forming analysis of metal sheets as well as
the determination of material properties. Good in-
terfaces to conventional CAD/CAM and numerical
simulation systems made such optical measuring
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systems a part of complex process chains. These
process chains mainly focus on optimizing the de-
velopment of products and production processes
and on improving the product quality. Using opti-
cal systems considerably decreases the develop-
ment time for products and production while im-
proving the quality. This paper presents the use of
3D surface geometry data of formed sheet metal
part for determining limit strains. Furthermore, the
measured strain and thickness reduction distribu-
tions is evaluated.

1. Introduction

Stamping processes, especially deep drawing
process, belongs to the most complicated process-
es in shape changing operations of metal forming.
Complexity of the deep-drawing process is condi-
tioned by the fact there are different stress-strain
states acting from process start till the end in the
same location of the workpiece. Mentioned result
to different values of pressing’s wall thickness as an
effect of plastic deformations distribution during
deep-drawing process. [1]

Theory of forming or plasticity theory serves
as a basis for metalforming processes. It is a phe-
nomenological theory based on analytically or
mathematically described behaviour of mate-
rial continuum during plastic deformation. Beside
other tasks, theory of forming solves analysis of
deformations during forming processes in order to
determine the appropriate shape and dimensions
of the initial workpiece, or shape and dimensions
of workpieces for each stage at multi-operational
forming processes. Theory of forming also defines
limit conditions of plastic deformations, when ma-
terial plasticity is overdrawn and failure of formed
part occurs. There are used followed methods for
forming process analysis [2,3,4] :
1.Analytic — method of plane sections, energetic
method (work equilibrium), slip lines method, up-
per bound method, finite element method, etc.
— these methods are based on exact equations
describing a particular metalforming process and
their solutions are usually difficult, so there are
made a number of simplifying assumptions to their
reduction.
2.Experimental-analytic — deformation resistance
method, hardness measurement method, visu-
alisation of plastic flow method, deformation net
method, layered models method and microscopic
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methods, etc. — these methods are based on real
process examination and evaluation using similar-
ity law. They are commonly used to improving ana-
lytical methods.

Analysis of forming processes by finite element
method (FEM) is used at present due to powerful
computers and software improvement. In the FEM,
the workpiece is divided into elements that are as-
sumed to be interconnected at discrete number
of nodal points located on their boundaries. Then,
at each element, a set of equations are usually as-
signed with constant parameters which are identi-
fied to the nodal point velocities. These equations
in each region are combined to form an admissible
velocity field which satisfied the necessary require-
ments except the volume constancy requirement.
The later is enforced by the variational principle,
which also allows the calculation of the mean
stress, strain, forces, deformation work, etc. [3]

Method of deformation network (or grid) is ex-
perimental method used to analysis of deforma-
tion at stamping processes of steel sheets. Distri-
bution of plastic deformation is researched by this
method based on change of network (grid) put on
sheet surface. Different types of network elements
are used - square, rhomb, circle or their combina-
tions. These network elements are put on steel
sheet surface by drawing, printing, etching, photo-
graphically and they are not allowed to influence
the way that the steel sheet is deformed and to
make notch effect also. [2,4]

Evaluation of deformation network is labor-in-
tensive and subjective, because it is very difficult
to determine the place of localised deformation
and cracked network (fractured workpiece) is also
difficult to evaluate. The significant progress has
brought the development of systems for the trans-
formation of the physical model or product in the
computer model, using an optical measurement
and digitization. These optical systems allow con-
tactless way to capture the geometry of the part
but also to evaluate workpiece deformation and its
motion over time. For these purposes irregular net-
work (grid) is used. Next, optical measuring system
ARGUS will be discussed.

2. Measuring of 3D deformations by non-contact
optical method

The optimization of sheet metal forming pro-

cesses, considering the right material choice and
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tool optimization, is a decisive factor for competi-
tiveness, particularly in the automotive industry.
The optical 3D forming analysis system ARGUS
supports such optimization processes with precise
results of the forming distribution of components.
The results from the ARGUS system provide full-
field information about [5,6]:

3D coordinates of the component’s surface

Form change (major and minor strain)

Thickness reduction

Forming Limit Diagram (FLD)

ARGUS is designed to measure the strain and
thickness reduction in sheet metal caused by
stamping, to detect hot spots in the validation pro-
cess of new and reworked stamping tools and to
measure the formability of sheet metal in stamp-
ing applications.

It is a non-contact optical 3D deformation mea-
suring system, which can make analyzes, calculates
and documents deformations of sheet metal parts,
for example. It provides the 3D coordinates of the
component’s surface as well as the distribution of
major and minor strain on the surface and the ma-
terial thickness reduction. In the Forming Limit Di-
agram, the measured deformations are compared
to the material characteristics. ARGUS supports
optimization processes in sheet metal forming by
means of [5,6,7] :

W Fast detection of critical deformation areas

m Solving complex forming problems

m Verification of numerical simulations

m Verification of FE models

m Creation of Forming Limit Curves, FLC

m Comparison of measured deformations to the
material characteristics by means of a Forming
Limit Diagram.

The optical forming analysis provides for precise
and fast measurement of small and large compo-
nents using a high scanning density. ARGUS oper-
ates independently of the material. It can analyze
components made from flat blanks, tubes or other
components manufactured by an internal high
pressure forming process (IHPF, Hydroforming).
The principle of the method
For a measurement using the measuring system
ARGUS, circular dots are applied to the original
sheet metal with a reqgular spacing of typically 1
mm to 5 mm prior to the forming process [5].

For this purpose, mainly structures are used that
were created by electrochemical etching, laser



etching or printing. In our case it was the electro-
chemical etching (Fig. 1). These dots follow the de-
formation of the part during the forming process
and are maintained even in case of large relative
movement between the sheet metal and the tool.
The centre of these dots is the reference for deter-
mining the coordinates and for the following de-
formation analysis.

ARGUS compares the 3D positions of measuring
points in a deformed and in an undeformed state.

R
L

Fig. 1: Regular dot pattern on a flat metal sheet.

Then, the shaped component is recorded with a
digital CCD camera (with a resolution of 2352x1728
pixels or 4288x2848 pixels) from various views (Fig.
2).

Fig. 2: Example for a shaped metal sheet after the forming process.

Prior to the deformation, a regular point pattern
is applied to the surface of the measuring object.

For measuring objects which undergo high fric-
tion during the forming process, the measuring
points are applied, for example, with the help of
electrolytic methods. After the forming process of
the measuring object, a camera (online or stand-
alone operation) records the measuring points in
several different images with different views.

Photogrammetric algorithms use these images
to determine the 3D coordinates of the dots on the
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sheet metal. Thus, the entire surface of the shaped
sheet metal is described according to the density
of the etched structure.

For the automatic spatial orientation of the indi-
vidual images or views, coded points are position
close to or on the measuring object.

The basic idea of photogrammetry is to look at
points (coded and uncoded) from different direc-
tions and to calculate the 3D coordinates of these
points from the images or point rays thus obtained.
The points visible in an image have a fixed relation
to each other. Therefore, by means of images made
from other angles of view, it is possible to calculate
the camera location using this point relation [6].

First, the resulting point cloud consists of distort-
ed points that are not assigned (Fig. 3).

Fig. 3: 2D image with idenfied measuring points.

Now, the system automatically creates a mesh as-
signing the points to their correct neighbors (Fig.
4).

Fig. 4: Created mesh after point calculation.

Then, in this mesh, for example each 2x2 point
field is compared to the original geometry and the
corresponding surface strain tensor in space is de-
termined (Fig. 5).
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Fig. 5: Calculation of the surface strain tensor.

During the acquisition of an image set it is the
goal to record points from multiple different direc-
tions that show the largest possible angles to each
other.

It is the task of the ARGUS software to precisely
find ellipses (a perspective view of point surfaces)
in all images of the image set and their 3D orien-
tation. The ARGUS software interprets the images
and generates 3D measuring data.

In order to compute the strain, the undeformed
state is compared to the deformed state. In a stan-
dard measuring project, the undeformed state,
the strain reference, is not captured optically but
results from the theoretical point distance defined
in the project parameters. As a default, the system
presumes an exactly regular initial pattern which
is on one plane and for which the point distance
is known. This is called the “virtual reference stage”
and is marked with Stage 0 in italic letters in the
software. All strain values refer to the adjusted
computation parameter Point distance.

The ARGUS software is also capable of analyzing
several static deformation states (stages) within
one project where each deformation stage can be
set as strain reference any time. This procedure may
be used, for example, for the deformation analysis
of tubes [5].

To allow for a full-field view of the strain, the
software changes to the so-called grid mode . This
means that based on the center points of the mea-
suring points a grid surface is created. Each grid
line intersection point represents a 3D measur-
ing point. The full-field color representation of the
strain results (Fig. 6) from the 3D positions of these
grid line intersection points.
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Fig. 6: 2D image with idenfied measuring points in evaluation

mode (overlay representaion).

3. Experimental material

Steel sheet of the new conception used in
automotive industry was evaluated during ex-
perimental works. Evaluated microalloyed steel
sheet (H220PD) was fully hot-dip galvanized with
amount of zinc of 100 g/m2. Evaluation of material
drawability of experimental materials was realized
by tensile test (STN EN ISO 6892-1:2010-01), test
of planar anisotropy, test of normal anisotropy ra-
tio (ISO 10113:2006) and test of strain hardening
exponent (ISO 10275:2007). Significant directions
of 0°, 45° and 90° against direction of rolling were
tested during testing of drawability parameters.
Tensile specimen according to STN EN 10002-1,
LO = 80 mm was used for all mentioned tests. The
tests were realized on the tensile machine TiraTEST
2300 with recording of the process. Interval of
strain hardening exponent evaluation was within
the range of uniform deformation of 5 - 20% for
tested sheet.

Table 1: Chemical composition of experimental material.

C Mn P S Ti Si
Al Cr Cu ][] Mo

0.035 | 0.031 0.011 0.026 | 0.005

Chemical composition of experimental material
is shown in Tab. 1. Values of mechanical properties,
degree of their planar anisotropy, coefficient of
normal anisotropy and strain hardening exponent
are shown in Tab. 2.

Table 2: Mechanical properties of experimental material.

R,,,[MPa] R [MPa] A, [%] r Ar n

[{¥] m m

227 378 36 164 1028 |023




4, Results of experiments

ARGUS is designed to measure the strain and thick-
ness reduction in sheet metal caused by stamping,
to detect hot spots in the validation process of new
and reworked stamping tools and to measure the
formability of sheet metal in stamping applications.

As a result, the major (Fig. 7) and minor strain and
the thickness reduction (Fig. 8) of the sheet metal
are available as surface information.

Fig. 7: Major strain distribution of stamped part.

The thickness reduction is directly calculated from
the major and minor strain assuming a constant vol-
ume.

2.5
15.00
750
000
50
1500

Fig. 8: Thickness reduction distribution of the part.

The forming limit diagram compares the major
and minor strain with the material characteristics
(Fig. 9). Thus, the forming process can directly be
evaluated with respect to the material limits. [9,10]

The FLD shows clearly that a few measurement
points are above the forming limit curve (Fig. 10) of
the used material. In these areas the part will prob-
ably tear or is so weak that it cannot be used at all.

All results are calculated on the object’s surface as
they are determined directly from the dots. In areas
of smaller radii or when measuring thick sheet met-
als, the results and particularly the thickness reduc-
tion are falsified. The software provides for calculat-
ing the results in the center plane of the sheet metal
by the possibility to enter the thickness of the sheet
metal and the viewing direction. As the surface of
the object is known because of the 3D coordinates,
the system intersects the normal vector of each dot
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with the center plane of the sheet metal. Thus, the
surface point is projected onto the center plane and
the deformation is calculated again on this basis.
Fig. 11 shows that there are significant differences in
thickness reduction when taking into account the
thickness of the sheet metal.
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Fig. 9: Forming Limit Diagram.
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Fig. 10: Forming Limit Curve in FLD of formed material.
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Fig. 11: Thickness reduction along a section on the surface of the
sheet metal.
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5. Conclusion

Optical measuring systems for forming analysis
and material property determination are a part of
advanced process chains in the development of
products and production processes for sheet metals
and tools. Already today, time, costs and quality are
optimized, thus increasing the competitiveness of
companies. Nowadays, these measuring technolo-
gies are used increasingly for automated inspection
tasks due to their further integration in processes
and the availability of powerful data processing sys-
tems.
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