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Abstract 

In today’s business environment, the trend towards more product variety and customization is unbroken. Due to this development, the need of 
agile and reconfigurable production systems emerged to cope with various products and product families. To design and optimize production
systems as well as to choose the optimal product matches, product analysis methods are needed. Indeed, most of the known methods aim to 
analyze a product or one product family on the physical level. Different product families, however, may differ largely in terms of the number and 
nature of components. This fact impedes an efficient comparison and choice of appropriate product family combinations for the production
system. A new methodology is proposed to analyze existing products in view of their functional and physical architecture. The aim is to cluster
these products in new assembly oriented product families for the optimization of existing assembly lines and the creation of future reconfigurable 
assembly systems. Based on Datum Flow Chain, the physical structure of the products is analyzed. Functional subassemblies are identified, and 
a functional analysis is performed. Moreover, a hybrid functional and physical architecture graph (HyFPAG) is the output which depicts the 
similarity between product families by providing design support to both, production system planners and product designers. An illustrative
example of a nail-clipper is used to explain the proposed methodology. An industrial case study on two product families of steering columns of 
thyssenkrupp Presta France is then carried out to give a first industrial evaluation of the proposed approach. 
© 2017 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the scientific committee of the 28th CIRP Design Conference 2018. 
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1. Introduction 

Due to the fast development in the domain of 
communication and an ongoing trend of digitization and
digitalization, manufacturing enterprises are facing important
challenges in today’s market environments: a continuing
tendency towards reduction of product development times and
shortened product lifecycles. In addition, there is an increasing
demand of customization, being at the same time in a global 
competition with competitors all over the world. This trend, 
which is inducing the development from macro to micro 
markets, results in diminished lot sizes due to augmenting
product varieties (high-volume to low-volume production) [1]. 
To cope with this augmenting variety as well as to be able to
identify possible optimization potentials in the existing
production system, it is important to have a precise knowledge

of the product range and characteristics manufactured and/or 
assembled in this system. In this context, the main challenge in
modelling and analysis is now not only to cope with single 
products, a limited product range or existing product families,
but also to be able to analyze and to compare products to define
new product families. It can be observed that classical existing
product families are regrouped in function of clients or features.
However, assembly oriented product families are hardly to find. 

On the product family level, products differ mainly in two
main characteristics: (i) the number of components and (ii) the
type of components (e.g. mechanical, electrical, electronical). 

Classical methodologies considering mainly single products 
or solitary, already existing product families analyze the
product structure on a physical level (components level) which 
causes difficulties regarding an efficient definition and
comparison of different product families. Addressing this 
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Abstract 

In the context of Industry 4.0, the integration of digital technologies in manufacturing process chains is in progress in several 
industrial sectors. In this study, additive manufactured polymer extrusion dies were fabricated by continuous liquid interface 
production and tested in an extrusion production line. The possibility to integrate direct soft tooling manufacturing along with a 
digital twin environment in the process chain was conceived with great potential time and production cost reductions compared to 
the conventional process. The dies successfully withstood the demanding process conditions, yielding up to 1000 m of products 
with process conditions comparable to the conventional process. 
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1. Introduction  

Polymer extrusion is a highly established technique used to 
produce polymer sheets, films, pipes and profiles of different 
complexity, which is responsible for 30% of the plastic 
production in the world [1].  
With respect to the field of profile polymer extrusion, this 
process is able to produce kilometers of extrudate products, 
with complex cross-sections and at high production rate. The 
drawback is related to a slow, expensive and often iterative 
process needed for the manufacturing of the die, which is the 
core component that determines the final dimensions and 
quality to the extruded products.  

In the Industry 4.0 context, the market is pushing for faster 
and more efficient solutions required for meeting the demand. 
The raise of the forth industrial revolution alongside the 
development of new digital technologies could be a suitable 
period to explore new digital-enabled solutions for the 
extrusion process as well [2]. 

Following the latest outcomes reached in fields of injection 
molding (IM) by using additive manufacturing (AM) as the 
technology for the fabrication of molds [3], a similar approach 
can be studied and applied as well for the polymer extrusion 
process. 
The motivation in using AM for this purpose is the perspective 
of considerably reducing the lead time for the production of a 
die. However, since metal AM is still a relatively more 
expensive technology compared to polymer AM, it was decided 
to study the feasibility of this concept starting from using a 
photopolymer resin as the material for the production of 
polymer AM extrusion dies. Accordingly, continuous liquid 
interface production (CLIP), an evolution of the photopolymer-
based technology digital light processing (DLP), has been 
selected for this purpose with the expectation of realizing 
functional polymer extrusion dies [4]. Using photopolymers for 
the manufacturing of extrusion dies is an idea that goes back to 
about 20 years ago, but due to limited technology readiness at 
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the time it has not been yet fully exploited in order to become 
an integrated reality in the extrusion process chain [5].  

In this work, the CLIP technology has been used for the 
fabrication of 12 dies for two selected existing profiles using 
the photo-resin CE221 by Carbon 3D (Redwood City, 
California, United States). The results obtained by performing 
extrusion using the AM dies were compared with those 
achieved with conventional steel dies. The polymer AM dies 
have been tested on an industrial extrusion line yielding up to 
1000 m of extruded product with a single die. A productivity 
rate comparable to the conventional process chain using steel 
dies was eventually achieved. 

2. Additive manufacturing for the production of profile 
extrusion dies  

 The reason in choosing Additive Manufacturing for the 
production of extrusion dies relies on the geometrical 
flexibility and complexity that the technology is able to 
manage, without affecting its production cost or time. Despite 
these advantages in comparison with conventional tooling 
techniques, many issues raise when choosing AM for the 
production of dies. 

In profile extrusion, the main aspect that has to be 
considered is the final dimensional accuracy and surface finish 
required for the final extruded products. Given the relevant 
quality specification requested from the market, producing the 
dies with conventional CNC machining and EDM wire cutting 
perfectly fits with respect to these parameters. It is therefore 
necessary to put a lot of effort on characterizing the precision 
and accuracy achievable on AM parts, which has to comply 
with the specifications in order to achieve the desired quality 
during production. Currently, AM technologies find 
themselves highly challenged in delivering product quality 
comparable to that of CNC machined parts, even after accurate 
post-processing. This aspect is of extreme importance and 
worthy of deep investigations [6-8]. 

The second main challenge is the definition of a 
methodology in order to design optimized extrusion dies. Die 
design is a topic that is of great interest for the extrusion field 
and regardless the efforts of the scientific community, there are 
still opportunities for improvements. As a link between recent 
die design conceptualizations and the physical tooling 
production, AM could be the means for manufacturing 
optimized extrusion dies [9-12].  
Considering the broadness of the desired goal, this study will 
mainly concentrate on evaluating a suitable die design able to 
allow polymer AM dies to function properly enough for 
sustaining small productions of extruded products.  

3. Extrusion die design process 

An extrusion die is a highly engineered component designed 
by tooling engineers with years if not decades of experience in 
the field. Each die has a unique design that needs to be deeply 
customized and optimized for each extruded product. In order 
to do so, it is important to follow some general designing rules 
for the production of extrusion dies [13].  

Traditionally, the production of a steel die is the result of a 
complex design process characterized by several iterations and 
substantial testing efforts for the achievement of the proper 
geometry.  
Indeed, the initial die design is defined by the experience of the 
tooling engineer and can be divided into an assembly of several 
plates that are then fixed together and mounted on the extruder. 
Thereafter, a loop process between extrusion experiments and 
geometrical adjustments leads, after a certain amount of 
iterations, to the final die design which is approved for 
production.  
The know-how gained from hundreds or even thousands of dies 
allows industrial extrusion companies to deal with very 
complex profiles and their use with many different polymer 
grades.  

One of the main issues that stands out from the conventional 
tooling process described in Fig.1 is the large production lead-
time necessary before approving the final die design, which is 
then able to work for years and to produce hundreds of 
kilometers of extrudates. Even with decades of experience, the 
production of a complex die could take up to a month and 
between 10 to 15 adjustments for its final approval according 
to industry best practice. 

Fig. 1. Conventional phases for the manufacturing and approval of a die for 
production. 

The profile extrusion process is bound to the understanding 
of the polymer melt flow behavior and its transformation into 
extruded plastic profiles throughout the die. Given the complex 
multi-physical nature of the polymer melt flow, the 
understanding of the forming phase into extruded profiles 
products cannot currently rely solely on analytical calculations 
[14].  
Therefore in the scientific community, finite element analysis 
(FEA) and computational fluid dynamics (CFD) have become 
the most used tools to help the designing phase of extrusion dies 
throughout the last two decades, coupled with industries 
expertise. The geometrical optimization has to balance the flow 
through the die resulting in a constant velocity profile at the die 
outlet meaning that the deformations in the melt flow are 
minimized in order to yield conformal extruded products 
[15],[16]. Regardless, the gap between reality and the 
simulation world still has to be reduced in order to develop a 
reliable digital twin environment that could be able to support 
the die design through process simulation analyses. 

It is the perspective of a possible disruption in the profile 
extrusion field that encourages this study to explore the 
possibility to integrate new digital technologies such as 
Additive Manufacturing and process simulations into the 
extrusion process chain.  
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3.1. Design for Additive Manufacturing 

Polymer additive manufacturing have the potential to unlock 
new optimized die design solutions that could lead to improve 
the entire extrusion process, meanwhile reducing production 
time and cost. It is now feasible to explore new geometries and 
designs that cannot be manufactured with conventional tooling. 
Polymer AM dies could establish an additional layer in the die 
design process,  supporting the prototyping phase of new 
profiles, which is currently expensive and complicated to 
address according to industry best practice.  

When choosing polymer AM as the technology to 
manufacture extrusion dies, it is necessary to innovate the entire 
die design process if the advantages of AM are to be exploited. 
It is only recently that AM industries have been active in the 
process to develop polymers able to withstand relevant stresses 
and temperature that could be eventually employed instead of 
metal parts. 

 Therefore, it is necessary to find a suitable material that can 
withstand the process conditions for a sufficient amount of 
time, temperature and pressure to reach the level of a pilot 
validation production. The selection of the CE221 material by 
Carbon 3D was based considering the heat deflection 
temperature (HDT), which is a parameter that defines the 
temperature at which a polymer sample deforms under a 
specified lead. The HDT for CE221 is 201°C, following the 
ASTM standard D648 at 1.8 MPa [17]. The mechanical 
properties of the CE221 and of the tool steel H13 used for the 
reference dies are listed in Table 1. 

Table 1. Mechanical properties comparison [18],[19]. 

With regards to the design method used for this 
investigation, some considerations have been made before 
proceeding with the actual testing of the polymer AM dies. 
Some choices have been made in order to prolong as much as 
possible the tool life of the polymer dies, meanwhile aiming for 
high-quality extrudates. TPE materials are normally processed 
at melt temperatures between 150 and 200 °C and extrusion 
pressure in the range between 40 and 80 bar. Therefore, a soft 
TPE has been chosen in this study for the production of the 
extruded products.  Other polymer grades for extrusion of rigid 
products need to be processed at more demanding process 
conditions such as melt temperature up to 250 °C and pressure 
values up to 250 bar. At the same time, the die surface finish 
affects less the tendency to burn of TPEs compared to other 
polymers. Therefore, rougher surfaces on the AM dies have, in 
this case, less influence on the final quality of extruded TPEs 
products. Regardless, these are still very demanding conditions 
for dies made in polymer and a redesign for reinforcing the die 
structure is also necessary. Additionally, the geometry strongly 
affects the melt flow which has a predominant impact on the 
final quality and dimensional accuracy and precision along the 
production of the extrudates. Therefore, the die design has to 
include all these aspects, Fig. 2. 

Fig. 2. Main considerations taken into account for polymer AM die design 

In order to comply with these considerations, a conical inlet 
shape has been designed on top of the die landing, following 
the extrusion die design literature. Indeed, this design choice 
reinforce the structure increasing the thickness, but slightly 
affecting the pressure on the die, which is mostly dependent on 
the land length or in general by tight passages through the die. 
Simultaneously, the chosen design avoid abrupt changes in 
order to smoothen the flow of the melt through the die. 

3.2. Extrusion digital twin 

The current method used for manufacturing steel dies has 
decades of history justified by the high precision and accuracy 
achievable when using conventional tooling. Within the context 
of Industry 4.0, the market requirements are increasing and 
asking for faster solutions able to provide shorter time to market 
than today. There is therefore the need to analyze the extrusion 
process from modern directions, thus including new digital 
tools for meeting the market expectations. 

Given the relevant improvements of IT-driven technologies 
achieved over the last few decades, the possibility of creating a 
digital twin environment for extrusion has been evaluated 
throughout this investigation. Simulation analyses are 
becoming a must in every field, thanks to the huge 
computational power accessible at present as well as to the 
progress reached in simulation software technology. 

Additive Manufacturing is an IT-driven technology capable 
of transforming a digital design into a physical object without 
intermediate steps, thus connecting the digital with the physical 
world. 

The possibility of using simulation results as an input for 
digitally optimizing the die design is therefore the goal of a 
longer investigation that will follow up on this study. The 
ambition is to define a methodology for an automatic 
optimization of the die design through simulation results [20], 
which can be then reproduced by AM and then tested for the 
extrusion process. 

A scheme representing this concept is reported in Fig. 3, 
showing in red the digital tools involved for the die design 
definition and in blue the technologies used for manufacturing 
the dies and then the extruded products. The method combines 
the flux of information flowing through both the digital and 
physical loops. 
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In order to comply with these considerations, a conical inlet 
shape has been designed on top of the die landing, following 
the extrusion die design literature. Indeed, this design choice 
reinforce the structure increasing the thickness, but slightly 
affecting the pressure on the die, which is mostly dependent on 
the land length or in general by tight passages through the die. 
Simultaneously, the chosen design avoid abrupt changes in 
order to smoothen the flow of the melt through the die. 

3.2. Extrusion digital twin 

The current method used for manufacturing steel dies has 
decades of history justified by the high precision and accuracy 
achievable when using conventional tooling. Within the context 
of Industry 4.0, the market requirements are increasing and 
asking for faster solutions able to provide shorter time to market 
than today. There is therefore the need to analyze the extrusion 
process from modern directions, thus including new digital 
tools for meeting the market expectations. 

Given the relevant improvements of IT-driven technologies 
achieved over the last few decades, the possibility of creating a 
digital twin environment for extrusion has been evaluated 
throughout this investigation. Simulation analyses are 
becoming a must in every field, thanks to the huge 
computational power accessible at present as well as to the 
progress reached in simulation software technology. 

Additive Manufacturing is an IT-driven technology capable 
of transforming a digital design into a physical object without 
intermediate steps, thus connecting the digital with the physical 
world. 

The possibility of using simulation results as an input for 
digitally optimizing the die design is therefore the goal of a 
longer investigation that will follow up on this study. The 
ambition is to define a methodology for an automatic 
optimization of the die design through simulation results [20], 
which can be then reproduced by AM and then tested for the 
extrusion process. 

A scheme representing this concept is reported in Fig. 3, 
showing in red the digital tools involved for the die design 
definition and in blue the technologies used for manufacturing 
the dies and then the extruded products. The method combines 
the flux of information flowing through both the digital and 
physical loops. 



6 A. Turazza  et al. / Procedia CIRP 93 (2020) 3–8
4 Author name / Procedia CIRP 00 (2019) 000–000 

Fig. 3. Extrusion digital twin: in red the digital tools and in blue the 
technologies involved in the manufacturing process of a die.  

The first on top represents the validation process of the 
simulation model, which is the input for the physical 
manufacturing process of a die and that is constantly updated in 
order to depict as much as possible the reality. The second one 
starts with the simulations results as the input for defining the 
die design which is then transformed into a physical object 
through AM and then used for yielding production. The final 
goal of this digital twin embedded process is the automated die 
design optimization (including detailed profile along the die, 
die outer geometry, conformal cooling channels) a given profile 
using as input a dataset describing the process conditions and 
the material properties, both for the dies and for the polymer to 
process. As a result, the final generated geometries will be 
better suitable to be manufactured with AM rather than with 
conventional tooling due to the increased complexity of the die 
geometry and the presence of conformal cooling channels. 

3.3. Process simulations for the die design 

It is still a challenge to define the correct first-time-right 
design prior to physical validation experiments by only making 
use of extrusion simulation. A deep analysis is therefore 
essential for developing a reliable model that can properly 
describe the melt flow behavior for pursuing this goal. 
Accordingly, the Moldflow Insight software by Autodesk (San 
Rafael, California, United States) has been used in this study in 
order to lay the foundations of an extrusion simulation model 
for the melt flow visualization through the die.  

The simulation model for studying the melt flow through a 
die has been defined in Moldflow readapting the software as it 
shown in Fig. 4. 
The cylindrical geometry on the right side of Fig. 4 represents 
the adaptor that connects the extruder to the profile die. The 
cylinder on the left side is a component that has been added to 
close the geometry, since Moldflow reads the entire model as a 
closed mold. As it is shown on the right side of Fig. 4, the input 
for the simulations is a fully developed flow defined by the flow 
rate, which is possible to calculate knowing the geometry of the 
screw and the screw speed in rpm. The filling was the only 
phase that has been analysed since no packing nor warpage 
calculations are needed in extrusion as opposed to injection 
molding. 
The Navier-Stokes equations used by the solver can describe 
both injection molding and polymer extrusion. The Cross-WLF 
viscosity model is automatically used in Moldflow for 
describing the non-Newtonian behavior of the melt flow. 

A soft TPE having the characteristics of the material employed 
during the extrusion experiments was selected in the Moldflow 
database. Regardless, each polymer material can present very a 
different behavior even within the same family.  

Fig. 4. Extrusion simulation model adapted in Autodesk Moldflow.  

Therefore, the simulation results have been compared with the 
experimental results by evaluating the flow speed distribution 
along cross sections of the die, but without considering the 
absolute values. Differences in the flow speed on each cross 
sections correspond to deformations on the final extrudates. 
The geometrical optimization of the die cross section has to 
balance the flow along the entire length of the die profile 
balancing each cross section in order to obtain a balanced mass 
distribution throughout the die. This in turn will result in a 
constant velocity profile at the die outlet meaning that the 
gradient of deformations in the melt flow are minimized. This 
is a fundamental prerequisites to yield extruded products within 
specifications [21]. 

4. Experimental runs 

The experimental runs were carried out on an industrial 
extrusion line. The extruder used for both the sessions was a 
Cincinnati Proton 60 by Battenfeld-Cincinnati (Bad 
Oeynhausen, Germany).  

The diameter (D) of the screw was 60 mm, its length (L) 
equal to 1600 mm, the distance between the barrel and the 
screw (h) equal to 6 mm and the angle of the screw flights (φ) 
equal to 20°. 

The material used for the experiments at 150°C was a white 
TPE Thermolast® K TP6AFA produced by Kraiburg 
(Waldkraiburg, Germany), while the one used for tests at 
temperatures between 180°C and 200°C was a black TPE 
SantopreneTM 121-67W17 by ExxonMobil Chemical (Irving, 
Texas, United States), which presents a greater shore hardness. 

Twelve polymer AM dies for two existing profiles were 
tested on the industrial extrusion line. The first profile tested 
have a constant wall thickness of 1.2 mm and the main 
dimensions are 16 mm x 17 mm. The second profile tested 
presents a non-constant wall thickness, the main dimensions for 
this one are 21 mm x 22 mm and the smallest feature is a 
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diameter of 0.6 mm. In general, the wall thickness of the second 
profile is greater compared to the previous one, which resulted 
in a lower pressure drop. 

It has been necessary to machine the dies for allowing a 
proper coupling with the extruder as well as hand polishing the 
internal surfaces of the die land aiming at the quality 
specifications of the final extruded products.  
In Fig. 5, the production of the first profile is presented, using 
one of the polymer AM dies. 

Fig. 5. Extrusion polymer AM dies processing at line speed production of 10 
m/min, yielding products with a constant wall-thickness.  

The pressure values obtain for the first profile were between 
37 and 45 bar, while the ones detected for the second profile 
were between 20 and 29 bar. The pressure values are higher for 
the first tested profile given the smaller wall thickness. 
The screw speed has been raised from 1 rpm to 20 rpm for the 
first profile and up to 40 rpm for the second profile, which are 
the conditions used for their standard production rate with the 
steel dies, which is between 8 and 10 m/min for both the 
profiles. 

5. Results and discussion 

At first, the dies for the profile with a constant wall 
thickness, were tested yielding conformal extrudates without 
the need of adjustments. These experiments were carried out at 
a processing temperature of 150°C and at a line speed of 10 
m/min, generating pressure drop values through the dies of 40 
bar. During the most corresponding test, the AM die was able 
to yield about 300 m of conformal extudates. No tool failures 
occurred.  

With regards to the second profile tested, one of the dies was 
able to work at process temperature between 180°C and 200°C 
and at pressure close to 80 bar for a total of 2 hours and yielding 
about 1000 m of conformal product. The extrudate products 
yielded from this test are presented along with the die used in 
Fig. 6. 
In order to yield conformal extrudate produces, adjustments on 
the dies to achieve the required dimensions. Due to the 
polishing performed on the die, the surface finish was proved 
to be within the specifications by the engineers running the 
experiments. Regardless, the surface finish obtained is still not 
comparable with the product reference sample. The dimensions 
of the extruded profiles were controlled on an optical projector, 
using a scale of 5:1 for a better resolution of the small profile 
features, Fig. 7. 

Fig. 6. Polymer AM die for the selected profile with non-constant wall 
thickness and the extruded products yielded during the experimental runs. 

Fig. 7. Cross section measurements on the optical projector. Extrudate yielded 
at standard production speed shown. 

In total, the die has been mounted on the extruder 5 times, thus 
proving a relevant resistance of the CE221 to the heat applied 
both during the run up and the cooling production phases. The 
die was able to avoid tool failure and no cracks were detected 
after the end of the experiments. However, a displacement of 
0.1 mm has been located at the center part of the die.  
A 2 mm thicker die was tested under the same process 
conditions yielding extruded products. Learning from previous 
experiments, the die was adjusted and mounted on the extruded 
only once, aiming for the longest tool life. The test lasted one 
and a half hour yielding more than 500 m of conformal 
extrudates avoiding tool failure, cracks and die deformations.  
No tool failures occurred in all the tests. 

With regards to process simulations, Fig. 8 shows the flow 
through the original steel die in the top left corner and the one 
through the polymer AM die with the new design in the bottom 
left corner. On the right side of Fig. 8, the corresponding 
achieved extruded products are presented.  
The reference product obtain with the steel die shows a small 
enlargement on the top, while this condition is inverted when 
looking at the product obtain with the polymer AM die design. 
In the simulations, it is possible to visualize a non-even 
distribution of the polymer melt velocity considering that the 
polymer does not exits the die in the same moment all over the 
profile. This is an effect mostly appearing with regards to the 
profile with the non-constant wall thickness, which strongly 
affects the flow distribution, but it is also shown in the flow 
simulations carried out for the profile with the constant wall 
thickness.  
Indeed, Fig.8 shows this condition both for the original die 
design and for the design made for the AM dies. In the first 
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Fig. 3. Extrusion digital twin: in red the digital tools and in blue the 
technologies involved in the manufacturing process of a die.  

The first on top represents the validation process of the 
simulation model, which is the input for the physical 
manufacturing process of a die and that is constantly updated in 
order to depict as much as possible the reality. The second one 
starts with the simulations results as the input for defining the 
die design which is then transformed into a physical object 
through AM and then used for yielding production. The final 
goal of this digital twin embedded process is the automated die 
design optimization (including detailed profile along the die, 
die outer geometry, conformal cooling channels) a given profile 
using as input a dataset describing the process conditions and 
the material properties, both for the dies and for the polymer to 
process. As a result, the final generated geometries will be 
better suitable to be manufactured with AM rather than with 
conventional tooling due to the increased complexity of the die 
geometry and the presence of conformal cooling channels. 

3.3. Process simulations for the die design 

It is still a challenge to define the correct first-time-right 
design prior to physical validation experiments by only making 
use of extrusion simulation. A deep analysis is therefore 
essential for developing a reliable model that can properly 
describe the melt flow behavior for pursuing this goal. 
Accordingly, the Moldflow Insight software by Autodesk (San 
Rafael, California, United States) has been used in this study in 
order to lay the foundations of an extrusion simulation model 
for the melt flow visualization through the die.  

The simulation model for studying the melt flow through a 
die has been defined in Moldflow readapting the software as it 
shown in Fig. 4. 
The cylindrical geometry on the right side of Fig. 4 represents 
the adaptor that connects the extruder to the profile die. The 
cylinder on the left side is a component that has been added to 
close the geometry, since Moldflow reads the entire model as a 
closed mold. As it is shown on the right side of Fig. 4, the input 
for the simulations is a fully developed flow defined by the flow 
rate, which is possible to calculate knowing the geometry of the 
screw and the screw speed in rpm. The filling was the only 
phase that has been analysed since no packing nor warpage 
calculations are needed in extrusion as opposed to injection 
molding. 
The Navier-Stokes equations used by the solver can describe 
both injection molding and polymer extrusion. The Cross-WLF 
viscosity model is automatically used in Moldflow for 
describing the non-Newtonian behavior of the melt flow. 

A soft TPE having the characteristics of the material employed 
during the extrusion experiments was selected in the Moldflow 
database. Regardless, each polymer material can present very a 
different behavior even within the same family.  

Fig. 4. Extrusion simulation model adapted in Autodesk Moldflow.  

Therefore, the simulation results have been compared with the 
experimental results by evaluating the flow speed distribution 
along cross sections of the die, but without considering the 
absolute values. Differences in the flow speed on each cross 
sections correspond to deformations on the final extrudates. 
The geometrical optimization of the die cross section has to 
balance the flow along the entire length of the die profile 
balancing each cross section in order to obtain a balanced mass 
distribution throughout the die. This in turn will result in a 
constant velocity profile at the die outlet meaning that the 
gradient of deformations in the melt flow are minimized. This 
is a fundamental prerequisites to yield extruded products within 
specifications [21]. 

4. Experimental runs 

The experimental runs were carried out on an industrial 
extrusion line. The extruder used for both the sessions was a 
Cincinnati Proton 60 by Battenfeld-Cincinnati (Bad 
Oeynhausen, Germany).  

The diameter (D) of the screw was 60 mm, its length (L) 
equal to 1600 mm, the distance between the barrel and the 
screw (h) equal to 6 mm and the angle of the screw flights (φ) 
equal to 20°. 

The material used for the experiments at 150°C was a white 
TPE Thermolast® K TP6AFA produced by Kraiburg 
(Waldkraiburg, Germany), while the one used for tests at 
temperatures between 180°C and 200°C was a black TPE 
SantopreneTM 121-67W17 by ExxonMobil Chemical (Irving, 
Texas, United States), which presents a greater shore hardness. 

Twelve polymer AM dies for two existing profiles were 
tested on the industrial extrusion line. The first profile tested 
have a constant wall thickness of 1.2 mm and the main 
dimensions are 16 mm x 17 mm. The second profile tested 
presents a non-constant wall thickness, the main dimensions for 
this one are 21 mm x 22 mm and the smallest feature is a 
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diameter of 0.6 mm. In general, the wall thickness of the second 
profile is greater compared to the previous one, which resulted 
in a lower pressure drop. 

It has been necessary to machine the dies for allowing a 
proper coupling with the extruder as well as hand polishing the 
internal surfaces of the die land aiming at the quality 
specifications of the final extruded products.  
In Fig. 5, the production of the first profile is presented, using 
one of the polymer AM dies. 

Fig. 5. Extrusion polymer AM dies processing at line speed production of 10 
m/min, yielding products with a constant wall-thickness.  

The pressure values obtain for the first profile were between 
37 and 45 bar, while the ones detected for the second profile 
were between 20 and 29 bar. The pressure values are higher for 
the first tested profile given the smaller wall thickness. 
The screw speed has been raised from 1 rpm to 20 rpm for the 
first profile and up to 40 rpm for the second profile, which are 
the conditions used for their standard production rate with the 
steel dies, which is between 8 and 10 m/min for both the 
profiles. 

5. Results and discussion 

At first, the dies for the profile with a constant wall 
thickness, were tested yielding conformal extrudates without 
the need of adjustments. These experiments were carried out at 
a processing temperature of 150°C and at a line speed of 10 
m/min, generating pressure drop values through the dies of 40 
bar. During the most corresponding test, the AM die was able 
to yield about 300 m of conformal extudates. No tool failures 
occurred.  

With regards to the second profile tested, one of the dies was 
able to work at process temperature between 180°C and 200°C 
and at pressure close to 80 bar for a total of 2 hours and yielding 
about 1000 m of conformal product. The extrudate products 
yielded from this test are presented along with the die used in 
Fig. 6. 
In order to yield conformal extrudate produces, adjustments on 
the dies to achieve the required dimensions. Due to the 
polishing performed on the die, the surface finish was proved 
to be within the specifications by the engineers running the 
experiments. Regardless, the surface finish obtained is still not 
comparable with the product reference sample. The dimensions 
of the extruded profiles were controlled on an optical projector, 
using a scale of 5:1 for a better resolution of the small profile 
features, Fig. 7. 

Fig. 6. Polymer AM die for the selected profile with non-constant wall 
thickness and the extruded products yielded during the experimental runs. 

Fig. 7. Cross section measurements on the optical projector. Extrudate yielded 
at standard production speed shown. 

In total, the die has been mounted on the extruder 5 times, thus 
proving a relevant resistance of the CE221 to the heat applied 
both during the run up and the cooling production phases. The 
die was able to avoid tool failure and no cracks were detected 
after the end of the experiments. However, a displacement of 
0.1 mm has been located at the center part of the die.  
A 2 mm thicker die was tested under the same process 
conditions yielding extruded products. Learning from previous 
experiments, the die was adjusted and mounted on the extruded 
only once, aiming for the longest tool life. The test lasted one 
and a half hour yielding more than 500 m of conformal 
extrudates avoiding tool failure, cracks and die deformations.  
No tool failures occurred in all the tests. 

With regards to process simulations, Fig. 8 shows the flow 
through the original steel die in the top left corner and the one 
through the polymer AM die with the new design in the bottom 
left corner. On the right side of Fig. 8, the corresponding 
achieved extruded products are presented.  
The reference product obtain with the steel die shows a small 
enlargement on the top, while this condition is inverted when 
looking at the product obtain with the polymer AM die design. 
In the simulations, it is possible to visualize a non-even 
distribution of the polymer melt velocity considering that the 
polymer does not exits the die in the same moment all over the 
profile. This is an effect mostly appearing with regards to the 
profile with the non-constant wall thickness, which strongly 
affects the flow distribution, but it is also shown in the flow 
simulations carried out for the profile with the constant wall 
thickness.  
Indeed, Fig.8 shows this condition both for the original die 
design and for the design made for the AM dies. In the first 
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case, a larger entry angle for the feature circled in red on the 
up-left picture in Fig. 8, allows a faster flow in these areas 
resulting in a thickness enlargement on the real extrudates.  
On the other hand, the opposite effect is then represented in the 
bottom-left picture, showing a reduction of the wall thickness 
in correspondence to the same feature on the real profiles obtain 
with the AM dies.  

Fig. 8. Flow simulation comparing products obtained with the original (top) 
with the new (bottom) design. A non-balanced velocity profile of the flow is 
visible on the simulations. 

Even if this outcome is in accordance with the literature, the 
simulations have not been validated. 
For achieving the goal of simulation validation in absolute 
quantitative terms, it is essential to perform the simulations 
using the same material used in the extrusion experiments. In 
this way the simulation model can be compared with 
experiments regards to pressure drop and flow balancing 
defined by analyzing the velocity field aiming at minimizing 
the velocity gradient along the die cross-sections. 

5. Conclusions 

In this investigation, profile polymer AM dies were 
manufactured starting from existing profile steel dies and tested 
at the conventional process condition on an industrial extrusion 
line. In order to adapt to the possibilities and limitation of the 
additive manufacturing technology used, a new die design for 
the two existing profiles selected was implemented.  

One of the critical choices has been the polymer selection 
for producing the AM dies, which proved to be resistant enough 
to withstand the demanding process conditions, helped by the 
definition of the new design. Indeed, all the dies did not 
encounter tool failure during the tests, proving the feasibility of 
the use of polymer AM for this application. 

Alongside, the quality of the extruded products was proven 
to be within the required specifications, even if it is still not 
comparable to the product reference sample. Throughout the 
experimental runs, a 1000 m of conformal products were 

yielded with a single die, without encountering tool failure and 
performing the run up and the cooling phases 5 times. 

Autodesk Moldflow, an injection molding commercially 
available software, has been adapted for setting up flow 
simulations of the extrusion process. Considering the effects 
known in the literature with regards to unbalanced flow given 
by a non-optimized die design, a correspondence between the 
simulations and the real extruded products could be found. The 
model shows that it is indeed possible to use simulation results 
for helping the design phase of a new die. The possibility of 
integrating functional polymer AM dies for the prototyping 
phase in the process chain has been explored throughout this 
investigation.  

For a complete optimization of the die design, further 
evaluation studies will be carried out for validating a simulation 
model able to precisely predict the melt flow behavior, thus 
suggesting the proper choices during the die design phase.  
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