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Inremental Sheet Forming -Proess Simulation with LS-DYNA
J. Zettler1, H. Rezai1, B. Taleb-Araghi2, M. Bambah2, G. Hirt21 EADS Deutshland GmbH, Münhen2 Institut für Bildsame Formgebung der RWTH AahenAbstrat. Inremental CNC sheet forming (ISF) is a relatively new sheet metal forming proess for smallbath prodution and prototyping. In ISF, a blank is shaped by the CNC movements of a simple tool inombination with a simplied die. The standard forming strategies in ISF normally use some kind of die inorder to inrease the auray of the �nal part. Therefore in this paper the main fous is on a proessvariation that uses an inremental die to replae the die. By using this new proess the tooling osts forthe die will beome minimal and the geometri auray is higher as without die. However, an empirialapproah to tool path optimization for an inreased auray will yield an enourmous experimental e�ort.This motivates the use of proess modeling tehniques.This paper deals with �nite element modeling of the �ISF proess with an inremental die system� in LS-Dyna. In partiular, the simulation setup and the tool path generation is explained in detail. We will alsogive a short summary of the state of the art in ISF and about the material modeling in LS-Dyna. The paperadresses mainly the industrial user who would like to perform ISF simulation without bothering about thedi�ulties of the simulation setup.
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 1 IntrodutionWith regards to the mass prodution of sheet metal omponents, a number of well-established formingmethods like e. g. deep drawing and pressing enable a seure, ost-e�etive and high-apaity manufaturingof omplex parts. Eonomially important �elds of appliation are e.g. body and strutural parts of passengervehiles or over parts of white goods whih are manufatured in very high volumes. Due to the omplexity ofthe employed dies and the elevated forming fores, these proesses require enormous investments for toolingand equipment as well as prolongated lead times until utilisability. In automotive industry, typial values forthe time to manufature and set-up a Deep-Drawing-die and the inherent osts are minimum three monthsand at least 1.5 Mio. Euros respetively [3℄. In the past, these high investments ould be ompensated byhuge volumes of one and the same part during long life yles.On the other hand, investigations and market analyses of prodution industries over the past years show anaelerating development towards an inreasing number of variants, lower volumes and shorter innovationyles [6, 9℄. As a result, sample parts and prototypes have to be available at very short term espeiallyin early design stages to avoid delays in the development proess of a new produt [8℄. Furthermore, theneed for �exible forming proesses that an easily be adapted to new shapes or geometri variants withoutexeeding tooling e�ort arises in order to ope with the inreasing ustomisation trend and the inherentlower quantity of parts to be produed [5℄.2 Proess Desription2.1 Traditional ISFAsymmetri Inremental Sheet Forming (AISF) is a relatively new method for sheet metal forming. It enablesa �exible rapid prototyping and eonomial low bath prodution of omplex parts. This is aomplishedthrough �kinematial� forming: the �nal part is obtained by the ontinuous ation of a CNC ontrolled formingtool. Due to the loal ation of the forming tool, the fores an be kept low. This enables additional toolingto be made of heap materials (e. g. wood or resin), redued in geometri omplexity or even omitted,whih redues the set-up osts. It is di�erentiated among �single-point� (SPIF) and �two-point� (TPIF)forming . The proess variants have the same forming onept, aording to whih a metal sheet is lampedwith a blank holder and then formed by the ontinuous movements of a CNC ontrolled forming tool. Thedi�erene, however, is the tool onept, itself. In SPIF, there is no support tool used. TPIF uses a partial ora full die as a support tool. This inreases the geometrial auray but redues the �exibility of the method(see Figure 1).
PSfrag replaements forming toolblank blank holder

dieless partial dieFigure 1: Comparison between Dieless and Partial Die ISF [4℄
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 2.2 ISF with Inremental DieAs we have seen in the previous hapter, if the traditional ISF proess is used we either have to use a fulldie, partial die or form without a die with redued geometri auray.Therefore a proess variation has been developed that uses an Inremental Die as a die replaement (SeeFigure 2). We will all this variation �Inremental Sheet forming with Inremental Die� (ISFID).
PSfrag replaements

Master Tool
Inremental DieFigure 2: ISF with Inremental DieBy using suh a devie we have the possibility to support the sheet loally where it might be neessary. Thisbrings us some bene�ts suh as the following� High �exibility beause the tool path an be adapted for both devies independently� Possibility to form parts with inner isles without removing the part form the blank holder� Nearly no die tooling osts� Geometri auray is higher then in traditional ISF dieless formingFor improving geometri auray of a part a method would be to form the part with a toolpath produedby a CAM software and afterwards measure it with a 3D sanner system. Make a new toolpath based on aspringbak orretion and form the part one again. This proedure is very time onsuming and requires alot of iteration steps until the desired auray is reahed. For this purpose we investigated the use of FEMmethods to simulate the proess of ISFID and furthermore redue the urrently neessary hardware trials toa minimum.

6. LS-DYNA Anwenderforum, Frankenthal 2007 Metallumformung I

C - I - 11



 
 

 
© 2007 Copyright by DYNAmore GmbH 

 3 ISF with Inremental Die - Proess Modelling3.1 Basi Setup and Element SeletionThe two tools are modelled as rigid bodies with a very �ne mesh ompared to the sheet whih is modelledwith shell elements or ontinuum elements (Figure 3).
PSfrag replaements Sheet Master tool

Inremental DieFigure 3: Simulation SetupAs you an see in Figure 3 the sheet is already meshed adaptively in the areas where the tools will move aroundlater on. This mesh re�nement is done with the *CONTROL_ADAPTIVE_CURVE Keyword whih uses the toolpath projetion as input data. This way, there is no need for adaptive remeshing during the simulation andsimulation time is redued. The shell mesh itself is either of type 2 or 25 for simulations where a springbakalulation is not neessary, or of type 16 or 26 where a springbak alulation will be performed (type 16/26are fully-integration elements). The types 25/26 are new types of shells whih inlude thikness streth toaount for stresses whih at normal to a shell element. Those elements are mainly used beause in theproess of ISF most of the stresses introdued by the two tools at normal to the sheet. If the standard type2 shell is used, those fores are just negleted and therefore the results are not that aurate. In Figure 4you an see a omparison of the z-stress at a setion ut right through the middle of the sheet at the end ofthe forming with a type 2 shell element (solid line) and a type 25 shell element (dotted line). If the thiknessstreth is onsidered, as it is with type 25, then the stresses are muh higher as with the type 2 elementwhere the stresses are more or less equal to zero. Another possibility to inlude fores normal to the sheetsurfae would be to use ontinuum solid elements. A major drawbak when using this kind of elements isthe alulation time whih inreases by a fator of 10 to 20 if we selet at least 3 elements through thethikness. A omparison of the FE-results optained by shell 25 and the solid element formulation has alsoshown that the solid elements an be replaed by the type 25 shell elements without having to worry aboutthe simulation results as far as we only use 3 solids for modeling the sheet thikness. If we use more solidelements for the thikness the results may beome more aurate ompared to shell type 25/26.
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PSfrag replaements Z-stress Distane along SetionFigure 4: Comparison of loal Z-Stress values between Shell element type 2 and type 25In the FE setup the sheet is lamped on all four sides so no relative movement of the sheet is possible. Thetool movement is realised using the *BOUNDARY_PRESCRIBED_MOTION_RIGID Keyword for eah of the three
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 oordinate diretions X,Y,Z. As the toolpath is one of the most ritial parts in the simulation setup we willfous on this topi in setion 4. The ontat between the tools and the sheet is realised using a Surfaeto Surfae forming ontat (*CONTACT_FORMING_SURFACE_TO_SURFACE). Other ontat desriptions like*CONTACT_AUTOMATIC_SURFACE_TO_SURFACE have shown to entail a larger alulation time for the proesswithout any bene�ts onerning the results. The material model we use for the proess depends mainly onthe investigated material. For Al99.5 a di�erent model then for TiGr3 or Ti6.4 is neessary. Setion 3.2fouses on this issue in more detail.3.2 Material Modell seletionThe mat model used for the simulation is *MAT_024 (*MAT_PIECEWISE_LINEAR_PLASTICITY) and *MAT_036(3_PARAMETER_BARLAT). For both material models, tensile tests on strips were onduted to obtain the yieldurve. In the tensile tests, rupture ours at around 30% engineering strain. Therefore, an extrapolation ofthe obtained urve up to a true strain value of one is neessary beause ISF entails suh a large strain.Furthermore, the anisotropi behavior for the BARLAT model is desribed through the �Lankford oe�ient�or the �R-value�. For pratial purposes, measurements are taken of strains in width and length diretion andthe R-value is omputed by the following equation, assuming a onstant volume.R = ln( WW0 )ln( WW0 ) + ln( LL0 )Here, W and L are original width and length, respetively. Investigations on benhmark parts have shownthat the anisotropy phenomena do not a�et the forming by AISF sine the forming zone is relatively smallin AISF [2℄. In most ases, the simulation results are aurate enough using the isotropi material model*MAT_024 for all kind of materials (TiGr3 or Al99.5 or Stainless Steel).3.3 Mass salingAs we use LS-Dyna (mainly an expliit FE solver), we have to take are of dynami e�ets that may a�etthe simulation results. Espeially if we want to speed up the whole simulation with methods like mass ortime saling. Normally the rigid tools move around at a maximum speed of 0.6m/s. This is related to themaximum speed of the system in reality. For some benhmark parts the proess time in reality is around 20-30minutes. If we use a time vs. position urve that equals exatly the movements in reality then the simulationtime would be 2-3 weeks, ompared to 20-30 minutes in reality. To speed up the simulation the �rst idea isa speed up for the tool movements, this results in a time saling for the time vs. position urve. The seondoption is mass saling where the minimum time step is �xed to a lower bound. If we use shell elements forthe modeling of the sheet we are able to set the minimum time step to a value of 10�4s ompared to 10�8sfor the initial time step used without mass saling. This redues the simulation time signi�antly and ourbenhmark problem was solved in 2 hours. As we speed up the proess, the dynami e�ets in�uene theresults more and more. To evaluate the simulation results, an important value is the variable energy ratioin the results �le GLSTAT. It should be equal to 1 throughout the proess. If the dynami e�ets introduedby mass saling or time saling have a negative in�uene on the simulation results, then the energy ratio isthe �rst variable to look at.To ombine a proess speed up evoked by mass or time saling with a good energy balane (the energyratio is � 1) the desription of the tool path is one of the main in�uene parameters. If we an make shurethat the desription of it is �smooth� then the dynami e�ets will also be minimized. In setion 4 a toolpath development is shown that an be used to ombine proess speed up tehniques with a perfet energybalane.
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6. LS-DYNA Anwenderforum, Frankenthal 20074 Tool Path generationThe tool path mainly determines the �nal auray of the �nal geometry. Therefore are has to be takenduring its generation.Generally we would like to have loal support of our inremental die everywhere the master tool is urrentlyin ontat with the sheet. Therefore we use the master tool path as a basis to onstrut the tool path forthe inremental die. In Figure 5 the relationship between the master tool and the inremental die is shown.If the tool path of the master tool is known then the tool enter point of the inremental die XS,Y S,ZSan be alulated (eq. 1).
Figure 5: Relationship between Master Tool and Inremental Die[XS; Y S; ZS℄ = ([i ; j; k℄ � (RS +RT + t)) + [XT; Y T; ZT ℄ (1)As the *BOUNDARY_PRESCRIBED_MOTION_RIGID requires a desription of the tool path either in time vs.veloity, time vs. position or time vs. aeleration we did some trials with the time vs. position input urveas this is the easiest one to transfer to from a CAM software. Unfortunately most of the FE alulationshad errors due to osillations of the sheet. One reason is the toolpath desription whih is just not �smooth�enough beause internally LS-Dyna is di�erentiating from position to speed and �nally to aeleration. As aresult, if our time vs. position urve is not at least C2-ontinuous we will get a time vs. aeleration urvethat leads to the osillations of the sheet. So we deided to diretly input the tool path data in the formtime vs. aeleration. By using this desription we also make sure that the aeleration will never exeedvalues that the mahines in reality also ould not attain. A similar approah has already been performed forthe AISF proess [1℄. In this paper the authors used a time vs. veloity approah for the tool path desriptionof geometries that an be divided in simple primitives like lines or irle segments. As we need a generalapproah to generate the tool path for free form surfaes that annot be divided into simple primitives anew development as we show here is neessary.We will not fous diretly on how we generated the basi toolpath for both mahines as this depends a loton the CAM software. The input we use to generate the time vs. aeleration urves for LS-Dyna is basedon tool path urves in the B-Spline format for the master tool as well as the inremental die. We generatethose B-Spline urves with a self written software working more or less like a CAM software e.g. the �naltool path is like a z-level milling operation with a onstant z-pith (see Figure 6).

Figure 6: Master toolpath and Inremental Die toolpath
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 4.1 The veloity funtionIn this part we onstrut a funtion v(t) wih desribes the veloity of the master tool movement alonga given urve '. On the basis of v(t) and the time-derivatives of the the input urve we ompute theaeleration values for the output in X,Y and Z diretion. To make sure that the absolute veloity andaeleration of the tool movement do not exeed the given spei�ations in form of vmax and amax , we haveto ompute the parameter set wih de�nes the veloity funtion in dependene of '. For our omputationswe used the following Parameters:'(u) irle (r = 200mm)vmax 600mmsamax 3000mms2�z 1mmN 4000Table 1: Parameter4.1.1 Parameter Determination of the veloity-funtionLet '(u) 2 R3 , u 2 [u0; u1℄ be an arbitrary C1-Curve wih desribes the toolpath. Let t0 represent the starttime and '(u0) the aording start position.First we have to ompute the ar length S of ' before we are able to build the veloity funtion. The arlength is de�ned as S = ∫ u1u0 k _'(u)kdu (2)We will now build the veloity-funtions v(t) and ompute the timevalue T in suh a way that it full�lls thefollowing onditions: (a) ∫ Tt0 v(t) = S(b) v(t0) = v(T ) = 0() _v(t0) = _v(T ) = 0(d) maxt2[t0;T ℄ v(t) 5 vmax(e) maxt2[t0;T ℄ _v(t) 5 amaxWe onstrut v(t) as a ombination of three funtions as follows.v(t; v0; a0) := 









va(t; v0; a0); if t 2 [to ; t1℄v0; if t 2 [t1; t2℄vb(t; v0; a0); if t 2 [t2; T ℄with va(t; v0; a0) := 1 � (sin(2(t � t0)� �)2 + (t � t0))vb(t; v0; a0) := v0 � va(t � t2; v0; a0)and 1 := a02 , 2 := �a0v0Note: The Notation v(t) is equivalent to v(t; v0; a0)To make sure that v(t) is C1-ontinuous we hooset1 = 2v0a0 + t0 (3)
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6. LS-DYNA Anwenderforum, Frankenthal 2007Through derivation we obtain a(t) := �v(t)�t (4)and now it follows that maxt2[t0 ;T ℄ v(t) 5 v0 and maxt2[t0;T ℄ a(t) 5 a0 (see �gure 7)
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Figure 7: v(t) and a(t)Based on the ar length S we determine the parameter values vo ; t2 and T . The omputation of a0 is moreomplex and will be disussed in 4.2.3. However we need a0 �rst to determine the other parameters.(We only ompute this parameter set for the master tool path '. For the omputation of the parametervalues for the inremental die see 4.3)De�ne the distane funtion s(t; v0; a0) := ∫ tt0 v(� ; v0; a0)d�Set a0 = âmax as omputed in 4.2.3A distintion is made between the following two ases:1. s(t1; vmax ; âmax) = ∫ t1t0 va(t; vmax ; âmax)dt 5 S2If this ondition is ful�lled then set v0 = vmaxt1 is determined as in (3) and t2; T will be omputed as follows:t2 = t1 + S � 2 � s(t1; vmax ; âmax)v0T = t2 + (t1 � t0)2. s(t1; vmax ; âmax) = ∫ t1t0 va(t; vmax ; âmax)dt > S2We determine v0 from the equation s(t1; v0; âmax) = S2t1 is now determined as in (3) and set t2 = t1T = 2t1 � t0

Metallumformung I

C - I - 16



 
 

 
© 2007 Copyright by DYNAmore GmbH 

 

6. LS-DYNA Anwenderforum, Frankenthal 20074.2 Time vs. Aeleration Output4.2.1 Aeleration omponentsDe�ne 'xt (t) := ( �'1(u(t))�t )k( �'1(u(t))�t )k and 'xtt(t) := �'xt (t)�tThe aeleration funtion âx(t) in x-diretion is determined byâx(t) = �(v(t) � 'xt (t))�t = a(t) � 'xt (t) + v(t) � 'xtt(t) (5)ây (t) and âz(t) the same way. For the omputation of the omponents, we need in general an approximationfor the time derivatives of the input urve as shown in 4.2.2.4.2.2 The time derivative of the input urveSet �t := T�t0N where N 2 N is the desired number of output values for a single path.De�ne T̂ = {t̂0; :::; t̂N} with t̂i := t0 + i � �t , i 2 f0; ::; NgThe appropriate distanes result inŜ = fŝ0; :::; ŝNg with ŝi := s(t̂i ; v0) , i 2 f0; ::; NgAording to Ŝ we ompute the parameter values ûi 2 [u0; u1℄ (e.g. using the Jaobi-algorithm) wih ful�llthe following ondition ŝi = ∫ ûiu0 k _'(u)kduand wih leads to Û = fû0; :::; ûNg , i 2 f0; ::; NgFinally we an de�ne the numerial derivatives '̂xt (t),'̂xt (t) as an approximation of 'xt (t),'xtt(t) through'̂xt (t̂i ) := ('1(ûi+1)�'1(ûi�1)2��tk ('1(ûi+1)�'1(ûi�1)2��t k and '̂xtt(t̂i ) := ('̂xt (t̂i+1)� '̂xt (t̂i�1))2 � �t (6)We are now able to ompute (5) for the disretisation T̂ (see Figure 8).âx(t̂i ) = a(t̂i ) � '̂xt (t̂i ) + v(t̂i ) � '̂xtt(t̂i ) , i 2 f0; ::; Ngây (t̂i ) = a(t̂i ) � '̂yt (t̂i ) + v(t̂i ) � '̂ytt(t̂i ) , i 2 f0; ::; Ngâz(t̂i ) = a(t̂i ) � '̂zt (t̂i ) + v(t̂i ) � '̂ztt(t̂i ) , i 2 f0; ::; NgIn Figure 9, 10 and 11 we an see the aeleration-funtions in X,Y and Z diretion (Figure 9) and the
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Figure 8: aeleration in X,Y diretion for one irleorresponding veloity- (Figure 10) and distane-funtions (Figure 11) (whih result through integration) for
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6. LS-DYNA Anwenderforum, Frankenthal 2007three onneted irles with onstant z-levels z1 = �1, z2 = �2, z3 = �3 and the radii r1 = 200, r2 = 199,r3 = 198 (see Table 1 for the used parameters)4.2.3 An estimation for a0We want to be sure that the absolute aeleration â(t) of the master tool is not exeeding the user-spei�edvalue amax . Hene we try to estimate a0 in suh a way that the initial onditionâ(t) = √â2x(t) + â2y (t) + â2z(t) 5 amax , 8t 2 [t0,T ℄ (7)will be full�lled. In the �rst plae we ompute an approximation of '̂tt with a0 = amax as in 4.1.1 - 4.2.2.We set m1 := mint2[t0,T ℄('̂xtt(t) + '̂ytt(t) + '̂ztt(t))m2 := mint2[t0,T ℄('̂xtt(t)2 + '̂ytt(t)2 + '̂ztt(t)2)M := maxt2[t0 ,T ℄('̂xtt(t)2 + '̂ytt(t)2 + '̂ztt(t)2)For the ase that the maximum of â(t) our in [t1,t2℄ where the tool runs with onstant veloity we haveto adjust vmax �rst.That means if v 2max �M > a2max then set vmax := amaxpM .Now we estimate a0 at t = t12 where the funtion a(t) (see (4)) has its maximum. We obtain with (3) thatv( t12 ) = vmax2 and a( t12 ) = amax . With t = t12 and the equations (5),(7) we reeive0 =â( t12 )� amax) 0 =((âmax � '̂xt ( t12 ) + vmax2 � '̂xtt( t12 ))2+(âmax � '̂yt ( t12 ) + vmax2 � '̂ytt( t12 ))2+(âmax � '̂zt ( t12 ) + vmax2 � '̂ztt( t12 ))2)� a2max) 0 =3â2max + vmax âmax � ('̂xtt( t12 ) + '̂ytt( t12 ) + '̂ztt( t12 )) + v 2max4 ('̂xtt( t12 )2 + '̂ytt( t12 )2 + '̂ztt( t12 )2)� a2max=3â2max + vmax �m1 � âmax + v 2max4 �m2 � a2maxFinally set âmax := �b+pb2�4a2a with a = 3, b = vmax �m1,  = ( v 2max4 �m2)� a2max4.3 Parameter values for the inremental die tool pathFor the inremental die tool path (w) 2 R3 , w 2 [w0; w1℄ we ompute the ar length Ŝ as in (2).Afterwards we determine the maximum veloity v̂0 and the parameter â0 withv̂0 = ŜT � t0â0 = a0 � v̂0v0using the time-value T omputed already for the master tool path. As for ' we just ontinue at 4.2.1 andthen both tool paths are in a form that an be used as a time vs. aeleration urve for the LS-Dyna solver.
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PSfrag replaements timeaeleration Figure 9: aeleration urves in X,Y and Z diretion
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Figure 10: veloity urves in X,Y and Z diretion
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Figure 11: distane urves in X,Y and Z diretion
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 5 Summary and OutlookThe main fous of this paper is the reation of a �smooth� C2-ontigous tool path as the toolpath is animportant aspet in the ISF proess simulation. The urrent approah we use is suitable for all kind of inputurves as long as they are represented as B-Spline urves. In this paper we only presented the tool pathgeneration for the inremental die based on the tool path of the master die. We realise this with a simplevetor multipliation that an be seen in Figure 5. The result is a synhronised movement between the bothtools. A lokal support for the master tool is realised in this way. We managed to use the aeleration of thetools as an input value in the time vs. aeleration urve. With our approah the most possible ontinuoustool path for arbitrary urves is usable for the simulation of the SPIF or AISF or ISFID proess. Simulationspeed ups with mass saling will now be possible with an exellent energy ratio.As the ISFID proess is very �exible we are also doing some variations where only one tool is movingdownwards in z-diretion and the other one is staying at the same z-level throughout the forming. With thisvariation sharp orners an be formed muh better then in the standard SPIF proess [7℄.In the near future a fous is on the springbak behaviour in ISFID and the orretion of it. Espeially the ISFIDsystem is suited very well for the orretion of geometries as either the inremental die or the master toolan push and support the sheet. No new die has to be manufatured. The idea is to perform a few iterationsteps by simulation of orreted tool paths until the desired geometry is reahed. After the simulation a�spring bak optimized� tool path is used for the mahine to form the part.6 AknowledgementWe would like to thank the European Government for the support of this work in the framework of the�SCULPTOR� projet in whih the authors urrently work on the development of an inremental die systemin ombination with CAD/CAM software development.7 Literatur[1℄ Bambah, M. ; Hirt, G. : Error Analysis In Expliit Finite Element Analysis Of Inremental Sheet Forming.In: Cesar de Sa, J. M. A. (Hrsg.) ; Santos, A. D. (Hrsg.): Amerian Institute of Physis ConfereneSeries Bd. 908, 2007 (Amerian Institute of Physis Conferene Series), S. 859�864[2℄ Bambah, M. ; Hirt, G. ; Junk, S. : Modelling and Experimental Evaluation of the Inremental CNCSheet Metal Forming Proess. In: 7th International Conferene on Computational Plastiity, 2003[3℄ Breun, F. ; Wohnig, W. : Werkzeugbau für Prototypen, Klein- und Mittelserien. In: Neuere Entwiklungenin der Blehumformung (1990)[4℄ Hirt, G. ; Ames, J. ; Bambah, M. : Eonomial and eologial bene�ts of CNC Inremental SheetForming (ISF). In: ICEM, 2003[5℄ Hirt, G. ; Ames, J. ; Bambah, M. : Basi Investigation into the Charateristis of dies and SupportTools used in CNC-Inremental Sheet Forming. In: IDDRG, 2006[6℄ Liewald, M. : New Developments in Forming Tehnologies for Aluminium. In: Aluform Congress, 2006[7℄ Maidagan, E. ; Zettler, J. ; Bambah, M. ; Rodríguez, P. P. ; Hirt, G. : A new inremental sheet formingproess based on a �exible supporting die system. In: Trans Teh Publiations (Hrsg.): Key EngineeringMaterials Bd. 344, 2007, S. 607�614[8℄ MKinsey&Company ; TU Darmstadt: HAWK 2015 - Herausforderung Automobile Wertshöpfungsket-te. 2003. � Materialien zur Automobilindustrie, Eigendruk, Verband der Automobilindustrie e. V.[9℄ MKinsey&Company ; WZL of RWTH Aahen University: Tomorrow's Automotive Prodution. 2006
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