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When a sheet metal forming operation, such as deep drawing, is followed by a trimming
operation the numerical springback is influenced by various physical parameters and numerical
factors. Two techniques of taking into the account the stress state change due to cutting in the FE
plate model are discussed in the present paper. The first technique concentrates on the effect of the
element mesh cutting and involves an accurate in-plane mapping of the state variables preceded
by a mesh adaptivity procedure that confirms the trimline. The second technique incorporates the
effects of the 2D cutting process performed with continuum elements in the deep drawing shell
element model, by means of a mapping strategy. The influence of these techniques of stress state
updating after trimming on the amount of the numerical springback of the whole product is the
major question to be answered in this article.
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1. Introduction
Springback is the elastically-driven, but not purely elastic, change of shape of a sheet
metal part upon unloading after forming (Wagoner 2002). Mostly these shape distortions
are not accounted for beforehand at the stage of tooling design. Therefore an extensive
experimental trial and error process has to be performed to determine the tool design that
will actually lead to the dimensionally accurate product. In addition the amount of
springback can be reduced by means of different control techniques, such as,
maintaining strong tensile forces in the deformed material, multi-step process, variation
of the blankholder force during the forming process, etc. (Wenner 1983). Nowadays,
with the wider use of high strength steels and various aluminum alloys in the automotive
industry, the springback problem becomes one of the greatest obstacles on the way of
forming a product that is in agreement with predefined tolerances since the old
guidelines are not applicable anymore. This engenders a large reject of formed parts that
are considered inadequate at the assembling stage (Wagoner 2002).
Generally, sheet metal parts are created by a sequence of manufacturing processes.
To avoid the time consuming and expensive experimental tool alteration, the amount of
springback after each forming operation must be predicted as accurate as possible and
accounted for at the tool design stage, by means of a springback compensation method
(see e.g. Wagoner et al., 2003 and Zimniak 2002). The industrial manufacturing
technology of most sheet metal parts comprises deep drawing and successive trimming
operations. Most researches in this field are concentrating on the cutting process itself
rather then on the shape aberration of the product after it. The difficulty in simulating the
springback and trimming operations was considered by (Kawka et al., 1998 and
Moesdijk 1998). This article discusses techniques that focus on the improvement of the
predictability of the springback of the product after trimming (Avetisyan et al., 2004).
The calculations described in this paper are performed with the finite element program
DiekA.
This article is organized as follows. In Section 2, the technique of in-plane data
remap is discussed. The description of the numerical trimming process modeling is
presented in general details. The mesh and stress state data manipulation techniques are
discussed. These techniques concern the improvement of the accuracy of capturing the
actual stress state in the material after trimming operation, which in fact improves the
accuracy of a springback prediction. Section 3 presents the results obtained by
application of the algorithms developed within the in-plane data remapping technique. In
Section 4 the second technique, namely the data transfer from cutting process to deep
drawing model, is considered. Results obtained when incorporating the second data
manipulation technique are presented in Section 5. Finally, in Section 6 conclusions of
this study are drawn.
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2. In-plane remap
The redistribution of internal stresses after the unloading of the part is the cause of
the springback phenomenon after a forming stage, such as deep drawing. In its turn the
trimming operation induces additional stress state change on the sheet metal. The force
unbalance provoked by cutting off a part of a product only aggravates the situation.
Springback simulation by the finite element method (FEM) has been attempted by
various types of codes. However, the accuracy of the springback simulation does not yet
meet the industrial requirements. The main cause is the inaccurate computation of the
stress state, just before springback. One of the reasons for the inaccuracy in stress state is
an inaccurate trimming simulation.
The present paper discusses a technique of taking into the account the stress state
change due to the element mesh cutting to improve the accuracy of the trimming
simulation. This technique involves an accurate in-plane mapping of the state variables
preceded by a mesh adaptivity procedure that confirms the trimline.
2.1. Trimming
The problem of the numerical trimming operation is already studied in general details
(Moesdijk 1998 and Zimniak 2002). It is analyzed as follows. In order to obtain the
residual stresses in the product at the end of the process before springback the part that is
cut off must be removed from the mesh, after which equilibrium is no longer satisfied.
Usually removing the part that is cut off is done by means of removing complete
elements. The unequilibrated forces can cause numerical problems at the next stage of
the simulation and therefore have to be balanced. The unbalance of the internal and
external forces is cancelled by means of stepwise reduction.
2.2. Trimming lines and planes
The trimming algorithm developed within the current study gives the opportunity of
numerical trimming of sheet metal parts described by shell element meshes. Currently
the numerical cutting can be performed along a collection of straight-line segments,
referred to as a piece-wise linear trimline. This enables the trimming of a product along a
curved line or an arc. The algorithm responsible for the trimming operation within
DiekA uses all information known after the forming stage preceding to trimming, for
instance the deep drawing stage. The trimline information is entered into the model by
means of creating a trimming plane or a number of trimming planes, which actually
emulate the cutting tools (knives). Each trimming plane is constructed on base of one
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straight trimline segment (vec1) and a vector tangential to the surface of the cutting tool
denoted (vec2). After the trimming planes are defined, the algorithm detects all cut
through elements of the mesh. All three sides of every element are checked for an
intersection with the trimming plane. Suppose node a and node b define one side of an
element, (vec). The question, whether or not an element has an intersection with a
trimming plane can be answered when solving equation (1) with respect to unknowns α,
β and γ.

origin + α vec1 + β vec 2 = node a + γ vec

[1]

The element side has an intersection with a trimming plane if values of unknowns α
and γ are between 0 and 1, whereas β ∈ (− ∞,+∞ ) . The intersection point can be found
with:
Intersection point = node a + γ vec
[2]
At this stage of the analysis when the intersected sides are known as well as the
intersection points two nodes of each intersected side can be distinguished as the inner
and the outer nodes with respect to the part that is kept as ‘the product’ after the
trimming operation.
2.3. Mesh disturbance and adaptivity
Now the process of numerical trimming is looked at more profound. The issue of FE
mesh disturbance (cut through of the elements), often neglected in commercial FE
packages, enhances the internal stress change along the trimline and might have
significant influence on the accuracy of the simulated springback. This is not of major
concern for cases when the mesh is sufficiently fine.

Trimline
Product

Product

Trimmed elements
Intact old elements
New elements

Figure 1. Mesh adaptivity
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But due to the fact that the computational time is an aspect that still retains high
priority, trimming of the coarse meshes has to be performed as accurate as possible. In
addition, usually, flat or shallowly curved parts are trimmed off, which in general are
coarsely meshed. In order to handle the mesh disturbance with respect to geometry and
stresses, a mesh adaptivity technique has to be chosen and implemented. As an example,
one such technique is illustrated in Figure 1, where an arbitrary mesh is adapted to an
arbitrarily defined trimline.
As can be seen in Figure 1, the nodes of the first row of the intact inner elements of
the mesh are moved to the trimline perpendicularly, i.e. along the normal from the node
in question to the trimline. The technique discussed above does not make use of the
information obtained when defining the trimmed elements. The resulting geometric
boundary of the product follows the trimline. However, the newly obtained elements are
rather distorted and appear to be bigger than the rest of the elements of the mesh. This
gives an idea about how much can the mesh be influenced by the adaptivity technique.
Therefore, it is necessary to investigate a number of mesh adaptivity techniques in order
to choose the one that produces a mesh with the best specifications. Different methods
adapting the mesh to a piece-wise linear trimline, such that exclusively inner and outer
elements are formed, were viewed. It must be noted that in all methods the nodes of the
trimmed elements are treated, i.e. moved to the trimline. Before node relocation two
types of nodes are recognized in the trimmed elements, the inner and the outer nodes.
The inner nodes are situated on the inner with respect to the trimline part of the mesh,
which is kept after trimming and forms the ‘product’, while the outer nodes fall into the
‘flange’ part of the mesh on the other side of the trimline. All methods had certain
amount of advantages and disadvantages with respect to mesh adaptation to the trimline.
The choice of the method of mesh adaptivity technique for the numerical trimming has
fallen on the one that produces the best mesh (least distorted) and that is relatively easy
to implement. This method works as follows, for each trimmed element side it moves the
node closest to the intersection point of the side with the trimline to the intersection
point. After subjecting the mesh to the chosen adaptation technique, elements will
already be confirming the trimline.
2.4. Data structure for elements inside trimline
After node relocation to the trimline, such that exclusively inner and outer elements
are formed, a data level structure was constructed, which distinguishes all nodes of the
mesh whether as the inner or the outer with respect to the trimline. The first step on the
way of building up such data level structure is to look at all elements that have their
nodes moved to the trimline, and tag these nodes as level 1 of the structure.
Subsequently, the neighboring nodes of the nodes on the trimline are looked at. If a
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neighbor node lies within the part to be retained, it is labeled as level 2 node. Once this
information is available the data level structure is built by a simple procedure. The
elements containing level 2 nodes are looked at and the nodes of these elements that
were not tagged yet are then labeled as level 3. This is done further inwards establishing
a number of inside levels until all nodes on the inside of the product are labeled.This
kind of data structure appears to be very handy for further algorithm development. An
extensive use of the opportunities offered by the data level structure is made in the
element improvement procedure described in the next section.
2.5. Centering as an element improvement method
Mesh manipulations, as described in the previous section, result in, to some extent,
disturbed mesh. The degree of disturbance depends on the quality of the original mesh
and, of course, on the shape of the trimline. In some cases such geometric defects can
spoil the accuracy of the springback prediction. In order to improve the shape and size of
the elements node redistribution known as centering algorithm (Wisselink 1999) can be
applied to the elements that were influenced by remeshing. The new coordinates of a
node are calculated as the mean value of all coordinates of the neighboring nodes.

N new =
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Figure 2. Centering method
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2.6. Data remap
At the stage when the mesh is geometrically adapted to the trimline and treated by
the centering procedure the elements close to the trimmed edge are altered to such extent
that a new stress state for these elements has to be calculated. It must also be noted that
due to node relocations the trimmed mesh will not be coplanar with the mesh prior to
trimming. The accuracy of the springback simulation then will depend on an accurate inplane state variable data-remapping algorithm from the old to the new mesh. The general
idea is to interpolate the data known in the integration points (IP) of the untrimmed mesh
to the integration points of the new, adapted to the trimline mesh. This method does not
contain data smoothing. The data-remapping algorithm can be developed in several
steps. First, the positions of the new integration points in the new element mesh have to
be determined. For a triangular element with three nodes and three integration points the
use is made of the Gauss interpolation matrix N for a linear triangle. Then, due to the
fact that old and new meshes are non-coplanar each new integration point has to be
projected on the old mesh, as shown in Figure 3.

old mesh
new mesh (after trim)
new IP
projected mesh
projected new IP
moved node
node (before trim)

Figure 3. Correlation of the old and the new meshes
Thereafter, the data for each new integration point is calculated from the state
variables of the old element, in which the projection falls. The state variable data is
extrapolated from old integration point to the old nodes. Next, the values of the state
variables known in old nodal points are interpolated to the projection point of the new
integration point in the old element. The values found are directly prescribed to the new
integration point in the new mesh. This completes the calculation of the new state
variables for each new integration point from the state variables of the old mesh. The
unbalance relaxation then is performed as mentioned in section 2.1.
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3. Numerical Results for In-plane remap
The different techniques of the trimming algorithm (see Section 2) will be analyzed
in this section. For this purpose, different deep drawn products were selected, e.g. a
rectangular product, a circular product, the Numisheet’96 s-rail, and a scaled down car
roof. All products were trimmed along different trimlines (with variation in position and
shape). Since the results of all sets of simulations showed the same trend, only the results
for the rectangular product will be discussed. The simulation model is built of discrete
shear triangle elements (Batoz 1989) with three integration points in the plane and five
integration points in the thickness direction. Because of the symmetry of this problem
only one quarter of the cup is simulated. The geometry of the rectangular tools and the
blank are given in Figure 4. The product flange is positioned in xy-plane at z = 0.

Figure 4. Tool geometry for rectangular cup
If not mentioned otherwise a blank with the thickness of 1 mm is used. The blank
material properties and the process parameters are listed in Table 1.
Material properties
Young’s modulus (E)
210000 N/mm2
0.3
Poisson’s ratio (ν )
250 N/mm2
Yield stress (σyield)
Nadai parameter (C)
550 N/mm2
Nadai hardening exponent (n)
0.22
Lankford constants (R0, R45, R90)
1, 1, 1
Process parameters
punch displacement
50 mm
blankholder force
200 kN
coefficient of friction
0.16
Table 1. Properties and parameters of the rectangular cup deep drawing problem
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A set of simulations is performed to investigate the influence of the different
trimming techniques on the springback behavior after trimming. To be sure that the
conclusions drawn from this set of simulations are generally applicable, a small
sensitivity analysis is performed. Thus, several additional sets of simulations are
performed in which the mesh size and the plate thickness are changed. Results and
conclusions from this sensitivity analysis are rubricated in the remainder of this section.
3.1. Influence of mesh size
In order to study the effect of the mesh size on the amount of springback after deep
drawing and trimming operations, this product was simulated with three different
meshes. The first mesh has a typical element length of 5 mm – medium mesh, with 6
elements covering the tool radii. This mesh is considered to be the default mesh for later
study of the effect of variations in the plate thickness and the tool radii. In the second
mesh, the average element length is 10 mm, which means that the tool radii are rounded
by 3 elements. This mesh will be referred to as coarse mesh. The last mesh discussed for
rectangular product is that having an average element length of 3mm, i.e. 10 elements
are describing the tool radius and the mesh is called fine. In Figure 5 a representative
trimline cutting off a part of the quarter of a rectangular cup is shown. The Trimline P
refers to the piece-wise linear trimline (A*-B*-C*) approximating the corner of the
‘product’ obtained after trimming. Numerical trimming is performed by a number of
trimming planes along the defined trimline. The Trimline P was applied to all three
meshes mentioned above.

y

B

C

z
x

C*

B*

A*
O
Figure 5. Quarter of the rectangular cup with trimlines

A

Trimline P
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Results for medium mesh
The results of the springback simulations after forming are presented in Figure 6 (a)
and (b). The vertical axis displays the z-coordinate of the plotted nodes, which can be
considered as the lateral deflection (midplane of flange is initially positioned at z = 0).
The horizontal axis displays the coordinate distance along the flange, starting from A (or
A*) to C (or C*). Note that Figure 6 (b) is a zoom-in of Figure 6a. The formed and
sprung back patterns of the untrimmed flange (A-B-C, see Figure 5) are plotted under
the legend entries forming and sb_whole, respectively; and, the deflected patterns of
trimmed flange (A*-B*-C*, see Figure 5) are plotted under the following legend entries:
– noC_noR: no centering or remap was applied during trimming;
– noC_R:
remap was applied without centering;
– C_R:
techniques were superimposed.
Figures 6 (a) and (b) illustrate the influence of the trimming algorithm on the amount
of springback of this product, when the centering and remapping procedures are applied
to the mesh in different combinations. All sprung back flange patterns show certain
amount of buckling. This is the effect of compressive stresses, which are apparently
present in some parts of the flange. The deflection of the untrimmed flange, referred to
as legend entry sb_whole, shows its maximum of 1.7 mm at point C (see Figure 5) and
minimum of -1.1 in the region 190-210 mm, which corresponds to the corner of the
product, i.e. point B. The magnitude of the sprung back buckling pattern of the
untrimmed medium mesh adds up to 2.8 mm.
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Figure 6. Deflection of the flanges (A-B-C) and (A*-B*-C*) for a medium mesh
Results shown in Figure 6 (b) correspond to the flange deflection patterns after
trimming (A*-B*-C*). The sprung back trimmed patterns vary from –0.95 mm to 0 mm.
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The range in simulation results is about the plate thickness. It can be explained by the
fact that a part of the internal stresses guiding the springback is removed. In addition the
trimmed flange lies closer to the product wall, therefore the amount of springback is
influenced by the structural stiffness of the product. In terms of the level of accuracy of
the springback prediction after trimming all three plots of trimmed flange ‘coincide’, i.e.
show insignificant differences for the overall product shape. Nevertheless, in terms of
comparison of results obtained after trimming with different combinations of developed
techniques, one can notice, that even though patterns noC_noR and noC_R mostly
coincide, they show certain deviation from each other. It can be explained by the fact
that for this particular mesh and trimline geometry, the new mesh obtained by the mesh
adaptivity procedure is distorted in such a way that some integration points along the
edge of the new mesh get their data from topologically different elements of the old
mesh (see Figure 3, Section 2.6). The springback of the flange trimmed without
centering but with remap is 0.025-0.05 mm bigger in regions 0-50 mm and 75-150 mm
than that of the trimmed flange without centering and without remap. The application of
the centering technique within trimming results in yet larger element shape and size
change before remap and therefore, the superimposition of both techniques leads to 0.05
– 0.1 mm (5-10% of the plate thickness) more flange deflection than after trimming
without centering and with- and without remap.
Next, the shape along the symmetry lines of the product after forming and springback
is presented in Figure 7. The z-coordinate is given as a function of the arc length along
the symmetry lines (C-O-A). The comparison of the trimmed flange deflection patterns
with the untrimmed flange aberration reveals the difference in springback that is caused
by the removal of the flange. Zooming in on the region 210-230 mm of the shape along
the symmetry lines (Figure 7 (b)) shows almost coinciding springback patterns after
trimming with- and without remap and centering.
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Figure 7. Plate shape after forming along lines of symmetry (C-O-A) and (C*-O-A*) for
a medium mesh
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The only visible difference between these plots is observed in the element on the
edge. The springback after noC_R trimming is only 0.06 mm larger than the springback
after trimming without application of the accuracy improving techniques, while the
comparison of the patterns without both and with the superimposition of the techniques
results in 0.15 mm (15% of the plate thickness) larger amount of springback in the latter
case.
Results for coarse and fine meshes
The results for trimming of the coarse and fine meshes along the Trimline P are
comparable to that obtained for the medium mesh. The centering method could not be
applied to the coarse mesh trimmed along Trimline P. The centering, as it is
implemented, is a procedure averaging the geometric position of all coordinates of the
nodes falling under the category of nodes of levels 2 and 3 in the data level structure, as
explained in Section 3.3. The trimline is positioned such that mentioned node levels of
the data structure for this coarse mesh are laying on the product curvature (tool
shoulder). When the centering is performed the nodes ‘penetrate the tool’, due to the
applied averaging. Therefore, a springback analysis becomes not possible (very likely,
the equilibrium was distorted). The deflection trend of the untrimmed and trimmed
flanges of the coarse mesh resembles that for the medium mesh. The same buckling
behavior, as observed for springback of the medium mesh, can be seen, whereas the
deflection range in z-direction is somewhat different. The deflection of the untrimmed
flange ranges from –0.8 mm to 1.3 mm. The magnitude of flange deflection adds up to
2.1 mm, which is 0.7 mm smaller than the same quantity observed for the default mesh.
When part of the blank material is removed by trimming operation the deflection range
is reduced to –0.6 mm to 0.1 mm, which is within two thirds of the plate thickness.
When no centering technique is applied within trimming, the only element shape and
size change takes place due to the geometric mesh adaptivity process to the defined
trimline. In general the coarser the untrimmed mesh the larger will be the rate of such
geometric change and therefore the more significant will be the influence of the in-plane
data remap on the amount of the springback after trimming.
The results obtained for the fine mesh are shown in Figures 8 and 9. The tendency
for the flange to buckle holds also for the simulations with fine mesh. For the fine mesh
the untrimmed flange deflection in springback has a magnitude of 3 mm (three times the
plate thickness). The sprung back flange patterns without centering techniques
(noC_noR, noC_R) coincide. The sprung back pattern with centering (C_R) deviates
only by 0.02 mm. This is an expected effect of application of mesh and data
manipulation techniques to a very fine mesh.
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Figure 8: Deflection of the flanges (A-B-C) and (A*-B*-C*) for a fine mesh
When the mesh is fine the techniques such as mesh adaptivity and centering are not
changing the shape of the elements to such extent that the data remap from the old to the
new mesh will significantly influence the stress state.
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Figure 9. Plate shape after forming along lines of symmetry (C-O-A) and (C*-O-A*) for
a fine mesh
Conclusions for Influence of mesh size
With respect to the springback of the untrimmed mesh, the magnitude of the
numerical springback increased with the decrease of the element size, with which the
blank was meshed. When meshed with an average element length of 10 mm, the range in
simulation results measured about 2 mm. Whereas, the springback amount for a mesh
with typical element length of 3 mm, resulted in total springback magnitude of 3 mm.
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The application of data remapping technique results in larger springback for meshes
that experience considerable geometric changes after trimming. In other words, the more
integration points of the new elements get data from the topologically different elements
of the old mesh, the larger the difference in springback after trimming with remap. The
extent of those geometric changes depends on the combination of the initial mesh size
and the position of trimline. The coarser the mesh, the more geometric changes will be
observed as a result of application of mesh adaptivity to the trimline and of centering
methods.
3.2. Influence of plate thickness
The previous section described the results obtained for the trimming of the default or
medium mesh (average element length of 5 mm) with the blank thickness of 1 mm. In
order to be able to make a fair comparison of the results with respect to the blank
thickness, a new set of simulations was performed with the same mesh and material
parameters but with a blank thickness of 0.7 mm. The formed mesh is trimmed along the
Trimline P (A*-B*-C*, Figure 5).
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Figure 10. Deflection of the flange and
(A*-B*-C*) for medium mesh with plate
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0.7 mm)

In Figures 10 and 11 the zoom-in’s of plots, similar to the Figure 6 (b) and 7 (b)
respectively, display the springback behavior of a 0.7 mm thick blank after trimming.
The total magnitude of the sprung back trimmed flange deflection (Figure 10) is 0.2 mm
to 1.2 mm and shows analogous buckling patterns. In addition, it can be noted that
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patterns in Figure 10 lay 1.2 mm higher than the ones shown in Figure 6 (b) (Section
3.1). The range in simulation results is about 1,4 times the plate thickness. This increase
in flange deflection, compared to the simulation in which a 1 mm thick blank was used,
is due to a decrease in structural stiffness when using a thinner blank. In terms of the
level of accuracy of the springback prediction after trimming, all algorithms give similar
results. Quantitatively, the difference in results for the blank of 0.7 mm measures 0.050.1 mm, which is up to 7-14% of the plate thickness.
Conclusions for Influence of plate thickness
All three sprung back flange patterns, after trimming with various combinations of
mentioned techniques, show similar deflection patterns and rates, compared to each
other, that were observed for the default mesh with plate thickness of 1 mm. However,
the magnitude of this deflection is bigger - within 1.4 times of the plate thickness and the
patterns lay 1.2 mm higher. Quantitatively, the difference in springback after trimming
results for given blank measures up to 7-14% of the plate thickness.
4. Cutting stress transfer
The stresses introduced by the cutting process itself might have an influence on the
springback behavior after trimming. To research this effect, the stress state due to cutting
must be incorporated in the plate element model, used for the sheet forming simulation.
The stress state resulting from a cutting operation can be calculated with a 2-dimensional
continuum element model, where use is made of an existing damage model (Brokken
1998). Then the stress state has to be translated to the 3-dimensional plate element
model, to account for the cutting effects in the sheet model.
The investigation of the stress state transfer technique from 2D to 3D at the trimmed
edge of the product will be considered. The question to be answered is whether the
accurate transfer of internal stresses, resulting from the blanking operation itself, to the
trimmed edge of the plate significantly influences the accuracy of a springback. It is
known from literature that these stresses usually affect only a narrow band,
approximately three times the plate thickness, along the trimmed edge. In general, the
shape of the whole sheet metal product is not expected to be largely influenced by the
incorporation of this ‘due to cutting’ stress state data in the trimming model. But even if
a small effect of this stresses will be observed in the amount of the springback after the
trimming stage, one can expect it to be rather important at the next forming stages, such
as the hemming stage, which is encountered for example in car door manufacturing
sequence of processes. This operation is used for joining two automotive body sheet
metal panels by bending the flange of the outer panel over the inner panel. The unwanted
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springback after the trimming operation can lead to problems during the assembling.
Therefore, all possible sources of stress change have to be investigated.
The developed algorithm incorporates the effects of the 2D cutting process in the
deep drawing simulation comprises several steps. First, the position of every integration
point P in a triangular sheet element (3 points in-plane and 5 through the thickness),
which falls in a three thickness wide edge band mentioned before, is described by means
of 2D coordinates (d, h). The coordinate d stands for the perpendicular distance of the
integration point from the trimming plane and h coordinate indicates the position of the
integration point in the thickness direction. As was mentioned before, data to be mapped
to these (d, h) points has to be obtained from 2D cutting simulation, using bilinear
quadrilateral elements. The position coordinates (d, h) defined for integration point P
determine the element in 2D mesh, in which this integration point is positioned. The
second step in the transfer algorithm comprises the state variable data interpolation from
the integration points of the 2D-quadrilateral element in question to the point P(d, h).
For this purpose, use is made of the standard interpolation functions of the bi-linear
quadrilateral element, which results in the interpolated stress state at point P(d, h). The
third step in the transfer algorithm is to transform the stress state at point P(d,h), which
is a 2-dimensional stress state, to a 3-dimensional stress state to be applied in the sheet
model (which has to be a plane-stress state). The 2-dimensional stress state is
transformed to a local coordinate system, which is tangent to the trimline. Then the
stress state is decomposed into the global coordinate system of the sheet model. In this
way, the 2D stress state is transformed to a 3D stress state applicable for plate model
simulations. As a result, only three independent stress components remain for the 3D
plate model, i.e. σ x , σ y and σ xy .
Finally, the rotated stresses introduced by the cutting operation are superimposed on
the existing stress state of the plate model (due to forming process). The following
procedure is pursued. First, the equivalent plastic strain of the 2D cutting operation
2 D cutting
ε EQ
is superimposed on the equivalent plastic strain calculated on base of the strain
plate
state in the plate model ε EQ .
combined
2 D cutting
plate
ε EQ
= ε EQ
+ ε EQ

[4]

The combined equivalent stress can be calculated by hardening law. In this article,
use is made of the Ludwik-Nadai or Nadai relation (equation 5), which offers a good
approximation of a large part of the true stress-strain curve (Boogaard 2002).
combined
2 D cutting
plate
)
σ EQ
= C (ε EQ
+ ε EQ

n

[5]
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In order to superimpose not only the values but also the directions of the state
variables the following average stress is introduced:

σ average = α σ 2 D cutting + (1 − α )σ plate
2 D cutting
ε EQ
where α = elastic
2 D cutting
ε EQ + ε EQ

and

elastic
ε EQ

[6]

can be calculated from the 2D cutting stress

state as follows:
elastic
ε EQ
=

2 D cutting
σ EQ

E

Then the average equivalent stress is calculated from the rotated cutting stresses.
average
σ EQ
=

3
2

σ average : σ average

[7]

By introduction of a scaling factor q (equation 8) it is possible to express the stress
combined
tensor σ
in terms of known quantities.
combined
σ EQ
q = average
σ EQ

[8]

Finally, the combined stress state is defined by:

σ combined = q ⋅ σ average

[9]

These superimposed values of equivalent plastic strain and the combined stress state,
defined by expressions (4) and (9), are returned to the plate model.
5. Numerical Results for Cutting Stress Transfer
This section shows the numerical results for the cutting stress transfer, as discussed
in the previous section.
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Material properties
Young’s modulus (E)
210000 N/mm2
0.3
Poisson’s ratio (ν )
273 N/mm2
Yield stress (σyield)
Nadai parameter (C)
1228 N/mm2
Nadai hardening exponent (n)
0.40
Lankford constants (R0, R45, R90)
1, 1, 1
Process parameters
punch displacement
50 mm
blankholder force
50 kN
Coefficient of friction
0.14
Table 2. Properties and parameters of the rectangular cup deep drawing problem
(material 2)
The 2D cutting simulation was performed by a special purpose program, Crystal. In
this simulation, a material with different properties is applied (compared to the material
used in section 3). The plate model is built of discrete shear triangle elements with three
integration points in the plane and five integration points in the thickness direction. The
blank material properties and the process parameters for the deep drawing simulation are
listed in Table 2. The blank thickness is 1 mm.
Two sets of simulations are performed, one set makes use of the default mesh size
(see section 3) while the other set makes use of the fine mesh (see section 3).
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Figure 12. Deflection of the flange (A*B*-C*) for default mesh (plate thickness
1 mm) with focus on cutting stress
transfer
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Figure 13. Zoom-in on the plate shape
after forming along the x-axis of
symmetry (O-A*) for default mesh with
focus on cutting stress transfer
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Each set consists of three simulations, i.e. a simulation without any of the discussed
techniques, one simulation which accounts for the centering and remap techniques only
and one simulation which accounts for centering, remap and the cutting stress transfer.
The focus of result discussing will be on the influence of the cutting stress transfer.
First the results for the default mesh will be discussed. Figures 12 and 13 show the
zoom-in’s of the z-coordinate of the flange and the x-axis of symmetry, respectively. It
can be seen clearly that the cutting stress transfer influences the springback pattern. The
magnitude of this influence is around 25% of the plate thickness.
Second the results for the fine mesh will be discussed. Figure 14 and 15 show the zcoordinate of the flange and the x-axis of symmetry, respectively. In this set of
simulations, it is even clearer that the cutting stress transfer influences the springback
pattern; the magnitude is now around 40% of the plate thickness. The difference between
the influence of the cutting stress transfer on the magnitude of the springback for the
different mesh sizes can be easily explained. In the 2D simulation, high local stresses
appear near the trimmed edge (note that the influence zone is only three times the plate
thickness, see Section 4).
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Figure 14. Deflection of the flange (A*B*-C*) for fine mesh (plate thickness 1
mm) with focus on cutting stress transfer
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Figure 15. Zoom-in on the plate shape
after forming along the x-axis of
symmetry (O-A*) for fine mesh with focus
on cutting stress transfer

In case of the fine mesh, the integration points of the plate element model, affected
by the transfer algorithm, are much closer to the trimline, resulting in higher stress state
compared to the default mesh, where the integration points are farther away from the
trimline. Besides, the density of the integration points affected by the cutting stress
transfer will be higher in case a fine mesh is used.
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6. Conclusions
Quantitatively, the springback after trimming with superimposed remapping and
centering techniques crops up to 5-15% of the plate thickness larger springback than
after trimming without application of mentioned techniques. A springback change of this
magnitude can be considered as negligible.
The transfer of the cutting stresses to the plate model results in bigger amount of
springback than any combination of centering and remapping techniques. For meshes
considered, the magnitude of the deflection after trimming with the transfer of the
cutting stresses is around 40% of the plate thickness. This measure will be larger if a
finer plate model mesh will be employed in the zone affected by the cutting procedure.
As a recommendation, another alternative of an accurate transfer of cutting stresses into
the plate model can be developed, which comprises an Equivalent Force-Moment model.
This model has to account for a complete stress field in 2D, and then impose this
Equivalent Force-Moment model on the trimmed edge.
The total influence of all techniques, developed for more accurate description of the
trimming operation with respect to the accuracy of springback prediction, stays within
the plate thickness of the product.
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