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METHOD AND COMPUTER SYSTEM FOR
CHARACTERIZING A SHEET METAL PART

Matter enclosed in heavy brackets [ ]| appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue; a claim printed with strikethrough
indicates that the claim was canceled, disclaimed, or held
invalid by a prior post-patent action or proceeding.

FIELD OF THE INVENTION

The invention relates to the field of forming processes, in
particular to the forming of sheet metal. It relates to a
method capable of characterizing a sheet metal part in terms
of process parameters and state variables, as well as a

method for generating reference data from a set of computer
simulations for characterizing a sheet metal part, as
described in the preamble of the corresponding independent
claims. The said method can be used 1n tool tryout support
and quality control.

BACKGROUND OF THE INVENTION

Historically, in sheet metal forming processes a set of
shaped tools, such as a die and a punch, are used to deform
sheets of metal to three-dimensional metal parts. This 1s
accomplished by stamping the desired geometry and induc-
ing suilicient in-plane strain for final product strength and
stability. FIG. 1 schematically shows, in the left half, a top
view of a sheet metal blank 1 placed between forming tools,
schematically represented by a punch 2. After pressure 1s
exerted by the punch 2 in order to deform the blank 1, 1t
takes the shape of a formed part 3, shown 1n the right half
of FIG. 1. The tools are tailored and process parameters
adjusted using empirical rules and trial and error through a
series ol physical tryouts. They are then deployed to the
actual production line where unfortunately their perfor-
mance cannot be guaranteed as measurements are difficult or
impossible and the forming process 1s usually poorly moni-
tored.

The forming process design phase 1s today assisted by
numerical simulations. These numerical simulations are
performed on digital computers and usually employ the
well-established finite element method. The simulation com-
puter programs, given as input a set of parameters such as
the tool geometry and the process parameters, produce a
description of the geometry of a sheet metal part after the
forming process as well as the distribution of state variables,
such as thicknesses, strains and stresses. More recently,
instead of empirically setting 1nitial values to those param-
eters and using heuristic or optimization methods to achieve
the desirable characteristics, engineers use stochastic simu-
lations. Instead of performing a single finite element simu-
lation using fixed parameters, random variables with appro-
priate intervals are defined, and a multitude of finite element
simulations are performed using different parameter sets as
described, e.g., in EP 1 623 287. Through such computer
aided engineering techniques, tool geometries and process
parameters are established that ideally will produce the
desired part.

Inevitably, due to common cause (non-assignable, noise)
and special cause (assignable) variation and approximations
between the computer simulation and the actual tools and
processes, the actual parts may not be identical to the
simulated part. Therefore, 1t has to be shown that the
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2

manufactured set of tools along with the prescribed process
parameters can produce the desired part to the desired
quality during try-out or be modified to do so. Further, as the
actual tools are deployed at the production site, the stamping
process has to be calibrated and monitored 1n order to assure
the desired quality.

Currently, stmulation results are typically only used little,
or not at all for reference and consultation during tryouts and
production. Wang, C. T., Zhang, J. J., Goan, N., in Draw-in
Map—A Road Map for Simulation-Guided Die Tryout and
Stamping Process Control, Numisheet 2005 and U.S. Pat.
No. 7,130,708 B2 describe a process where a so-called
engineered metal draw-1n map 1s used 1n the tryout phase. In
FIG. 2, draw-in 4 1s the displacement of the sheet metal
blank outline 5 to the formed part outline 6 during the
deformation of the blank. The draw-in 4 1s related to the
distribution of flange material 8 between the formed part
outline 6 and the punch opening line 7. When used during
tryouts, given the blank size and position, tool geometries
and process parameters match those prescribed by the simu-
lation, 1t 1s attempted to rework the tools 1n order to match
the simulation prescribed draw-1n at certain positions. Typi-
cally, tryout workers resort to adjusting the restraiming force
of the draw beads.

Despite the indisputable progress in design and improve-

ment 1n the quality of formed products, important issues are
not being addressed:
1. When using draw-1n maps during tryout, it 1s not possible
to determine how to adjust process parameters 1n order to
achieve the desired draw-1n from the simulation. The adjust-
ment for the different parameters 1s determined empirically
by varying them using a best-guess method. This trial and
error procedure 1s costly and time consuming.

2. During production, as opposed to the tryout phase, the
actual draw-1n 1s not momtored and compared against the
simulated one. Process parameters, stress, strain, thickness
distributions or other important quality and process control
measures are also diflicult to acquire and often neglected. A
process can drift out of control without noticing and defec-
tive parts can end up 1n the assembly line.

Accordingly, a need exists for a methodology to deter-
mine the process parameters and state variables for a part
and potential modifications to the process parameters 1n
order to achieve the desired state variables.

The following references are related to this problem, but
do not provide an adequate solution:

Optimization of draw-in for an automotive sheet metal
part An evaluation using surrogate models and response
surfaces; T. Jansson, A. Andersson, .. Nilsson; Journal of
Materials Processing Technology 159 (2005) 426-434: Aan
optimization of the draw-in of an automotive sheet metal
part 1s presented, using response surface methodology
(RSM) and space mapping technique. The optimization
adjusts the draw bead restraining force in the model such
that the draw-1n 1n a Finite Element (FE) model corresponds
to the draw-1n 1n the physical process. The paper 1s directed
to understanding of draw bead mechanics and to the
improvement of simulation of the effects of draw bead
geometry. For comparing simulation results with measure-
ments from actual forming operations, draw-1n 1s measured
at a limited number of points along the part circumierence.
An optimisation 1s performed to find the set of draw bead
parameters that minimizes the sum of differences between
the measured and the simulated draw-in. The paper con-
cludes that 1t was not possible to reach a perfect match
between the optimised restraiming force and the actual
restraining force in the tool with this method. This 1s




US RE47,557 E

3

attributed to the discrepancy in measurements of the draw
beads or the draw-in, differences 1n measuring the draw-in
in reality and simulations and variations 1n material prop-
erties and friction properties. The method cannot be used for
quality control during production.

Sheet metal forming global control system based on
artificial vision system and force acoustic sensors; P. Filla-
treau et al.; Robotics and Computer-Integrated Manufactur-
ing 24 (2008) 780-787, describes a mult1 sensor approach,
incorporating artificial vision. The system 1s customised to
analyse a particular type of part, at a rate of 2 parts per
second. This control system combines fuzzy logic and expert
system techniques, giving the operator of the machine
teedback and advice on possible errors and advice on how
to correct them. To do that, 1t 1s assumed that after getting
the correct process setup and at the beginning of the pro-
duction, parts are defect-free. During this phase, signals are
recorded and an upper and lower envelope curves are
determined that distinguish good parts from defect parts.
The system 1s then trained to recogmise when a signal 1s
outside this envelope and 1n this case indicate a faulty part.
The paper provides significant tools for the real time 1den-
tification of defective parts as well as for the optical deter-
mination of shapes and geometries. It 1s nevertheless unclear
how the measurements are linked to process parameters and,
in effect, how the feedback control 1s achieved. Further, it 1s
based on historical data and 1gnores natural process drift and
variation that may not result 1n defective parts. It 1s not
possible to identily particular defects, their location and
severity. Finally 1t cannot be used during try-outs.

Optical Measuring Technologies in Sheet Metal Process-
ing; K. Galanulis; Advanced Materials Research Vols. 6-8
(2003) pp 19-34, describes an optical system for the scan-
ning of 3D surfaces, that 1s, for obtaining measurements of
the location of surface points 1n 3D space. Based on mea-
surements from a section of deformed sheet metal, strain,
thickness reduction and local hardening may be calculated.
From these, excessive strain and material faults can be
determined.

Contactless on-line measurement of material flow for
closed loop control of deep drawing; E Doege et al: Journal
of Materials Processing Technology 130-131 (2002) 95-99:
A new optical sensor for contactless online matenial flow
measurement 1s presented. The sensor may be incorporated
in a deep-drawing tool and observe material flow online
during the forming process.

Numerical Methods and Hardware Components for an
Adaptive Robustness Control During the Production of
Stamped Parts; Manopulo et al, Numisheet 2008 pp. 871-
876. A feasible way of using stochastic FE simulations along
with eddy-current matenal testing 1n order to achieve online
control of the scattering of material properties 1s presented.
In a training step destructive and non-destructive tests are
used to measure mechanical properties of batches of blanks.
The stochastic simulation and these measurements are then
used to create a mathematical model that can discriminate
between blanks that will result 1n defects and blanks that
should go to production. Alternatively, process parameters
could be adjusted to account for the material properties.
Manopulo et al attempt to prevent quality problems by
assuming that the material properties are the main driver of
defects. Their method applies to accepting and rejecting
blanks during production, before the stamping process,
employing a typical forward (input to output) usage of the
stochastic simulation. It does not apply to tryout support.
Most importantly 1t assumes that process parameters are
perfectly controllable and identical through time and only

10

15

20

25

30

35

40

45

50

55

60

65

4

material parameters determine the outcome of the process,
which they do not consider at all.

CAE tools as a valid opportunity to improve quality

control systems performances for sheet metal formed com-
ponents; A. Del Prete et al.; 9” Biennal ASME Conf on

Engineering Systems Design and Analysis ESDAOS (2008)
329-334. Stochastic simulation of a deep drawing process 1s
described. An example 1s given wherein the maximum
binder force 1s computed by simulation, and its dependency
on a number of design variables 1s presented. It 1s conjec-
tured that the information from such a stochastic study
would help to determine geometric features that have a high
probability of drift and should therefore be monitored, e.g.
by an optical scanner. The paper clearly recognizes the
possibilities of the stochastic simulation as a source of
information for the online quality control. However, the
method cannot i1dentily defects other than mismatches
between CAD geometry and actual part. Further, 1t does not
use the simulation to provide feedback about process con-
ditions as there i1s no link between the process and the
stochastic simulation. Finally, the method, if implemented,
could have limited use 1n quality control as 1t cannot identify
defects other than geometry divergence whereas excessive
thinning and cracks, wrinkles and surface defects may be
equally or more interesting. Finally 1t does not apply to
tryout.

BRIEF SUMMARY OF THE INVENTION

It 1s therefore an object of the invention to create a method
for characterizing a sheet metal part of the type mentioned
mitially, and a corresponding computer system, and a
method for generating reference data for characterizing a
sheet metal part, which overcome the disadvantages men-
tioned above.

The object of the invention i1s achieved by the methods
and associated computer system and data storage devices
according to the independent claims.

The present invention relates to a method and computer
system for the characterization of a sheet metal part, the part
being a sheet metal forming product. The method 1s based on
the correlation of the distribution of excess material around
the formed part or material flow into the tools to a priori
calculated or measured data. The characterization comprises
determining whether the particular product falls within the
acceptable production limits 1n terms of quality, of deter-
mining areas of potential defects, types of potential defects,
severity of potential defects, as well as approximating the
process parameters prevailing during its production and how
these should change 1n order to mitigate the defects. The
characterization 1s performed 1n real-time during tool tryout,
production ramp-up or production. The result of the char-
acterization can be presented to the user or operator through
a monitor or other devices such as a wearable monitor, or
marked and/or displayed on the part itself. The approxima-
tion of the process parameters can be used to correct the
process manually or automatically.

The present invention was made 1n view of the prior art
described above and an object of the present invention is to
provide a method to characterize an actual formed part in
terms of state variables as well as to estimate the actual
process parameters mvolved 1n 1ts manufacturing.

The invention 1s based on the realization that quality and
process information to 1dentily a part as defective, a process
as out of control, and measures on how to return to the
desired state, exists 1 a properly conducted stochastic
simulation.




US RE47,557 E

S

An evaluation of process parameters and state variables
corresponding to the actual formed part can then be used to
accept or reject the part and adjust the process and tools 1f
the part 1s not acceptable either during tryouts or production.

A method 1s provided to calculate process parameters and
state variables for an actual part using results from a
multitude of simulated or virtual parts for which both
process parameters and state variables are known. These
simulated parts can originate from a stochastic simulation or
other technique. In order to establish a link between the
actual part and the multitude of simulated parts, a metric 1s
defined that can be measured or calculated for both. Such
metrics, hencelforth also called material flow metrics, typi-
cally represented by a distribution of a value along the
boundary or the body of the part, include the distribution of
the flange material or i1ts complementary distribution of
draw-1n displacement, preferably around the entire circum-
terence of the part, or along an appropriate section of the
circumierence. The material flow may, in a preferred
embodiment of the invention, also comprise inner flanges,
that 1s, tlanges around the circumierence of holes or other
openings shaped 1n the part. Alternative or additional mate-
rial flow metrics can be calculated at any section of the part
or from traces such as skid lines or using other methods such
as measuring the deformation of an etched grid or other
marks on the part.

Simulation parameters preferably considered are process
parameters or metal forming parameters, such as lubrication,
tool forces, blank holder forces, forming speed, etc., and also
blank parameters, such as the shape of the sheet metal blank,
its thickness, material characteristics, rolling direction, etc.
Further simulation parameters that, in a further preferred
embodiment of the invention, also are considered to com-
prise the tool geometry, that 1s, the shape of punch, die and
blank holder. It 1s not necessary that the complete geometry
of the tools 1s variable at this stage of the process, 1t may
rather be suflicient and desirable that only some parameters,
like e.g. radi1, draw beads, tool inlays, polishing, etc. are
variable. Some simulation parameters may be controllable
(“design parameters”), others may be considered to be
disturbances (“noise parameters”™).

The simulation results, denoted as forming operation
result data, preferably comprise one or more of the geom-
etry, 1.e. the shape or material distribution of the sheet metal
part after the forming operation, and state variables of the
sheet metal after the forming operation (optionally also
during the forming operation). The state variables may
comprise elongations or stresses 1n the formed material, the
distribution of fracturing criteria, the displacement distribu-
tion as a result of resilience or spring-back after the removal
from the tool, etc.

The method 1s useful for guiding tool tryouts towards
achieving acceptable part quality. Further, it 1s usetul during
production to assist quality control, as it provides the capa-
bility to 1dentify defects on each part as well as feedback to
operators or equipment in order to return a process that driits
away from acceptable limits back under control.

In one embodiment, the method 1s divided 1n a preparation
and an online phase. In the preparation phase the input to the
method 1s a set of numerical simulations. One or more
material flow metrics such as draw-in and flange distribu-
tions are calculated for each individual simulation. For
example, these can be the distances between the outline of
the blank and the outline of the formed part, or the distances
between the outline of the formed part and the punch
opening line. In a further preferred embodiment of the
invention, the 3D geometry of the tlange (that 1s, including

5

10

15

20

25

30

35

40

45

50

55

60

65

6

its thickness and shape) between the outline of the formed
part and the punch opening line can be considered as the
material flow metric. Towards the determination of the
matenal flow metric, 1 all cases, other lines than the punch
opening line can be used, for example draw bead lines. The
criterion for choosing a set of lines for calculating the
material flow metric 1s that the resulting metric provides
one-to-one correspondence between the material flow and
the simulation parameters and distributions of state vari-
ables. One or more of such material flow metrics, along with
the simulation parameters and the distribution of state vari-
ables for each virtual part are stored 1n a database.

In order to facilitate the online use of the system, it 1s
usetul to calculate classes within the material flow metric.
Classes can be extracted using methods such as the principal
components analysis, further clustering methods or other
methods that identify patterns within a population. The use
of classes improves the online performance of the system, by
matching the actual distribution first to a class and then to an
individual simulation within that class. Alternatively or 1n
addition, mapping functions are established between the
material flow metric and the process parameters and state
variables. These are surrogate models that can be repre-
sented by either a set of global mapping functions for the
whole set of stimulations or a class-specific set of mapping
functions for each individual class. These functions are also
stored for later use.

In the online phase of the method, a digital representation
of the geometry of actual part 1s measured, mput to a
computer, and the corresponding material flow metric 1s
calculated. In a preferred embodiment of the invention, this
distribution 1s then identified within the classes of distribu-
tions and either the closest match 1s retrieved, or 1t 1s inferred
by means of the mapping functions of that class. The result
1s a forming operation data set with, e.g., a set of process
parameters and state variables for the actual part. Comparing
the distribution of state variables to the desired ones, defect
areas can also be identified.

The result of the method can be used during tool try-outs,
process adjustment (ramp-up) and momitoring (production).
During tryouts, the engineers and operators get an approxi-
mation of the divergence of the actual process parameters
and tool geometries from the desired ones. They can then
adjust the process parameters and tool geometries accord-
ingly. For example, 1f the draw beads restraining force 1s
varied during a stochastic simulation, the method identifies
the draw bead combinations that have to be adjusted, as well
as how much they have to be adjusted, 1n order to depart
from the current draw-in and approach the desired one.
During production, the method oflers a real-time and online
quality measure. For example, using the thickness distribu-
tion resulting from the method, the operator might mark
areas with critical thickness on the actual part. Finally, long
term information of the quality of the parts produced and the
variation of the process can be collected and summarized in
process control charts and compared to the predicted/ex-
pected process capabilities which are essential for the sta-
tistical process control of the production.

The material flow metric for the actual part can be
measured 1 many ways, from manual measurements, to
scanning, to photogrammetry. In practice, during tryouts, the
draw-1n 1s measured by scribing the outline of the blank
betore (possibly after binder wrap) and after forming on the
lower binder, and measuring the distance between the two
lines. Plotting the draw-in at several locations along the
outline corresponds to the draw-in distribution. For the
invention to be useful for real-time, online quality control, a
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contactless and fast method 1s most desirable. An easy and
cllective way to do this 1s by means of a photographic
camera placed above the formed part right after the end of
the forming process and typically before any other operation
takes place that would affect the shape of the tlange, such as
cutting. The photographic camera provides an 1image of the
part. To measure the flange distribution as a material flow
metric, both the part outline and the punch opening line are
extracted from that image. The flange distribution can be
represented, for example, by the distance between the part
outline and the punch opening line (plotted along the part
outline). Markers may be embossed or printed on the blank,
and from their position and/or shape after forming other
metrics such as strains, thickness and further properties may
be measured or calculated. If a 3D-scanner or other high-
resolution method 1s used, a more detailed description of the
material flow metric can be acquired and potentially other
variables such as the thickness can be measured directly.

A computer system for determining reference data for

characterizing a sheet metal part comprises a digital com-
puter with an internal memory, the memory comprising
computer program code to make, when this computer pro-
gram code 1s executed, the computer execute the method for
determining reference data. In a further embodiment of the
invention, this computer program code 1s stored on a com-
puter readable medium.
In an embodiment, a computer system for characterizing
a sheet metal part comprises a sensing device or other input
device and a data processor, the computer system being
configured and programmed to execute the method for
characterizing a sheet metal part. The sensing device 1is
preferably arranged to measure physical dimensions of a
flange area or material flow of a sheet metal part before,
during and/or after a forming operation 1n the course of tool
tryout or online 1n the course of the manufacturing process
of the part. In another embodiment and 1n particular during
tool tryouts, the sensing device can be an instrument used for
manual measurements.

Further preferred embodiments are evident from the
dependent patent claims. Features of the method claims may
be combined with features of the system claims and vice
versa.

BRIEF DESCRIPTION OF TH.

L1

DRAWINGS

The subject matter of the mvention will be explained in
more detail 1n the following text with reference to preferred
exemplary embodiments which are 1llustrated in the attached
schematic drawings, 1n which:

FIG. 1 1s a top view of a simplified forming process where
the left part of the drawing corresponds to the punch and
sheet before forming and the right part of the drawing to the
punch and sheet after drawing;

FIG. 2 1s a top view of a formed metal part where the
draw-1n and the flange can be seen;

FIG. 3 shows possible alternatives of the flange distribu-
tion under varying process conditions;

FIG. 4 presents a flowchart for extracting draw-in and
flange distribution information from a set of simulations and
calculating classes and inference models from these distri-
butions;

FIG. 5 presents a flowchart for extracting draw-in and
flange distribution information from a digital model of an
actual formed part and classifying it using the saved classes
and inference models:
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FIG. 6 shows the structure of a system for determining
reference data and inference models for characterizing a

sheet metal part; and

FIG. 7 shows the structure of a system for characterizing
a sheet metal part.

The reference symbols used 1n the drawings, and their
meanings, are listed 1n summary form 1n the list of reference
symbols. In principle, identical parts are provided with the
same reference symbols 1n the figures.

DETAILED DESCRIPTION OF EMBODIMENTS

In a preferred embodiment of the mvention, a method 1s
used to calculate material flow (for example draw-in and
flange distributions) for a set of simulations, identify pat-
terns within the distributions, calculate mappings between
draw-1n or flange distributions and process parameters and
state variables. Further steps are to acquire a digital model
of an actual formed part, extract required information to
calculate the material flow distribution for the actual part
and ifer the actual distribution to the virtual distributions.
These steps are preferentially implemented by a computer
program which 1s executed on a data processing system. The
computer program may have two parts, one for preparing
data and one that works online. This separation 1s not
mandatory, but improves the online efliciency. From the
inference 1t 1s possible to extract the characterisation of the
part in terms of state variables and process parameters. This
characterisation 1s, 1n a further step, used to modily process
parameters during tryout and production in order to achieve
the desired part characteristics and determine potential
defects on the part.

FIG. 4 schematically illustrates the control flow of the
preparatory phase of the method 1n a preferred embodiment
of the invention. The method assumes that a material tlow
metric 1s selected and, 1n line with the requirements of this
metric, there 1s a set of characteristic lines that can be used
to calculate said metric. In the following the part outline and
the punch opening line are considered to provide the draw-in
or flange distribution, as one possible material flow metric,
but other lines can be used as appropriate for the particular
part. A prerequisite to the method 1s a multitude of simula-
tion results, based on differing simulation parameters 21,
where for each one there exists a set of 1nitial parameters, a
geometrical representation of the virtual formed part and
state variables such as the thickness of the material of the
formed part (forming operation result data 24). For each
such simulation a pre-processor reads the virtual formed part
geometry 41 and extracts the formed part outline 42 and the
punch opening line 43. Given those two lines, the flange
distribution 1s calculated 44. If the initial blank outline
exists, the draw-in can also be calculated. The calculated
lines and distributions are stored 435 as simulated material
flow metrics 26 for later use.

If classes are to be calculated 46, the calculated set of
draw-1n or flange distributions 1s analysed 47 using a clas-
siiying or pattern recognition method and the resulting class
information 1s saved as class definition data 30 1in the
database 48. An example of classes within the draw-1n 1s
presented 1 FIG. 3.

In order to extract useful patterns from the pool of stored
material flow metrics (draw-in or whole sheet or other), one
may assume without loss of generality that the distributions
lic 1n the same multidimensional space. Techmiques for
pattern extraction and classification are known in the field of
pattern recognition and can range ifrom Bayesian networks
to neural networks to linear or quadratic classifiers etc. A
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combination of techniques may be used to achieve the
desired result. Some of the relevant techniques are:

Principal component analysis, which can be used to
identily the dominant modes 1n a set of patterns, their
energies and which mode contributes to which pattern.
Such a technique can be used to filter out perturbations
and yield a handful of dominant patterns from hundreds
of simulated material flow metrics.

Linear discriminant analysis and the related Fischer’s
linear discriminant, which can be used to identify more
directly the linear combination of features which sepa-
rate two or more classes, but then the classes must be
known 1n advance.

Cluster analysis.

In principle, if the number of classes 1s known, any pattern
recognition technique can give a result. Principal compo-
nents analysis 1s a good way to start with 1 order to
determine the number and shape of classes. A classification
algorithm can take advantage of other traits of the problem
in order to 1dentily interesting classes, such as the fact that
usually larger deformations occur along the sides of the
blank. Obviously, as the blank has a fimite number of sides,
combinations of side deformations may constitute a finite
number of interesting classes of material flow metrics.

Either for each one of the classes or for the whole
population of material flow metrics 49, mapping functions
or matching functions that define a relationship for mapping
between material flow metrics and forming operation data
sets 27 comprising e€.g. process parameters and state vari-
ables are calculated 50 using statistical or other methods.
The functions are saved 51 as mapping or matching infor-
mation 31 in the database which concludes the preparatory
phase of the computer program. Such mapping information
may also be considered to be a surrogate model relating
material tlow metrics and forming operation data sets.

FIG. 5 schematically illustrates the control tlow of the
real-time or online phase of the method 1n a preferred
embodiment of the invention. By means of a sensing device
11, using manual measurements, an optical, scanning or
other method, a digital two-dimensional or three-dimen-
sional geometrical digital model 12 of the actual formed part
10 1s acquired 52 that, depending on the calculation require-
ments for the material flow metric, may include one or more
configurations of the actual formed part 10 before (1.e. the
blank 3), during and/or after the forming operation. From
this digital model 12 of the formed part, measured material
flow metrics 14 such as e.g. the formed part outline 33 and
the punch opening line 54 are extracted by a feature extrac-
tor 13. If there 1s information on the 1mtial position of the
sheet metal blank before the process, the mnitial blank outline
55 1s extracted as well. The extracted lines are used to
calculate the actual flange and draw-in distributions 56. If
there are saved distribution patterns 57, as part of reference
data 33, these are retrieved from the database and the actual
distribution 1n question i1s matched to a pattern 58 by a
matching unit 15. The distribution 1s then matched to an
individual simulation 59, either within the pattern or within
the whole population. If inference or mapping functions
have been calculated 60, these are used to infer or to
interpolate the distribution 1n question 61 to the functions.

Inference models for mapping material flows to forming
operation data can be developed using different techniques
and depending on what the outcome might be. A neural
network, for example, a simple feed forward with back
propagation network, or a radial basis function (RBF) net-
work can provide a mapping of a multidimensional input (in
this case, the material flow metric) to a multidimensional
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output (in this case, forming operation data). Response
surface and Kriging techniques can also be used. Bayesian
networks can equally well be used to calculate the probabil-
ity that some zones of the formed part may show particular
quality problems.

Either through matching or inference, the distribution 1s
used to characterize the part 62, determiming a matching
forming operation data set 16 that characterizes the part. The
characterization consists ol process parameters and state
variables for the actual part and mapping them from the
original geometries to the actual geometry. The character-
sation can also include additional quality control metrics,
statistical information or any form of advisory data for the
operator or digital feedback for the closed control loop of the
equipment. Comparing the calculated state variables to the
desired ones, areas of potential defects can be 1dentified on
the actual part 10. The characterization result 1s then dis-
played to the user 63 on a display device 17, for example by
overlaying a colour coded representation of chosen state
variables, parameters and/or fault probabilities on a 2D- or
3D model of the part. It 1s also possible to overlay the colour
coded representation to a video image of the real part
displayed eirther on a display device or in a wearable display
system, thus allowing the user to 1identily and mark areas of
potential quality problems for further inspection. In another
embodiment, the aflected area on the part 1s marked with
spray or a marker, €.g. by a robotic device, or a barcode,
RFID or other machine or human readable representation of
data 1s attached to the part to make 1t possible to 1dentify 1t
in later inspection. Finally, the characterization result is
saved 1n the database 64.

FIG. 6 shows the structure of a system for determining
reference data 33 for characterizing a sheet metal part, and
also the data flow of a corresponding method. The system
starts out with a set of simulation parameters 21, the
simulation parameters 21 defining at least a tool geometry
and process parameters 22 of a forming operation performed
on the sheet metal part. A numerical simulator 23 1s con-
figured to simulate execution of the forming operation on the
sheet metal part, the forming operation being characterised
by the simulation parameters 21. By the simulation, the
numerical simulator 23 computes forming operation result
data (FORD) 24 comprising at least the geometry (that 1s,
the 3D- or a 2D shape) of the simulated sheet metal part 3
alter the forming operation. From this geometry, a postpro-
cessor 25 computes a simulated material flow metric (s1m
MFEFM) 26. The simulated material flow metric 26 1s repre-
sentative of or related to the geometry of the flange area 8
of the simulated sheet metal part 3 after the forming opera-
tion, the tlange area being the area between the edge of the
metal sheet after forming and a predefined characteristic line
such as the punch opening line. The simulated material flow
metric 26 1s, for example, a data set representing the draw-in
or the tlange distribution for the simulated part.

The simulated material flow metric 26 1s associated with
a forming operation data set 27 (FODS) used 1n the genera-
tion of the material flow metric 26, and both are stored, 1n
a computer readable storage medium. The forming operation
data set 27 comprises at least one of the process parameters
22 and the forming operation result data 24. Through this
association, it shall later be possible to determine forming
operation data, given a measured material flow metric.

The preceding steps are repeated several times with
different simulation parameters 21. For each simulation, the
forming operation data set 27 and the associated simulated
material flow metric 26 1s stored 1n a computer readable data
storage device 32. The entirety (that 1s, over all sitmulations)
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ol forming operation data sets 27 and associated simulated
material flow metrics 26 shall be labelled a simulation data
set 28 (sim DS). In other words, the simulation data set 28
comprises a plurality of forming operation data sets 27 and
associated simulated material flow metrics 26.

In principle, the information contained in this simulation
data set 28 1s suilicient to determine forming operation data,
given a measured material flow metric. In order to facilitate
and speed up the later online matching of measured material
flow metrics and the retrieval of corresponding forming
operation data, 1 a preferred embodiment of the invention,
a class extractor 29 1s configured to analyse the material tlow
metrics generated by the several simulations and to 1dentify
a plurality of classes within these simulated matenal tlow
metrics 26. Resulting reference data 33 for characterizing
the sheet metal part comprises class definition data 30
(classdet) defining these classes, and mapping mnformation
31 (mapinio). In order to evaluate more precise FODS for
the meas MFM, 1t 1s possible to use a surrogate model. This
surrogate model, represented by the mapping information 31
defines the parameters of one or more mapping functions
that constitute a mapping from material flow metrics to
forming operation data sets, with either a single set of
mapping functions being defined globally over all material
tlow metrics, or one set of local mapping functions for each
class, being defined over the material flow metrics of that
class. The reference data 33 1s stored 1n a computer readable
data storage device 32 for further use in the online charac-
terisation of the sheet metal part.

FIG. 7 shows the structure of a system for characterizing
a sheet metal part, and also the data flow of a corresponding
method. A sensing device 11 1s arranged to measure physical
dimensions 12 of the flange area of an actual sheet metal part
10 after a forming operation. The sensing device 11 1s, for
example, a camera or a 3D scanner or other contact-based or
contactless measurement system, or a sensor incorporated 1n
the deep drawing tool, as described e.g. 1n the imitially
mentioned publication by E. Doege et al, but can be as
simple as a device used for taking manual measurements.
Manual measurements may involve, for example, touch
probes, chalk marks on sheet, a string to measure the length
of lines or distances from draw beads, etc. The following
steps are executed on a data processor 18, which may
comprise, for example, dedicated hardware and/or a general-
purpose computer or cluster of computers programmed to
perform the method steps of feature extraction and match-
ing, as described 1n the following:

A Teature extractor 13 computes a measured material flow
metric 14, the measured material tlow metric 14 (meas
MFEFM) being representative of the geometry of a flange
area 8 of the actual sheet metal part 10 after the forming
operation. Reference data 33 1s retrieved from a com-
puter readable data storage device 32, the reference
data 33 comprising at least one of a simulation data set
28 and class defimition data 30 and mapping informa-
tion 31.

A matching unit 15 determines, from the reference data 33
and the measured matenal tlow metric 14, a matching
forming operation data set 16 (match FODS) whose
associated simulated material flow metric 26 most
closely matches the measured matenal flow metric 14.
“Most closely” 1n this context 1s defined, for example,
in terms ol proximity to or inference from the simulated
material tlow metrics 26.

A display device 17 i1s configured to display a wvisual
representation of selected information, characterizing
the actual sheet metal part 10, from the matching
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forming operation data set 16. This information 1s one
of, for example, one or more process parameters, state

variables and areas of defects of the part after forming.

In one exemplary embodiment of the invention, the
matching performed by the matching unit 15 can be limited
to simply 1dentifying the simulation data set 28 for which the
corresponding simulated material flow metric 26 1s closest to
the measured material flow metric 14. The proximity can be
expressed using diflerent metrics, but to illustrate this pro-
cess, a simple criterion 1s the mimimum angle between the
vectors of the simulated material flow metric 26 and the
measured material flow metric 14. Both quantities can be
represented as vectors of real numbers and have the same
dimensionality since the sampling points are the same;
therefore the angle between these vectors 1s trivial to cal-
culate.

A more elaborate evaluation of the matching forming
operation data set 16 can involve the calculated mapping
information 31. In this case, the set of one or more mapping
functions 1s used to calculate the matching forming opera-
tion data set 16 from the measured material flow metric 14.
The result can ofler a more precise matching forming
operation data set 16 than the simple matching, since, in the
latter case, two slightly different measured maternial tlow
metrics 14 might be matched to the same matching forming
operation data set 16. However, the result 1s dependent on
the assumptions implicit 1n the surrogate model used for the
calculation of the mapping information 31.

In addition to the previous techniques for evaluating the
matching forming operation data set 16, and 1n order to
accelerate this process during the online use of the computer
system, calculated class definition data 30 classes can be
used. The evaluation can be done, in the same way as
described so far, but—instead of using all the simulated
material flow metric 26—by first matching the measured
material flow metric 14 to a class in class definition data 30
and then to one of the simulated material flow metrics 26 1n
that class. If for that class a mapping information 31 exists,
this can be used to determine a more precise evaluation of
a matching forming operation data set 16. The use of the
classes accelerates the process in way of locating the mea-
sured material flow metric 14 to a subspace of the whole
design space, so smaller surrogate models can be used but
also 1n way of acting as a {filter, where measured material
flow metrics 14 that correspond to defect-free subspaces of
the design space do not need further processing, at least not
during the on-line phase.

The mnvention 1s obviously not limited to the preferred
embodiments described above by way of an example, but
lends 1tself to modifications within the scope of the inven-
tion as defined 1n the claims below.

LIST OF DESIGNAITTONS

1 blank
2 forming tool
3 formed part
draw-1n
5 sheet metal blank outline
6 formed part outline
7 punch opening line
8 flange material, flange area
10 actual sheet metal part
11 sensing device
12 physical dimensions
13 feature extractor
14 measured material tflow metric
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15 matching unit

16 matching forming operation data set
17 display device

18 data processor

21 simulation parameters

22 process parameters

23 numerical simulator

24 forming operation result data
25 postprocessor

26 simulated material flow metric
27 forming operation data set

28 simulation data set

29 class extractor

30 class defimition data

31 mapping information

32 data storage device

33 reference data

The invention claimed 1s:

1. A method for characterizing a sheet metal part, the

method comprising the steps of:

a sensing operation providing physical dimensions of an
actual sheet metal part before, during and/or after a
forming operation;

a feature extractor computing, from these physical dimen-
sions, a measured material flow metric, the measured
material tlow metric being representative of a geometry
of the actual sheet metal part after the forming opera-
tion;

retrieving, from a computer readable data storage device,
reference data that represents the results of a set of
simulations of the forming operation, each simulation
being associated with a forming operation data set that
characterizes the simulation, and a simulated materal
flow metric that 1s a result of the simulation;

a matching unit determining, from the reference data and
the measured material tflow metric, a matching forming
operation data set whose associated simulated material
flow metric most closely matches the measured mate-
rial flow metric and

outputting, on a display device or on the actual sheet
metal part, a visual representation of data of the match-
ing forming operation data set or putting a human or
machine readable marking on the actual sheet metal
part representative of the forming operation data set.

2. The method of claim 1, wherein the reference data

comprises at least one of a simulation data set and class
definition data and mapping information; wherein

the simulation data set comprises a plurality of forming
operation data sets and associated simulated material
flow metrics, the forming operation data sets compris-
ing at least one of: process parameters of the forming
operation, forming operation result data and a geometry
of a simulated sheet metal part, and the simulated
material flow metric being representative of the geom-
etry of a flange area of the simulated sheet metal part
aiter the forming operation; and

the class definition data defines classes within the simu-
lated material flow metrics;

the mapping information defines one or more mapping
functions, defining a mapping from material flow met-
rics to forming operation data sets, with either a set of
one or more mapping functions being defined globally
over all material flow metrics, or a set of one or more
local mapping functions for each class, being defined
over the material flow metrics corresponding to that
class.
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3. The method of claim 1, wherein the matching forming,
operation data set comprises at least one of:

process parameters of the forming operation;

the geometry of the simulated sheet metal part after the
forming operation;

state variables of the simulated sheet metal part after the
forming operation;

areas of defects of the part shaped by the forming process;
and

qualitative or quantitative imformation on how to change
the process parameters of a forming operation 1n order
to achieve a desired process performance.

4. The method of claim 1, wherein the matching unit

performs the steps of:

given the measured material flow metric, determining a
class mto which this measured material flow metric
falls:

returning, as matching forming operation data set, one of
the forming operation data sets with this class.

5. The method of claim 1, wherein the matching unit

performs the step of:

returning, as matching forming operation data set, a
matching forming operation data set inferred from the
measured material flow metric by means of a mapping
function.

6. The method of claim 1, wherein the measured material
flow metric and the simulated material tlow metrics are
either flange or a draw-in distribution or a combination of
both.

7. The method of claim 1, comprising providing a data
storage device comprising stored non-transitory computer
program code which, when executed performs the sensing,
the computing, the retrieving, and the matching.

8. The method of claim 1, comprising providing a com-
puter system for characterizing the sheet metal part, the
computer system comprising a data processor, the computer
system being configured and programmed to execute the
sensing, the computing, the retrieving, and the matching.

9. The method of claim [8] I, comprising providing a
sensing device arranged to provide physical dimensions of
the actual sheet metal part after the forming operation.

10. A method for generating reference data for character-
1zing a sheet metal part, the method comprising the steps of:

a) providing forming operation result data, the forming
operation result data comprising at least a geometry of
a simulated sheet metal part after the forming opera-
tion;

b) a postprocessor computing, from a forming operation
result data, a simulated material flow metric, the simu-
lated material tflow metric being representative of the
geometry of the simulated sheet metal part after the
forming operation;

¢) storing, 1n a non-transitory computer readable storage
medium, the simulated material flow metric and a
forming operation data set, the forming operation data
set comprising at least one of the process parameters
and the forming operation result data;

d) repeating the preceding steps several times with dif-
ferent forming operation result data and storing, 1n a
computer readable data storage device, 1n each case the

forming operation data set and the associated simulated
material flow metric, the entirety of forming operation
data sets and associated simulated material flow metrics
constituting a simulation data set;
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¢) computing and storing, in the computer readable data
storage device, mapping information that defines a
relationship between material flow metrics and forming
operation data sets and

outputting, on a display device or on an actual sheet metal 5
part, a visual representation of data of at least one of the
forming operation data sets or putting a human or
machine readable marking on the actual sheet metal
part representative ol at least one of the forming
operation data sets.

11. The method of claim 10, wherein the step of providing

forming operation result data comprises the steps of:

1) providing a set of simulation parameters, the simulation
parameters defining at least process parameters of the
forming operation performed on the sheet metal part;

g) a numerical simulator simulating execution of the
forming operation on the sheet metal part, the forming
operation being characterized by the simulation param-
cters, and the numerical simulator thereby computing
the forming operation result data;

wherein the repeating of step a) for providing forming
operation result data 1s done using different sets of
simulations parameters.

12. The method of claim 10, comprising the further steps

of:

h) a class extractor analysing the material flow metrics
generated by the several simulations and 1dentifying a
plurality of classes within these simulated material tlow
metrics; and

1) storing, in the computer readable data storage device,
class definition data defining these classes, wherein the
mapping information associates one or more simulation
data set with each class, for further use as reference
data for characterizing the sheet metal part.

13. The method of Jone of] claim 10, wherein

the mapping information defines one or more mapping
functions, defining a mapping from material flow met-
rics to forming operation data sets, with either a set of
one or more mapping functions being defined globally
over all material flow metrics, or a set of one or more
local mapping functions for each class of a plurality of
classes within the material flow metrics, the local
mapping function being defined over the material tlow
metrics corresponding to that class.

14. The method of claim 10, comprising providing a data
storage device comprising stored non-transitory computer
program code which, when executed on a computer system,
performs the providing, the computing, the storing, and the
repeating.

135. A method for characterizing a sheet metal part, the
method comprising the steps of:

a sensing operation providing physical dimensions of an
actual sheet metal part before, during and/or after a
forming operation;

a feature extractor computing, from these physical dimen-
sions, a measured material flow metric, the measured
material flow metric being representative of the geom-
etry of the actual sheet metal part after the forming
operation,

retrieving, from a computer veadable data storage device, 60
reference data that vepresents the vesults of a set of
simulations of the forming operation, each simulation
being associated with a forming operation data set that
characterizes the simulation, and a simulated material
flow metric that is a vesult of the simulation;

a matching unit determining, from the reference data and
the measured material flow metric, a matching forming
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operation data set whose associated simulated material

flow metric most closely matches the measured mate-
rial flow metric, wherein the matching forming opera-
tion data set comprises at least one of:

process parameters of the forming operation;

state variables of the simulated sheet metal part after the

forming operation;

based on at least one of process parameters and state

variables of the matching forming operation data set,
modifving process parameters; and

performing a forming operation with the modified process

parameters to produce a further sheet metal part.

16. The method of claim 15, wherein the reference data
comprises at least one of a simulation data set and class
definition data and mapping information; wherein

the simulation data set comprises a plurality of forming

operation data sets and associated simulated material
flow metrics, the forming operation data sets compris-
ing at least one of: process parvameters of the forming
operation, forming operation vesult data and the geom-
etry of a simulated sheet metal part, and the simulated
material flow metric being vepresentative of the geom-
etry of the flange area of the simulated sheet metal part
dfter the forming operation; and

the class definition data defines classes within the simu-

lated material flow metrics;

the mapping information defines one or more mapping

functions, defining a mapping from material flow met-
vics to forming operation data sets, with either a set of
one or morve mapping functions being defined globally
over all material flow metrics, or a set of one or more
local mapping functions for each class, being defined
over the material flow metrics corresponding to that
class.

17. The method of claim 15, comprising the further step
of outputting, on a display device or on the actual sheet
metal part, a visual vepresentation of data of the matching

Jorming operation data set ov putting a human ov machine

readable marking on the actual sheet metal part vepresen-
tative of the forming operation data set.

18. The method of claim 15, wherein the matching form-
ing operation data set comprises at least one of:

the geometry of the simulated sheet metal part after the

forming operation;

areas of defects of the part shaped by the forming process;

qualitative or gquantitative information on how to change

the process parameters of a forming operation in order
to achieve a desired process performance.

19. The method of claim 15, wherein the matching unit
performs the steps of.

given the measured material flow metric, determining a

class into which this measured material flow metric
falls;

returning, as matching forming operation data set, one of

the forming operation data sets with this class.

20. The method of claim 15, wherein the matching unit
performs the step of:

returning, as matching forming operation data set, a

matching forming operation data set inferred from the
measured material flow metrvic by means of a mapping
Junction.

21. The method of claim 15, wherein the measured mate-
rial flow metric and the simulated material flow metrics are
either the flange or the draw-in distribution or a combina-
tion of both.

22. The method of claim 15, comprising providing a data
storage device comprising stoved non-transitory compuiter
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program code which, when executed performs the sensing,
the computing, the retrieving, and the matching.

23. The method of claim 15, comprising providing a
computer system for characterizing a sheet metal part, the
compuiter system comprising a data processor, the computer
system being configured and programmed to execute the
sensing, the computing, the retrvieving, and the matching.

24. The method of claim 23, comprising providing a
sensing device arranged to provide physical dimensions of
an actual sheet metal part after a forming operation.

25. The method of claim 15, comprising the step of

using an evaluation of at least one of process parameters
and state variables of the matching forming operation
data set to do, during tryout or during production, at
least one of:

accept or reject the part;

adjust the process and tools if the part is not acceptable.

26. The method of claim 15, comprising the steps of

during production, based on at least one of process
parameters and state variables of the matching forming
operation data set, determining potential defects on the
part; and

providing feedback to operators ov equipment in order to
return a process that drifts away from acceptable limits
back under control.

27. The method of claim 15, comprising the step of

during production, providing for digital feedback for
closed loop control of equipment at least one of addi-
tional gquality control metrics, statistical information
and advisory data.

28. The method of claim 27, comprising the step of

performing closed loop control of equipment based on the
at least one of additional quality control metrics,
statistical information and advisory data.

29. The method of claim 28, comprising the step of

performing a further forming operation to produce a
Jurther sheet metal part.

30. The method of claim 15, comprising the steps of

providing for an operator at least one of additional
quality control metrics, statistical information and
advisory data,

displaving, on a display device, the at least one additional
quality control metrics, statistical information and
advisory data.

31. The method of claim 15, comprising providing a data
storage device comprising stoved non-transitory computer
program code which, when executed on a computer system,
performs the providing, the computing, the rvetrieving, and
the matching.

32. A method for producing sheet metal parts, the method
comprising the steps of:

producing an actual sheet metal part by a forming opera-
tion;

a sensing operation providing physical dimensions of the
actual sheet metal part before, during and/or after the
forming operation;

a feature extractor computing, from these physical dimen-
sions, a measured material flow metric, the measured
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material flow metric being representative of the geom-
etry of the actual sheet metal part after the forming
operation;

retrieving, from a computer readable data storage device,
reference data that represents the vesults of a set of
simulations of the forming operation, each simulation

being associated with a forming operation data set that
characterizes the simulation, and a simulated material
flow metric that is a vesult of the simulation;

a matching unit detevmining, from the reference data and
the measured material flow metric, a matching forming
operation data set whose associated simulated material
flow metric most closely matches the measured mate-
vial flow metric, whevein the matching forming opera-
tion data set comprises at least one of:

process parameters of the forming operation; and

state variables of the simulated sheet metal part after the
forming operation,

based on at least one of process parameters and state
variables of the maitching forming operation data set,
modifving process parameters; and

performing a further forming operation with the modified
process parvameters to produce a further sheet metal
part.

33. An apparatus for charvacterizing a sheet metal part,

COmprising.

a sensing device arranged to provide physical dimensions
of an actual sheet metal part before, during and/or
dfter a forming operation;

a feature extractor arranged to compute, from these
physical dimensions, a measured material flow metric,
the measured material flow metric being representative
of the geometry of the actual sheet metal part after the
forming operation;

a computer readable data storage device arranged to
allow retrieving of reference data that represents the
results of a set of simulations of the forming operation,
each simulation being associated with a forming
operation data set that characterizes the simulation,
and a simulated material flow metric that is a result of
the simulation;

a matching unit arranged to determine, from the veference
data and the measured material flow metric, a match-
ing forming operation data set whose associated simu-
lated material flow metric most closely matches the
measured material flow metric, wherein the matching
forming operation data set comprises at least one of:

process parameters of the forming operation;

state variables of the simulated sheet metal part after the
Jorming operation,; and

a unit arranged to:

based on at least one of process parvameters and state
variables of the matching forming operation data set,
modify process parameters; and

perform a forming operation with the modified process
parameters to produce a further sheet metal part.
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