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Abstract In hot die forging processes, the selection of an

ideal preform is of great importance with respect to cavity

filling and mechanical load. The common procedure in

order to define an adequate preform is the usage of Finite-

Element-Analysis (FEA), usually as an iterative process in

which various preforms are tested with regard to their

suitability. An approach that aims at reducing the number

of trials by proposing a first estimation of a suitable pre-

form is presented in this paper. It is conjectured that the

material flow paths and resistance can be described by the

cavity shape using the Medial Axis Transformation. Based

on this, a local inverse material flow for time discrete steps

is calculated. The result is a first estimation of an adequate

preform shape within a few minutes as an input for further

FEA. FE-based parametric design optimization procedure

is then presented and compared to the inverse approach,

which is identified as a useful complement for the forward

simulation technique.

Keywords Hot die forging � Medial Axis

Transformation � Preform estimation

1 Introduction

In hot die forging, complex shapes are commonly produced

in a multiple stage process. The design of the process’

intermediate shapes plays a decisive role for the quality of

the formed product as well as the required forming load

and hence the economic efficiency of the production pro-

cess. Classically, the selection of appropriate preform and

die design is based on experience and supported by Finite

Element Analysis (FEA). The forming sequence is usually

designed backwards, starting with the given finished parts

and going through intermediate shapes to the initial billet.

Each forming stage requires several forward simulation

cycles since simulation tools do not support a backwards

procedure. This trial and error process has a high cost of

time and computing resources. Therefore, a software tool

that supports the (backwards) design of the process and

calculates satisfactory preforms in one step would result in

a faster and more economic process design.

Due to the economic impact, many studies deal with the

design of preforms pursuing different approaches, most of

them in combination with FEA. Various knowledge-based

systems have been suggested, which per definition depend

on an experience database. Also different methods have

been proposed using optimization algorithms that modify

process conditions in a systematic iterative manner until an

objective is reached. The major drawbacks are computing

and time cost. For an overview of the state-of-the-art of the

different approaches for the forging preform design, see the

work of Yang and Ngaile [1].

A reverse simulation technique combining FE-proce-

dure with the upper-bound method was proposed by

Chang and Bramley [2]. The main idea is to find a

velocity field that results in a minimum energy require-

ment for plastic deformation, whereas dies move
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backwards and boundary areas detach from the die cavity.

The velocity field results from the contact condition

between material nodes and die surface. The detaching of

nodes depends on the distance from contact nodes to the

boundary of a target shape (billet). Although the method

was successfully implemented on 2D plane strain cases

there is scarcely information available about an extension

to the 3D-space.

The 3D simulation program presented in the following is

a further development of a software prototype for back-

ward determination of the material flow developed by

Wienströer [3, 4], which is limited to 2D-simulations. The

inverse simulation system aims at a fast, design-integrated

determination of a reasonable preform for each forming

stage. Based on the calculation of resistance along main

material flow paths an adequate preform as a first estima-

tion for further FE-simulation can be achieved by this

method. Main paths of material flow are conjectured to be

defined by the geometry of the cavity and lie on the Medial

Axis (MA, see below) of the forging die cavity. A local

measure of flow resistance for points of the MA is then

defined, which relies on geometric entities such as the local

distance to the cavity surfaces. This local measure is used

to define a global measure of geometric resistance by

integrating it along shortest paths of the medial graph. This

leads to a displacement field which drives the inverse

simulation. The model of geometric resistance, the Medial

Axis Transformation (MAT) and the displacement graph

are the fundamentals of the inverse simulation and are

described below.

2 General

2.1 Geometric resistance

In the inverse simulation model it is assumed that the

greatest impact on material displacement is given by the

die geometry. Further, the intensity of material flow under

load depends on the resistance along the possible directions

for material flow which are determined by displacement

paths. These paths are defined by the cavity of the dies and

run parallel to the surface of the forming elements. The

possible displacement paths are represented in a graph

structure and are calculated by using the MAT. After set-

ting up the graph, a shortest path algorithm is used to

calculate the minimal geometry-dependent cost to go from

an inner point to points on the graph’s boundary which

correspond to the free surface of the workpiece, i.e., the

surface with no contact to the die. The resulting distribu-

tion of geometric resistance values on the boundary is a

measure for the ratio of volume displacement at the con-

tact-free workpiece surface.

2.2 Medial Axis Transformation

The MAT is a fundamental geometric construct [5, 6, 8]

and an alternative to common representations of geometric

objects such as boundary representation (BRep), con-

structive solid geometry (CSG) or discrete pixelized as

well as voxelized representations. A good overview of MA

computation up to 2004 was given by Attali et al. [7]. The

MAT in its original definition was formulated for 2D

objects, but is extendable to any number of dimensions. A

definition for a 3D setting is used in this paper. Further-

more, here the MAT is only computed for polyhedral ref-

erence sets, since the geometries in focus, i.e., the die

cavities of a forging press, are represented by triangulated

surfaces in this project.

The MAT describes a reference set S with boundary

surface qS by two unique, well-defined parts: the Medial

Axis M, which is the set of centers of maximal touching

balls and a real-valued radius function r defined on M [8].

An open ball B bounded by the sphere qB is touching qS, if

qB intersects qS in a non-empty subset of qB, and B \
qS = [. A touching ball is called maximal, if it is not

contained in any other touching ball. The radius function

gives the radius of the maximal ball for each point p of

M, which is the distance to the boundary in this point. The

points where qBp with center p intersect qS are called

footpoints of p. An example for a 2D Medial Axis is shown

in Fig 1. For a 3D body, the MA is in general of dimension

2, i.e., consists of surfaces1.

In general M consists of several connected components,

one inside and the others outside of S, compare Fig. 2.

Here, a connected component is a subset Mi of M so that

for any two points of Mi there exists a path in Mi joining

them. In the following, only the inner component is used,

where each point of M is also a point of S.

1 Note, that it is in general not a 2-manifold, since it can have

branches and fin-like structures.

Fig. 1 Cut through upper and lower die. The Medial Axis M of the

die gap S is shown with 3 exemplary maximal circles exhibiting

2-point and 3-point contact with the die surfaces qS
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A point p [ M can be classified looking at the type of

contact of its respective touching ball, see [9, 10]. The

point p is a

– sheet point, if Bp touches qS in exactly 2 points;

– seam point, if Bp touches qS in exactly 3 points;

– junction point, if Bp touches qS in at least 4 points;

– boundary point, if Bp has radius 0.

Sheet points lie on 2D manifolds which are bounded by

seams, boundary points and junctions. Seam points lie on

1-manifolds where 3 sheets intersect, and junctions are

points of intersection of several seams. Boundary points are

limit points of M and arise where M touches qS in sharp,

convex edges of the solid. An edge is convex, if two points

neighboring a point on the edge can be connected by a line

that lies completely inside the solid.

The MA concept is connected to Voronoi diagrams. A

Voronoi diagram of a discrete set of points X = {x [ R3}

called sites is a partition of space, such that each site xi is

mapped to a cell of the partition and the points in the cell

are closer to xi than to any other site xj. The cell boundaries

contain points which have two closest sites and junction

points of cell boundaries have more than two closest sites.

So, the boundary graph of a Voronoi diagram can be

described as the MA of R
3 n X with boundary X [6]

(Fig. 3).

The computation of Voronoi diagrams is a well under-

stood problem and there exist several implementations of

stable algorithms, see [11]. It is possible to approximate the

Medial Axis of a reference solid by filtering the Voronoi

diagram of a point sample of the solid’s surface. Since in

this project the solids are described by triangulations, the

vertices of the triangulation are the input. The filtering is

based on an approach by Turkiyyah et al. [12], using a

refinement for the triangulation proposed by Rivara [13].

The 3D algorithm then has 5 main steps:

1. Compute a Voronoi diagram of the input vertices.

2. Refine the input triangulation, so that a sampling

criterion is reached.

3. Filter all parts of the Voronoi diagram that lie inside

the solid, i.e., the closed die gap.

4. Clean up parts that arise due to discretization, but are

not a part of the Medial Axis.

5. Use an iterative least-squares scheme to locally

converge Voronoi junctions to medial points. This

takes the triangulation of the solid into account.

During the computation, radii are computed for all

Voronoi junctions, resulting in an approximation to the

complete MAT. The result is stored as a graph with the

filtered and converged Voronoi junctions as vertices and

the Voronoi edges as graph edges. The algorithm for

the Medial Axis computation was implemented in C??,

based on the CGAL library and has an interface to

MATLAB.

2.3 Displacement graph

Behrens et al. [4] used the Medial Axis in the 2D case to

describe main flow paths, i.e., paths of material dis-

placement. More precisely, they computed the MA

respective the die gap between the tool surfaces. In 2D,

the Medial Axis can be represented in a tree structure.

This concept is now extended to 3D. The MA of the die

gap, represented as surfaces in STL format, is computed

and the displacement paths are described by the weighted

medial graph G(V, E) called displacement graph, see

Fig. 4. Its vertices vi [ V store their positions, radii and

footpoints, while the edges ei [ E are weighted by the

difference of radii of their incident vertices. Graph edges

contain references to the Voronoi facets they border,

which allows to classify them as boundary (1 incident

facet), sheet inner edges (2 incident facets) or seam edges

([2 incident facets). Vertices are considered to lie on the

boundary, if they are incident to at least one boundary

edge. The shortest weighted paths between vertices in the

graph can then be calculated. A shortest path from vertex

vi to vertex vj has the property that there exists no other

path with a lower weight. Now, the single-source shortest

paths from a defined point or a quantity of points to

points on the boundary of the graph are calculated. The

boundary of the graph represents the free surface of the

material, i.e., the part where it is not in contact with

the tool. In the following, it is shown how to define the

weight of the graph’s edges so that they are a measure of

geometric resistance that has to be overcome to move

material along this path.

Fig. 2 Example for MA consisting of several components (in gray)

with some maximal circles. Only the inner one is considered
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3 Inverse 3D simulation program

The 3D inverse simulation is based on the geometric

resistance approach and the MAT. It is an iterative process

with discrete time steps that consist of four basic sub steps:

1. Calculation of displacement paths via MA.

2. Calculation of resistance values for boundary points of

the resistance graph which correspond to the free

material surface.

3. Remove volume at the free surfaces according to their

resistance values.

4. Attach volume at contact area between tool and

material.

The input geometries for the calculation of the MA are

the upper and lower die models in a Standard Tessellation

Language (STL) representation. The MA of the workpiece

is a subset of it that is limited by the workpieces surface.

The geometry-dependent flow resistance on the boundary

vertices of the MA-graph determines the quantitative dis-

placement of the material and is computed in MATLAB.

In a cutting plane, the Medial Axis or displacement

paths can be interpreted as a binary tree where directions of

flow are determined, see Fig. 1. For 3D objects, complexity

increases: the tree becomes a collection of surface elements

bordered by a graph, see Fig. 4. This leads to a massive

increase of the degrees of freedom for the material flow. In

the graph structure, a shortest path algorithm identifies the

paths of lowest cost from all resistance elements to the

boundary points and assigns them a weight in dependence

of the cost for reaching them. Dijkstra’s algorithm has been

chosen to identify shortest paths in an efficient manner

[14]. The edges are weighted corresponding to their adja-

cent MA-points resistance. The direction of displacement is

tangential to the local MA and along the gradient of

decreasing resistance. The assigned weights give an esti-

mation for the quantity of material displacement from the

free surface of the forging. The volume removed at the free

surface is then attached to the contact surface between tool

and workpiece so that volume constancy is fulfilled. The

total amount of material displacement for each calculation

step can be chosen manually and affects the height change

of the die.

Figure 5 shows the Medial Axis M between a segment

of the upper (UD) and lower die (LD). The degree of

plastic deformation is given by the angle between the tool

movement direction s and normal np of the tangent plane

Tp of the MA at point p. The angle gives the information on

the local orientation of the flow path with respect to the die

movement direction. A small angle indicates lateral mate-

rial flow, whereas a large angle indicates vertical flow. The

angle a between the footpoints fi and their projection dp on

Fig. 3 3D model of forging dies with the Medial Axis of the die gap.

The MA consists of several surface patches, connected at their

borders

Fig. 4 Close view of MA triangulation which is used as approxima-

tion to the MA graph

Fig. 5 Local setting at a point on the MA. Geometric resistance

depends on the normal vector np of the tangential plane Tp of M in p
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the MA indicates if the material moves between nearly

parallel die surfaces (large angle) or is compressed/can

expand due to inclined surfaces (small angle). The points pi

on the MA are connected in a graph structure. In its sim-

plest form, the geometric resistance kgr for a point p (in

absence of friction) is calculated in dependence of the MA

normal and radius by

kgr ¼ C � j cosð\ðs; npÞÞj � rðpÞ ð1Þ

The parameter r(p) is the radius of the maximal touching

ball, i.e., the distance between the footpoints fi and

p. The factor C is a calibration factor that is deduced

empirically. The material flow depends primarily on

geometric parameters of the dies. However, the material

flow depends also on friction between die and workpiece as

well as strain, strain rate and temperature. In the first

instance, the presented simulation program reduces the

forming process to a geometric problem. Technological

parameters have to be included in a further step to improve

the accuracy.

4 Forward simulation using optimization algorithm

The classical way to obtain an optimal preform shape is to

carry out FE-based simulations of the process under anal-

ysis and to modify the preform geometry in an iterative

manner. This approach requires carrying out and analyzing

numerous process simulations, which is very time-con-

suming and computationally intensive compared to the

inverse simulation technique. A means of minimizing the

overall analysis time is to use optimization software in

order to reduce the intervention of staff.

One objective within the framework of this research

work was to obtain a suitable preform geometry of the

billet in order to minimize the necessary forming energy.

To this end, a parametric design optimization algorithm has

been developed, where a coupling of different CAE soft-

ware packages has been realized (see Fig. 6).

The first instance of the algorithm is the CAD system

Pro/Engineer, where a parameterized model of a cylindri-

cal billet is created. This is exported and transferred to

HyperMesh for automatic meshing. The meshed billet is

then delivered to the preprocessor of the FEA software

Transvalor Forge 2011 to build up the simulation model,

assign material properties and to define boundary and ini-

tial conditions. After having setup the simulation model,

the computation is invoked and runs in batch mode.

Once the computational simulation terminates success-

fully, a subsequent evaluation of the necessary forming

energy is done in the postprocessor GLView. This simu-

lation chain has been attached to the optimization software

LS-OPT for further investigations, where a meta-model

based, D-optimal optimization strategy with domain

reduction has been chosen, see [15]. The design variable in

this case is the radius of the billet with the constraint of

volume constancy.

5 Results and discussion

5.1 Inverse simulation

The investigation on 3D bodies with basic forming ele-

ments build the groundwork for the transfer of simulation

from 2D into 3D space and provide insight into potentials

Fig. 6 Optimization process flow chart
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and open tasks with respect to the inverse approach. Fig-

ure 7 shows the results of an inverse simulation sequence

carried out on a 3D exemplary forging.

Main forming elements of the dies are a flange with

horizontal material flow and cavities with vertical flow. The

upper and lower die cavities differ in depth, draft angles and

curvature of the orifice and hence affect flow resistance

differently. The input and output files are in the STL format

and results can be exported as input for FE-simulations.

Edges at points where initial material displacement takes

place have no curvature as they are not regarded at present

by the algorithm. Meshes which exhibit wrinkles due to re-

meshing during the procedure can be smoothed by standard

CAD software. The inverse simulation method gives rea-

sonable results, though systematic quantitative analysis of

results with respect to reference forming processes has to be

carried out in a second validation step. In order to get

process specific reference preforms, forward simulations

have to be performed like they are described in Sect. 4 of

this paper. It should be mentioned that the final result is not

geometric primitives like, e.g., cylinder, which are usually

the first input in practical applications. That reflects one of

the main difficulties that have to be solved: an admissible

target shape domain and an according condition for

releasing contact knots have to be predetermined.

5.2 Forward simulation

The optimization from LS-OPT, see Sect. 4, showed that a

maximum admissible billet radius is the case where the

least amount of plastic deformation energy is needed to

obtain the desired final part geometry. This radius happens

to be the same radius as the lower die inner radius. If a

closer look is taken on the process itself it can be seen that

the forging process is a combination of an upsetting and

extrusion process. The greater the radius of the billet the

less material flow and thus deformation energy is needed to

obtain die filling. For this billet geometry the forging

process consists only of a pure extrusion process as the

billet already lies against the lower die wall.

The time necessary to obtain this solution was 30 h as 48

process simulations had to be carried out until convergence

was reached2. Since computation time of the inverse sim-

ulation was less than one hour it can give a first estimation

of a reasonable preform, effectively limiting the parameter

range and reducing the number of iterations and compu-

tation time for the forward optimization. Nevertheless, the

inverse simulation approach does not deliver necessary

information on physical quantities itself. It provides merely

the geometry rather than the temperature, strain and stress

distributions in the workpiece material during forming.

Therefore a combination of both approaches seems to be

the most efficient way for preform geometry determination.

A pre-design of the initial billet geometry can be done by

means of the inverse technique and a subsequent adjust-

ment based on physical quantities of the process and the

workpiece can be done by means of FEA simulations.

5.3 Voxel representation

A mesh representation of the material during the back-

wards transformation has several drawbacks. The mesh

quickly degenerates and has to be repaired in intermediate

steps. Moreover the assignment of moving body-knots to

MA-knots is not unique and several definitions depending

on particular cases that may occur have to be formulated.

Therefore, other representation methods were evaluated

and a voxel representation may be better suited for the task.

A simple approach to convert a solid, e.g., represented as a

surface mesh, to a voxel representation, is to partition the

3D space in a regular cubic grid. Then each grid junction

(voxel) is assigned a boolean value, depending on whether

Fig. 7 Sequence of the inverse 3D simulation at different die heights

2 All computations were carried out on four Intel Xeon CPUs with

2.66 GHz and 8 GB RAM.
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the voxel lies inside the solid or not. Figure 8 gives an

example of voxel representation.

Additional attributes can be assigned to voxels, e.g.,

density distribution in medical imaging applications. This

property qualifies voxel representation for assigning geo-

metric resistance distribution over the forging part that

determines the material displacement in a forging step. The

Medial Axis of solids in voxel representation can be

approximated by a thinning operation which simulates the

grassfire propagation proposed by Blum [16].

6 Summary and outlook

A fast inverse 3D simulation method for a first estimation

of preforms in hot die forging processes starting from the

finished product shape was presented. The resistance for

material flow is determined by the geometric analysis of

the die cavity derived from a Medial Axis Transformation.

So far the simulation is being studied on rotationally

symmetric parts. A forward simulation in combination with

optimization technique was worked out in order to get a

reference with respect to the preform and time cost.

In the future, the potential of the 3D simulation program

for more complex shapes has to be investigated. The

change of shape over the calculation steps requires a robust

connection between moving points belonging to the medial

graph on the one hand and the distribution of material

volume on the other hand as well as the re-meshing of the

triangulated material surface. This is connected with

drawbacks for complex forgings. Voxel representations

were studied, which show potential for adoption to the

presented simulation system. Another crucial point is the

integration of production requirements. Forging processes

start with a primary preform that is subjected to production

process dependent limitations. The development of a

strategy of releasing knots in dependence of a target mor-

phology is a subject for further research to meet such

constraints.
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