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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 

The recent developments in the field of metal additive manufacturing (MAM) within dimensional accuracy and surface quality are enabling the adoption of 
MAM for direct hard tooling for polymer processing applications. An analysis of the potential improvements in terms of lead-time and cost reduction achieved by 
implementation of MAM for tooling has been performed in the case of polymer extrusion die manufacturing. It was found that the utilization of MAM for tooling 
resulted in a die manufacturing cost comparable to conventional machining as well as a die production lead-time reduction from 12 weeks (for conventional 
machining) down to 3 weeks. 
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1. Introduction 

The current trend of the plastics industry shows demand for 
high complexity combined with flexibility, which cannot solely 
be met by employing old practice in an accelerated manner. 
Therefore, new solutions including more flexible and efficient 
manufacturing systems are strongly needed. 

Within the development in recent years of IT-driven 
technologies, advanced digitization, and integration of smart 
internet technologies one disruptive technology stand out; 
additive manufacturing (AM) being a combination of both a 
digital representation and a physical product. The gap between 
the digital and physical reality is reduced with the 
implementation of AM, making it an ideal starting ground for 
companies in the abduction process of the mindset introduced 
by Industry 4.0 [1]. 

This study investigates the impact on the integration of a 
digitally-enabled process chain and how this may affect the 
conventional process chain in the field of tooling for polymer 
profile extrusion. Experimental validation is accordingly 

performed on a selected existing profile geometry, comparing 
the suggested digitally-enabled framework with the 
conventional process chain. 

1.1. Polymer profile extrusion 

The concept of profile extrusion is one of the oldest basic 
manufacturing technologies accounting for a substantial 
amount of total global polymer consumption. While the 
concept has been unaltered for centuries, extensive 
developments and refinements of the full process have been 
performed resulting in an increasing amount of complexity 
regarding both the materials, extruders, dies, and the final 
extrudates [2]. However, further developments and process 
flexibility are limited to current practices relating to more 
conventional manufacturing processes such as CNC milling 
and EDM wire cutting. 

Through several decades, researchers have been working 
with the development of models that can predict the behavior 
of polymer melts during extrusion processes. Despite massive 
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developments, it is still difficult to predict the exact behavior 
of a melt in an extrusion die. The lack of high-performance 
computational models and simulations is most likely the source 
of why, the profile extrusion industry is still extensively based 
on empirical knowledge and experience. However, with the 
current developments within all digital technologies, this 
situation should be expected to change in the coming years [3].  

The complexity of future optimized and enhanced die 
designs generated by the use of digital simulations and 
computational aids may include internal structures and 
geometries, such as twisted channels, that cannot be 
manufactured using conventional manufacturing methods. For 
this exact purpose, the application of metal additive 
manufacturing (MAM) in the tooling process will be the only 
manufacturing technology providing a viable solution. 

1.2. Metal additive manufacturing 

When examining the utilization of AM in the past decades, 
it is evident, that the primary areas of application have been 
within the field of rapid prototyping (RP). Especially the 
capability to rapidly manufacture functional prototypes at a low 
cost and relatively high speed has been a strong driver for the 
adoption of AM across the industry. A characteristic of many 
functional prototypes is the low demand for dimensional 
accuracy and stability, being less important when compared to 
the visualization function. However, when moving from the 
domain of RP towards the domain of rapid tooling (RT) the 
dimensional accuracy and stability play a major role in the 
utilization of a tool, where a flaw will be inherited to the 
manufactured components [4]. 

When comparing the different cases of AM in tooling in 
general, it is important to distinguish between two types of 
tooling: indirect tooling and direct tooling [5]. The term 
indirect tooling is used to describe the manufacturing process 
chain to produce the master with which the final tool is 
manufactured. On the contrary, direct tooling is the 
manufacturing of the final tool itself using, e.g. an AM 
technology. Several examples of both indirect and direct 
tooling exist. As the technologies develop and the final quality 
of the AM products improve, a shift towards direct tooling is to 
be expected due to the elimination of a process step [6]. 

Very little work has been published in the field of extrusion 
die manufacturing, let alone the implementation of AM 
technologies in the tooling process chain for polymer profile 
extrusion. Early work by Mr. Munot et. al. (1999) relates to the 
use of polymer AM technologies for die manufacturing while 
more recent studies by Mr. Yesildag et. al. (2017) deal with the 
application of selective laser melting MAM technology for 
direct hard tooling [7,8]. Despite conceptual investigations of 
AM integration in the tooling process have been shown, 
experimental work of MAM integration is still an unexplored 
field of research. 

1.3. Metal additive manufacturing for hard tooling 

Successful implementation of metal additive manufacturing 
(MAM) for hard tooling of polymer extrusion dies has the 
potential to disrupt the conventional field of die manufacturing, 

currently dominated by complex CNC milling with low 
flexibility towards changes, high initial investments, and long 
lead-times. Furthermore, the high flexibility and design 
freedom of AM products would create the foundation for 
improved and optimized extrusion dies containing geometries 
that would be impossible to manufacture using conventional 
subtractive manufacturing methods. Especially the possibility 
to manufactured one-off custom parts with AM just by 
importing unique CAD models and letting the software and 
slicer define all parameters and tool-paths stands in contrast to 
the more labor intensive process of CNC milling where each 
design requires a redefinition of tools and tool paths.  

Moreover, the use of AM would form the path for the 
integration of computer-aided optimizations such as flow 
simulations in extrusion dies, where the high flexibility and 
design freedom of AM acts as the enabling technology creating 
the link between the digital model and the physical 
implementation. 

 

2. Extrusion die manufacturing 

Conventional polymer extrusion dies are typically made 
from high-grade tool steel. The primary manufacturing 
processes used during the fabrication of the dies are electrical 
discharge machining (EDM) as well as CNC milling. 
Furthermore, flat grinding is used to ensure a near-perfect seam 
between die components while hand polishing is used to 
remove potential oxidation scales generated during EDM.  

Due to the high quality concerning surface topography and 
dimension accuracy that can be achieved using EDM and CNC 
milling, the final dies do not usually require any post-treatment. 
However, on a few occasions, additional polishing is applied to 
ensure a mirror-like finish of selected parts of the die geometry. 

 

 

Fig. 1. Profile extrusion tooling process chain for conventional and digitally-
enabled manufacturing integration. 
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2.1. Conventional die production process chain 

The full tooling process chain from the profile design to the 
profile production for the conventional die manufacturing is 
shown in Figure 1. Assuming the starting point of a well-
designed profile, the tool engineer will design the die geometry 
based on experience from past designs and profiles. This is a 
very demanding task due to the large variety of profile 
geometries, mold types, and material variations.  

The dies are manufactured based on the design using a 
combination of EDM and CNC milling followed by post-
processing. After the polishing, the dies are mounted on the 
extrusion line and the run-in phase is initiated. 

During the run-in, the die is exposed to the regular 
production setup where material is extruded. By analyzing the 
behavior and shape of the extruded materials, it is possible to 
identify problems such as improper balancing of the extrusion 
section with major velocity differences across the profile. 
Hereafter, the full setup is dismantled and the die is subjected 
to a thorough cleaning before being mounted in a CNC milling 
machine for adjustments to alter the flow. As can be seen in 
Figure 1, this process may be repeated multiple times 
depending on the proficiency of the die designer and the 
complexity of the profile geometry [9]. Whereas a simple pipe 
profile is simple to manufacture, a complex asymmetric multi-
material window profile die typically needs several die 
corrections. The exact number of corrections varies, however 
simple profile geometries may be adjusted 4-7 times while 
complex geometries may be subject to upwards of 10-15 
adjustment cycles. Once the die is showing stable conditions in 
a production setup and the customer can accept the 
manufactured profile, the run-in phase is completed and the die 
is approved for production. 

2.2. Additive manufacturing implementation 

The fully digitally enabled tooling process chain from the 
profile design to the profile production for the MAM die is 
shown in Figure 1. The intention of the digitally-enabled 
process chain is the application of simulation software for the 
generation of the tool geometry with an optimized and well-
balanced flow as the outcome. By using such software, it is 
possible to simulate the extrusion process in operating 
conditions thereby predicting and avoiding typical unbalancing 
problems experienced during the run-in phase, thereby 
reducing the need for tedious iterative die adjustments. 

Following the generation of the flow-optimized extrusion 
die geometry, the model is subject to a series of geometry 
corrections and alterations to ensure manufacturability for a 
selected MAM process, such as laser powder bed fusion (L-
PBF). Thereafter, the die is manufactured using said MAM 
process and appropriate post-processing is applied. The main 
focus of post-processing is the reduction of the significant 
surface roughness usually experienced with all MAM parts 
[10]. 

Once the die has been manufactured and post-processed, the 
run-in phase is initiated. Due to the simulation validation 
performed before the manufacturing of the die, the number of 
required die adjustments should be reduced, if not fully 

eliminated, compared to the conventional tooling process 
chain. If the die however still experiences extrusion problems, 
it may be demounted from the extrusion line and CNC 
machined to implement adjustments, just as for the 
conventional manufacturing process. The proposed 
adjustments for the die may be evaluated using simulation 
validation before their implementation. Once the die has been 
successfully tested in the production setup, the run-in phase is 
terminated and the die is approved for production.  

2.2.1. Design for additive manufacturing 
To ensure manufacturability as well as to exploit the 

capabilities of the MAM processes, alteration and redesign of 
the die geometry should be considered before manufacturing. 
These changes include complying with common AM design 
guidelines, such as minimum inclination angles of 45 degrees, 
but also changes related to AM process capabilities compared 
to conventional manufacturing [11]. As an example, the AM 
process allows free form designing of internal channel 
geometries that cannot be manufactured using conventional 
manufacturing methods, such as EDM and CNC milling. An 
example of this is shown in Figure 2. 
 

 

Fig. 2. (a) Inverted flow channel geometry designed for conventional die 
manufacturing; (b) Inverted flow channel geometry designed for AM die 
manufacturing. 

In addition to the design-alterations ruled by the AM process 
capabilities as well as limitations, the materials available for 
the selected process must also be considered. However, with 
ever-increasing material availability, this is not perceived as a 
limitation for future integrations. Lastly, dimensional 
alterations to account for post-processing procedures must be 
considered. Compared to conventional manufacturing 
technologies where near net-shaped dimensions are commonly 
found throughout the industry, the rough surface properties 
characterized by the MAM process, combined with the high 
surface requirements of the extrusion die tools, result in the 
need for dimensional compensations to account for extensive 
post-processing procedures, such as abrasive blasting or 
etching. However, this is highly process-specific and should be 
considered in each situation to achieve a final tool geometry, 
that meets the defined specifications.  

2.3. Lead-time evaluation, analysis, and discussion 

Based on the process chain presented in Figure 1, a lead-
time estimate has been assigned to each component based on 
data collected through interviews with tool manufacturers 
within conventional manufacturing technologies as well as 
suppliers in the field of digital manufacturing technologies. The 
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lead-time estimates are presented in Figure 3. By far, the largest 
contribution to lead-time reduction from an estimated total of 
12 weeks for the conventional process chain to an estimated 3 
weeks for the digitally enabled process chain may be attributed 
to the tool manufacturing itself. It should be noted, that these 
lead-times are a representation of the common lead-times 
currently encountered in the industry. Moreover, the extent of 
the run-in phase is highly dependent on the mold design and 
the number of required adjustments. For the digitally-enabled 
process chain, it has been assumed that the simulation mold 
design is optimized and digitally validated, thereby resulting in 
little or no need for mold adjustments in the run-in phase.  
 

 

Fig. 3. Estimated lead-time for the conventional process chain and the 
digitally enabled process chain respectively. 

2.4. Die cost evaluation, analysis, and discussion 

One of the main advantages of AM integration in the tooling 
process chain is the ability to manufacture low volume complex 
part geometries within a much shorter lead-time compared to 
conventional subtractive manufacturing methods. This makes 
single unit extrusion dies for individual profiles an interesting 
case-study. However, due to the complex interrelation between 
cost and lead-time as well as manufacturing gain and 
achievable quality, a full cost evaluation is difficult to 
formulate. Instead, a preliminary analysis based on a selected 
profile is presented and can be seen in Figure 4. 

The total cost estimate for the manufacturing of the 
conventional die is known from the current tool manufacturing 
capability available in the industry. Contrarily, the total cost 
estimate for the AM die is much less consolidated and has thus 
been analyzed. The final total cost of a metal AM part consists 
of several cost contributions belonging to different main groups 
including for example; AM build preparation, AM build, AM 
post-build machining as well as other costs including Q&A and 
shipment, assuming an external vendor is used. A more in-
depth schematic overview of a suggested cost prediction model 
is presented by Hällgren et. al. (2016) [12]. 

To overcome the categorization issue of cost contributions, 
wide cost category groups have been compiled and are thus 
presented in Figure 4. The total cost of designing, 
manufacturing, and testing contains four contributions for the 
conventional dies and five contributions for the AM dies. The 
category ”Conv. Extrusion Die” and “Conv. Tool Adapter” in 
Figure 4 contains planning meetings, operator hours, machine 
hours, tool costs and material costs. The category ”Production 
Test” contains operator hours, line costs and material costs. The 
category ”Design + Redesign” contains the costs for the initial 

die design as well as the redesign performed after and during 
the iterative production test and run-in phase. For the digital 
process chain incorporating simulation validation and AM, the 
“Design + Redesign” phase has been reduced to an estimated 
1/2 of the cost from the conventional process chain [3]. This 
estimation is based on the assumption of an increasingly 
automated design process as well as a reduction in production 
testing and redesign based on optimized tool geometries due to 
simulation validation. The category “AM Post Process” 
contains the hand polishing and flat grinding that were applied 
in this study. Costs associated with the acquisition of software 
for simulation have been excluded from this preliminary 
analysis. 

Several attempts have been made to come up with a method 
that compares the cost of AM manufacturing with conventional 
manufacturing. A commonly found cost structure for suppliers 
of AM products includes a standard handling fee and a 
volumetric contribution that follows a linear cost-propagation. 
Despite the cost structure and contributions being clear, it is 
nevertheless difficult to generalize across different AM 
principles due to the large variety of different geometries and 
materials. This is partly related to the lack of valid prediction 
models for the acquired amount of e.g. support structures, post-
manufacturing machining, and necessary post-treatments.  

 

 

Fig. 4. Relative total cost comparison between conventional process chain 
tooling and digitally-enabled process chain tooling for the sample profile. 

There are several ways to reduce the cost of the MAM die. 
One possibility is to reduce the amount of post-process 
machining needed to adjust the AM tool for full operational 
compatibility, potentially by implementing a different design 
approach. Another cost-reducing possibility is by realizing a 
volumetric reduction that may be done by the implementation 
of lattice structures and/or topology optimized geometries. 
However, when substituting solid material with a lattice 
structure the thermal and mechanical properties of the dies 
should be expected to change. Therefore, multi-physical 
simulations, accounting for thermal and mechanical properties, 
should be included in the mold design simulation. If, for 
example, it is assumed that a volume reduction of 30% can be 
realized for the MAM dies without altering the functionality of 
the extrusion die, a saving of approximately 25% of the total 
AM cost could be obtained. The resulting total cost for the 
reduce volume AM is shown in Figure 4. It must be noted that 
a direct adoption of the tool geometry designed for 
conventional tooling should not be implemented using AM 
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since the design is rooted in subtractive manufacturing. If a 
design for conventional manufacturing is replicated using AM 
it is commonly expected to be more costly. On the other hand, 
if the cost of the AM part is comparable to the cost of the 
conventional part, substantial potential for cost reduction of the 
AM part is present if the design is subjected to the methodology 
of Design for AM. As can be seen from Figure 4, the total cost 
of the unaltered AM die is equal to the total cost of the 
conventional die, once again indicating a potential for an 
overall cost reduction upon AM process chain integration. 

This preliminary cost evaluation only considers the cost of 
manufacturing an extrusion die using two different process 
chains. However, the aspect of optimized die flow geometries, 
only manufacturable with AM, could influence the extrusion 
process. An optimized die with a balanced flow, increased 
extrusion speed, and minimized product variations would yield 
a much higher value with time, making die manufacturing cost 
a small contribution towards the total cost of extrusion. 

3. Experimental validation  

3.1. Extrusion of profile product 

A test integration has been performed to experimentally 
validate the AM integration for tooling in the extrusion profile 
die manufacturing process chain. During this implementation 
test, a profile with an existing approved die in production was 
selected as the benchmark profile. The profile geometry has 
main dimensions of 40 mm by 30 mm with a typical wall 
thickness of 3 mm. The benchmark die was manufactured 
following the conventional process chain shown in Figure 1.  

In the experimental integration, the simulation die design 
was not included in the integration. Instead, the already 
adjusted and approved die design obtained through the 
conventional process chain was used as the foundation for the 
AM die geometry. 

As previously described, the die geometry had to be 
subjected to a series of design adjustments to ensure 
manufacturability. These alterations included AM build 
orientation and minimum wall inclination considerations. 
Dimensional compensations, taking into account the selected 
AM material and post-process material additions, were 
considered. 
 

 

Fig. 5. Examples of (a) internal AM die surface before hand sanding; (b) 
internal AM die surface following hand sanding.  

3.2. Die manufacturing and post-processing 

The AM die was manufactured in AISI 316L stainless steel 
using an SLM Solutions 250HL, which is an L-PBF based 
system. The manufactured die was subjected to air blasting 

followed by hand sanding of protruding surface elements inside 
the die channels, such as semi-melted particles and spatter. The 
surfaces before and after hand-polishing can be seen in Figure 
5. Apart from these post-processing steps, flat grinding of the 
die top and bottom surfaces was the only additional 
modification before experimental testing. 

3.3. Extrusion line setup 

The AM die was mounted on the extrusion line and operated 
with the main parameters shown in Table 1. The extruded 
material was a PVC-based thermoplastic composite material 
with an organic fiber filling percentage mass-ratio of 11%. 
Following the extrusion die, the extruded product was passed 
through a vacuum-enabled calibration unit, before entering a 
cooling water bath. Samples of the final extruded product were 
collected from both the conventionally manufactured die setup 
as well as the AM die setup.  

Table 1. Primary Extrusion Process Parameters 

Parameter Description Value Unit 

Extrusion Temperature 195 ºC 

Die Head Pressure 9.5 MPa 

Line Production Velocity 1.5 m/min 

Mass Flow 493 g/min 

3.4. Product quality assurance 

Quality assurance (QA) procedures, such as surface quality 
inspection, comparison with reference product benchmark, and 
dimensional validation, were implemented. The dimensional 
measurements on the extruded products were performed using 
a PROMEX BASIC FAST 190/135 F back-light based optical 
scanning system with a stated uncertainty of UAscona = ±20 μm. 

Following the production QA, an analysis of the surface 
roughness was performed using a confocal laser-scanning 
microscope (CLSM) Olympus Lext 4100 equipped with a 50x 
magnification. The arithmetical mean height, Sa, was 
determined according to ISO 25178-2:2012 [13]. All 
measurements have been subjected to filtering using an S-filter 
with cut-off value λs = 0.25 μm and an L-filter of λl = 0.5 mm. 
Before filtering, all acquired datasets were subjected to a global 
leveling procedure. The data processing was performed using 
Image Metrology Software SPIP. 

Two main dimensions from the die outlet were characterized 
on both the conventionally manufactured die as well as the AM 
die before and after post-processing. The measurements were 
acquired using a DeMeet 220, an optical coordinate 
measurement machine (CMM) based on back-light contrast 
measurements, with a stated uncertainty of UDeMeet = ±4 μm. 

4. Results and discussion 

The two die outlet dimensions, evaluated using the optical 
CMM, can be seen in Figure 6. The deviations experienced for 
the conventional die are in the order of a few microns, whereas 
the deviations of the AM dies before post-processing are in the 
order of -100 µm. After post-processing, deviations vary 
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between a few microns and -50 µm. This may indicate that it is 
difficult to apply an even amount of post-processing by using 
hand-polishing and thus a more reliable post-process should be 
considered. However, with a tolerance level of ±100 μm on the 
selected die dimensions, the experienced deviations did not 
pose a problem in the current study. 
  

 

Fig. 6. Absolute dimensional deviation from nominal values of two die outlet 
dimensions, A and B, for the conventional die and the AM die before and 
after post-processing. All values stated in [mm]. 

The samples collected during the experimental runs were 
measured and characterized both concerning surface roughness 
parameter Sa as well as overall dimensional accuracy. The 
dimensional measurements concluded that all key dimensions 
were well within the stated tolerance level, which would also 
be expected due to the small deviation of the die itself as shown 
in Figure 6.  

 

 

Fig. 7. Sa-values for the extruded product collected during the experimental 
investigation. Standard deviation plotted as error bars. All values in [μm]. 

The Sa-value was evaluated as an average over five surface 
measurements for each of the collected samples and is shown 
in Figure 7. It can be seen, that an average value of SaConv = 0.8 
μm is found for the conventional die while a value of SaAM = 
3.7 μm and SaAM_PP = 1.7 μm is found for the AM dies before 
and after post-processing, respectively. This indicates a 
significant improvement from the unprocessed AM die to the 
processed AM dies. However, additional post-processing 
should be considered to achieve a Sa-value in the range 
attainable when using the conventional die.  

5. Conclusion 

This study has been exploring the concept of integration of 
a digitally-enabled process chain for polymer profile extrusion 
focusing on direct hard tooling. Through the application of 

simulation tools and MAM, a new framework for the process 
chain has been presented and experimentally tested. 

During the experimental implementation, it was found that 
the manufactured AM dies were fulfilling the dimensional 
requirements defined by the tolerance levels thereby also 
leading to extruded profiles within the required dimensional 
tolerances. The investigation of the surface roughness 
highlighted the importance of high surface quality of the die, 
with the conventional tool being superior to the AM tool. 
However, through manual polishing as the only used post-
processing, a significantly improved Sa-value was achieved. 
With an improved initial surface quality of the AM die and the 
use of a more controllable and efficient post-process, surface 
qualities comparable with that of the extruded product from the 
conventional die setup, would be a possibility. 

The analysis of the total tool lead-time showed a potential 
lead-time reduction from 12 weeks to 3 weeks upon the 
integration of a digitally-enabled process chain. The cost 
evaluation showed a cost comparable to the conventional 
process chain based on a direct adaption of MAM. However, a 
significant cost reduction may be obtained through further 
exploitation of the possibilities presented by the methodology 
of Design for AM. 
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