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A B S T R A C T   

Additive manufacturing (AM) is moving towards series manufacturing applications across a variety of industries. 
However, take-up for series production in the automotive industry is still slow and limited to very few materials. 
Therefore, this review assesses compatibility of polymer AM processes and materials and provides a method to 
check their formal applicability for automotive series part production. The proposed material and process se-
lection method applies basic automotive requirements derived from the VDA 232-201 industry standard and an 
interior part case study. Materials and processes in AM are put into context via material selection charts and a 
process compatibility index. This graphical analysis enables first judgement about applicability and subsequent 
pre-selection of materials and processes. 

Insights may help users, equipment manufacturers and material developers in the fields of AM to match 
automotive requirements and reduce barriers for adoption of AM in series part manufacturing.   

1. Introduction 

After the patent filing of the stereolithography technology (SLA) in 
1986 [1], polymer additive manufacturing (AM) has continuously 
developed into a variety of commercially available and established 
process families for polymer processing, such as powder bed fusion 
(PBF), vat photopolymerization (VP), material extrusion (ME), and 
material jetting (MJ) as classified by ISO/ASTM 52900 [2]. The concept 
of rapid manufacturing (RM) evolved from AM’s ability to produce 
end-use parts directly from CAD models. Researchers forecasted that RM 
will have a high impact on product development and manufacturing 
[3–5] and as well bring a variety of economic and societal implications 
[6,7]. 

However, popularity of RM remained behind expectations due to 
process limitations, material availability and knowledge barriers 
[8–10]. Multiple rapidly manufactured products emerged, especially in 
the medical and aerospace industry [4], after reaching a tipping point of 
interest in research and industry in the year 2012 [11–14]. 

Table 1 provides an insight into recently published applications and 
lists the respective utilized technologies, material classes and drivers for 
usage of polymer AM as the manufacturing process. 

Customization, often in combination with specific design for additive 
manufacturing (DfAM), remains a frequent driver for economical 
manufacturing of customer-specific products with lot size one [22–29]. 
In the automotive and aerospace industries AM finds its way into small 
series, aftermarket or retrofit applications as well as customization 

Abbreviations: ABS, acrylonitrile butadiene styrene; ASA, acrylonitrile styrene acrylate; AM, additive manufacturing; CAD, computer aided design; CE, cyanate 
ester; CI, compatibility index; DfAM, design for additive manufacturing; DLP, digital light processing; FDM, fused deposition modelling; HDT, heat deflection 
temperature; ME, material extrusion; MJ, material jetting; MJF, multi-jet fusion; MJM, multijet modelling; OEM, original equipment manufacturer; PA, polyamide; 
PC, polycarbonate; PEBA, polyether block amide; PEEK, polyether ether ketone; PEKK, polyether ketone ketone; PEI, polyetherimide; PJM, polyjet modelling; PMMA, 
polymethyl methacrylate; PPS, polyphenylene sulfide; PPSU, polyphenylsulfone; PP, polypropylene; PBF, powder bed fusion; RM, rapid manufacturing; SLS, selective 
laser sintering; SLA, stereolithography; TPE, thermoplastic elastomer; VP, vat photopolymerization; *-FR, flame retardant; *-CF, carbon fiber filled; *-AL, aluminum 
filled; *-GB, glass bead filled; *-GF, glass filled. 

* Corresponding author at: Polymer Additive Manufacturing Center, AUDI AG, Auto-Union-Straße 1, Ingolstadt, 85045, Germany. 
E-mail address: mathias.wiese@audi.de (M. Wiese).  

Contents lists available at ScienceDirect 

Additive Manufacturing 

journal homepage: www.elsevier.com/locate/addma 

https://doi.org/10.1016/j.addma.2020.101582 
Received 14 May 2020; Received in revised form 20 August 2020; Accepted 31 August 2020   

mailto:mathias.wiese@audi.de
www.sciencedirect.com/science/journal/22148604
https://www.elsevier.com/locate/addma
https://doi.org/10.1016/j.addma.2020.101582
https://doi.org/10.1016/j.addma.2020.101582
https://doi.org/10.1016/j.addma.2020.101582
http://crossmark.crossref.org/dialog/?doi=10.1016/j.addma.2020.101582&domain=pdf


Additive Manufacturing 36 (2020) 101582

2

options for stowage and trim parts [15,17,19–21,30]. 
Variants and a customized user experience in the automotive in-

dustry foster a differentiation in the market and challenge established 
lean manufacturing systems [3,31]. Here, AM can contribute to 
enhanced customer benefit [10] and cleaner, lighter or safer products 
[32]. It also brings opportunities for low to mid-volume part 
manufacturing as an alternative to injection molding [33–35] and for 
supply chains of series and spare parts [36–38]. 

Though AM advances in technology performance and economic 
competitiveness, the question remains to which extent current tech-
nologies and materials are able to match automotive requirements. 
Introduction of AM materials in automotive series production practi-
cally can be treated as introduction of completely new materials, which 
bring higher product risks and complexity in material selection pro-
cesses compared to established materials or material selection based on 
carry-over parts [39]. Based on this hypothesis, this paper assesses 
compatibility of polymer AM processes and materials and provides a 
method to check their formal applicability for automotive series part 
production. The proposed analysis and underlying method are part of a 
methodological framework that aims to enhance accessibility and usage 
of AM in automotive engineering applications, considering re-
quirements and barriers identified in previous research projects. 

2. State of the art and research 

2.1. A brief introduction to established industrial polymer AM processes 

Before the analysis is presented, a brief overview of established 
polymer AM processes and current technological trends is given. How-
ever, it is not the focus of this paper to provide a comprehensive intro-
duction into all available polymer AM processes. Thus, established 
technologies considered in the following are characterized in Table 2 
regarding the terminologies suggested by the ISO/ASTM 52900 [2] and 
VDI 3405 [40] standards as well as findings in related recent literature. 

Current industrial polymer AM processes use a variety of mecha-
nisms and materials to form a part’s geometry in a layer-by-layer 
approach. The difference in technologies has significant influence on 
produced parts’ properties. While all criteria can influence process se-
lection, the following analysis focuses on mechanical and thermal 
properties. 

2.2. Literature review 

Gupta and Dhawan reported a growing publication output related to 
AM since the beginning of this decade [13]. Multiple researchers 
explored technological issues, economical and societal impact of AM 
technologies now and in the future. The existing material landscape for 
various AM processes was covered by Ligon et al. [14], Bourell et al. [46] 

and Jasiuk et al. [47]. They discussed chemical composition as well as 
material processing issues and limitations. Together with 
González-Henríquez et al. [48] they provide significant information 
about polymers for AM processes and give insight into industrial ap-
plications and research projects. Reviewing this and other research with 
a focus on materials and processes identifies multiple barriers for usage 
of AM in series production. 

2.2.1. Performance and mechanical properties of polymers in AM 
Literature reports challenges originating from inferior physical, 

chemical and mechanical properties of AM materials, also shown by 
different case studies [49–53]. Layered fabrication influences these 
properties, resulting in anisotropic material behavior with even more 
severe effects on composite materials. Researchers report anisotropy 
grades between 2% and 10 % for MJ, PBF and VP and up to 50 % for ME 
[43]. Moreover, material porosity plays an important role [14,51]. Re-
searchers proposed the development of composites based on existing 
materials as a short-term solution for mitigation of increasing mechan-
ical requirements [14,52,54]. 

Finding 1 (F1): AM parts can show inferior properties, heavily 
depending on the utilized process and base material. 

Finding 2 (F2): Composite materials can mitigate inferior 
properties by offering a comparably better material performance. 

2.2.2. System versatility and material-process interaction 
Processing of certain materials is often limited to single machines 

[42,55] resulting in a high barrier, as these non-flexible systems impose 
high investments for a limited application spectrum. 

Materials in form of powder, resin or filament are each processed by 
a unique machine design. These designs depend on the material prop-
erties and imply a variety of restrictions, material-machine relationships 
and knowledge for harnessing of processes [56]. 

Even though AM systems have been commercialized since many 
years, the interactions between machine and material depending on 
process parameters are not fully understood [57,58]. Thus, AM pro-
cesses and materials need to be evaluated as a system to lower the entry 
barriers to RM [53]. 

Finding 3 (F3): Processing of materials highly depends on ma-
chine layouts and therefore processability of materials differs 
depending on process and material combination. 

2.2.3. Material portfolio and pricing 
Concerns about few high performance materials are widely present. 

Researchers demand higher efforts in material development to surmount 
existing barriers of AM for end-use part manufacturing [14,42,51,52, 
57–59]. Various industry interviews underline this demand, naming the 
lack of applicable materials as one of the highest of multiple barriers to 
adopt AM for end-use part fabrication [50,60,61]. However, 

Table 1 
Overview of recent end-use part applications in industrial polymer AM.  

Industry Index Application Technology Material Class Driving Force Ref. 

Automotive 

1 
2 

Aftermarket trim 
Small series trim 

PBF, VP PA 
Epoxy 

Customization 
Small series 

[15,16] 

3 Window guide rails PBF PA Small series [15] 
4 Brake bracket VP Epoxy Small series [17] 
5 Air vents VP Epoxy Small series [18] 

Aerospace 
6 Cable routing covers ME PEI Small series [19] 
7 Overhead storage compartment spacer ME PEI Lightweight retrofit [20,21] 

Apparel 
Sports 

8 Running shoe midsoles VP TPE DfAM, Customization [22] 
9 Bicycle saddle padding VP TPE DfAM, Customization [23] 
10 Football helmet liners VP TPE DfAM, Customization [24] 
11 Eyewear frames PBF PA Customization [25] 

Medical 
12 Dental surgery guides aligners PBF, VP PEEK, Acrylic Resin Customization [26] 
13 Hearing aids PBF, VP Acrylic Resin, Silicone, PA Customization [27] 

Legend, PBF: Powder bed fusion; VP: Vat photopolymerization; ME: Material extrusion; PA: Polyamide; PEI: Polyetherimide; TPE: Thermoplastic elastomer; PEEK: 
Polyether ether ketone; DfAM: Design for additive manufacturing. 
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development of new or even application-tailored materials remains a 
cost-intensive endeavor [14,55,61]. As AM materials represent a small 
fraction of the global polymer market [62] and many materials sold 
under different trade names are produced by the same material manu-
facturer [14], the lack of competition in the market for polymer AM 
materials leads to high material prices. These are a further 
material-related adoption barrier [29]. 

Finding 4 (F4): The spectrum of materials for polymer AM pro-
cesses is limited and may inhibit development of applications. 

2.3. Recent market development and trends in materials and processes 

AM experiences significant market growth, triggering some impor-
tant market developments [63]. Reacting to the market growth, multiple 
major material manufacturers entered the AM material market, formed 
strategic partnerships and acquired existing AM services [64–66]. 

New material developments are expected, but tailored materials will 
probably remain a niche market and costly [55,67]. With multiple new 
players entering the market and utilization of AM in series production 
increasing, there is a trend towards open material platforms. In this 
approach, end users can choose from a variety of materials which can be 
qualified for their machines. It furthermore enables end users to pur-
chase materials directly from the material manufacturer instead of solely 
depending on the machine OEM’s materials supply [68]. 

For processes and related equipment, further trends are observable. 
Existing processes are adapted towards higher process automation 
within both AM machines and their interaction with previous or 
following steps in the manufacturing process. This aims to enhance 
throughput, repeatability and subsequently, cost performance [69,70]. 
Process innovations towards higher productivity are presented, 
improving capabilities of established AM processes [71] and completely 
new process developments targeted for industrial use including auto-
motive are close to market introduction [72]. 

These developments go hand in hand and result in a more capable 
but also more complex polymer AM market. End users are facing a 
growing challenge in targeted technology and trend scouting to keep 
track of relevant developments. This implies the need for an adaptive 
method for material and process selection, providing guidelines based 
on the user’s requirements for end use part production. 

2.4. Research demand 

Though a selection of materials and machines is available today, a 

methodological framework to evaluate and implement AM for end-use 
part production in the automotive industry is missing. This paper ad-
dresses this gap by proposing a material-focused method for evaluation 
of AM early in the automotive product development process. Applying 
fundamental automotive requirements, it evaluates applicability of the 
four AM technology families PBF, VP, ME and MJ to automotive 
applications. 

This method supports in a basic problem during application devel-
opment, which comprises a multi-dimensional goal conflict underlying 
internal and external factors as illustrated in Fig. 1. 

Company targets such as more sustainable vehicle life cycles [73] are 
issued towards processes and materials. Factors like machine invest and 
expected production cost in and for AM also define an application’s 
positioning in the solution space between these optimization goals [74, 
75]. 

Changing internal and external factors need to be evaluated using 
practical industry knowledge and simple quantitative methods. This 
process provides product developers with tailored information [76] and 
enables them to evaluate between AM and alternative manufacturing 
techniques, fulfill product requirements and satisfy the customer needs 
in the automotive market [77]. 

As marked in red in Fig. 1, the following method and analysis are a 
part of this framework, focusing on material-process-dependencies and 
contributing to the identified research gap of assessing AM for series part 
manufacturing on a system level. It also grants a quick assessment of 
existing materials’ properties, machine-material relationships and 
therefore enables technology scouts and application developers to make 
first decisions about materials and processing technologies. 

3. Methodology 

3.1. Overview 

The method for the subsequent analysis bases on three data pro-
cessing steps, as shown in Fig. 2. During data sourcing, data sets are 
collected according to certain conditions. A filter for industrial equip-
ment conditions the generated data set for analysis. Section 3.2 de-
scribes both steps. Data analysis uses automotive requirements and data 
visualization, so that generated results can be objectively rated and 
discussed regarding the initial findings F1 to F4. Section 3.3 addresses 
data analysis. 

Table 2 
Overview and characterization of industrially established polymer AM processes (based on [2,40–45] and results from following analysis).  

Process categories Material extrusion (ME) Material jetting (MJ) Powder bed fusion (PBF) Vat photopolymerization (VP) 

Associated 
technologies 

Fused deposition modeling (FDM) Polyjet 
modelling 
(PJM) 

Multi jet 
modelling 
(MJM) 

Selective 
laser 
sintering 
(SLS) 

Multi jet 
fusion (MJF) 

Stereolithography 
(SLA) 

Digital light 
processing (DLP) 

Base material form Thermoplastic filaments or pellets Photopolymer resins 
(Thermosets) 

Thermoplastic powders Photopolymer resins (Thermosets) 

Layer forming 
mechanism 

Selectively dispensing material 
through a heated nozzle 

Selectively depositing droplets 
of build material 

Selectively fusing regions of a 
powder bed with thermal energy 

Selectively curing photopolymers in a vat 
through light-activated curing 

Properties  
-mechanical High Low Low Very 

high 
Very high Medium High 

-thermal Very high Very 
low 

Very low Very 
high 

Very high Low Medium 

-chemical Very high Very 
low 

Very low Very 
high 

Very high Medium Medium 

Resolution Low Very 
high 

Very high High High Very high High 

Surface quality Very low Very 
high 

Very high Medium Medium Very high Very high 

Anisotropy Very high Low Low Medium Medium Very low Very low 
Support need Yes Yes Yes No No Yes Yes  
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3.2. Data sourcing and conditioning 

A data set of 129 materials and 47 industrial polymer AM machines 
was collected from the databases of 8 OEMs. Four categories of polymer 
AM, according to ISO/ASTM 52900, namely PBF, ME, VP and MJ are 
considered in their different manifestations [2]. Table 3 shows an 
overview of the resulting data set. 

Recent series part developments (see Table 1) and expert judgement 
supported the selection. Gathered data focuses on materials for final part 
fabrication. Materials specifically declared for special applications like 
support structure generation, investment casting or direct mold fabri-
cation are not considered. As different OEMs present different values or 
ranges for material properties, the convention was made to take over the 
minimal mechanical properties (usually Z-axis related) from the mate-
rial data sheets for establishment of a representative baseline. 

This analysis focuses only on materials offered by the machine OEMs 
or listed as qualified on the respective machine data sheets. Though the 
analysis covers multiple manufacturers, the presented results do not 
claim to reflect the complete market situation. 

Collected information was condensed into a material and machine 
database, which also lists the processing qualification of materials for 
different machines of the manufacturers. This allowed establishment of 

Fig. 1. Internal and external factors influencing the application solution space and the underlying optimization problem in automotive product development (own 
illustration). 

Fig. 2. Illustration of data processing steps.  

Table 3 
Overview of the generated data set.  

Family Process OEM 
(anonymized) 

Number of 
machines 

Number of 
materials 

PBF 
SLS 

OEM 1 
OEM 2 
OEM 3 
OEM 4 
OEM 5 

6 
5 
7 
4 
1 

22 
10 
11 
13 
5 

MJF OEM 6 2 5 
ME FDM OEM 7 4 15 

MJ MJ OEM 4 
OEM 7 

5 
3 

19 
3 

VP 
DLP 

OEM 8 
OEM 3 

2 
3 

9 
1 

SLA 
OEM 4 
OEM 7 

4 
1 

14 
2 

Total  47 129  
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a compatibility index, giving insight into the compatibility of different 
materials to AM machines. 

3.3. Data analysis 

To get an impression about the generated data set, basic traits of the 
data are presented in tables. This includes a listing of characterized 
machines and the material classes available for the different AM pro-
cesses. Material names have been standardized and material-process 
dependencies are presented in a way which does not allow judgement 
about the respective OEM’s performance on the AM market. 

As quantitative material data resembles a profound baseline for 
material pre-selection, it is mapped into material selection charts which 
represent an impactful material selection tool [78]. Basic automotive 
industry requirements for selection of polymer materials according to 
the VDA 232-201 guideline provide necessary material properties (see 
3.3.1). The presented charts combine certain characteristics of material 
selection charts as introduced by Ashby et al. [39] with an underlying 
kernel density estimation, revealing material distribution densities in 
the different AM process families. This way, processes and materials can 
be mapped based on different mechanical and thermal testing results. 
Interpretation of these selection charts identifies processes that likely 
apply to high requirement product development and assist in basic 
material and process selection. 

For classification of the thermal material performance, the method 
applies the temperature range during vehicle service to the generated 
material selection charts (see 3.3.3). Furthermore, it introduces a 
compatibility index, revealing which share of machines can process a 
certain material (see 3.3.4). The gathered data is put into context via an 
adjacency matrix, building the base for a heat-map based graphical 
analysis of material processing on different technology platforms. 

3.3.1. Basic properties for pre-selection of materials according to VDA 232- 
201 

The VDA 232-201 standard defines a unified set of relevant data 
applicable for the pre-selection of thermoplastic polymer materials in 
automotive applications [79]. It divides applicable areas into interior, 
exterior and engine compartment applications. Depending on the area, 
parts are facing different requirements and relevant parameters for 
material pre-selection are listed as physical, mechanical and thermal 
properties. 

The proposed properties and tests represent a guideline and do not 
come with a target range. Definition of minimum requirements is subject 
to the individual OEMs. Though this guideline is deployed for selection 
of thermoplastic materials, it also builds a certain foundation for anal-
ysis of thermoset materials. As many thermoset material data sheets list 
the proposed selection criterions, these are applied to selection of both 
material types. 

VDA 232-201 lists relevant parameters and testing methods for 
multiple mechanical properties that apply to material data sheets for AM 
materials as shown in Table 4. The listed properties are equally relevant 
to material pre-selection for applications in interior, exterior and engine 
compartment. 

Concerning basic thermal properties, VDA 232-201 suggests multiple 

criteria for material pre-selection which partially are covered by the 
inspected AM material data sheets as shown in Table 5. 

Comparably to the mechanical properties, these parameters apply to 
pre-selection of materials in interior, exterior and engine compartment 
applications. Primary material selection focuses on mechanical and 
thermal characteristics. Further selection criteria like long-term aging 
and subsequent impact testing, weather and light stability or results 
regarding odor and organic emissions are far less frequently published 
on basic material data sheets. Users can usually obtain these with 
excessive testing of a material after pre-selection of potential candidates 
in a detailed material evaluation. 

A first finding during data generation is the severe inconsistency in 
material and machine data sheets. This fact not only applies to inter- 
OEM comparison between data sheets, but even between data sheets 
of the same OEM. Standard parameters like flexural modulus and 
strength as well as impact behavior are not consistently listed or vary in 
their testing methods and units to a degree that results are not compa-
rable. Other researchers addressed this problem and demand more 
concise efforts towards standardization of AM processes and applicable 
materials [80,81]. 

Data sheets follow either ASTM or ISO test procedures. As these 
parameters are not generally compatible, especially under varying 
environmental test conditions, presented results need to be treated with 
care [82]. However, data sheets only represent a baseline for product 
development with a selected material, as the final part’s performance 
depends on several material properties [83]. Thus, generated data 
overviews in this paper have a representative character and slight var-
iations in listed materials because of different testing methods are 
neglected in favor of a more complete picture on the current polymer 
AM ecosystem. 

Taking these findings into consideration, the analysis bases on the 
most consistently listed parameters, which are tensile modulus, tensile 
strength, strain at break and heat deflection temperature at 1.8 MPa 
(HDT-A). Parameters marked with an asterisk in Tables 4 and 5 are listed 
on several data sheets but either are tested with incomparable methods 
or do not offer enough data points for a comprehensive comparison of 
the processes. 

3.3.2. Mechanical requirements for exemplary material selection for an 
interior trim part 

Mechanical requirements for automotive applications heavily 
depend on the area where the final part is installed. As a case study, an 
exemplary trim part application for interior use is specified. 

This part is located in an upper door panel is in series production 
with the use of a PC/ABS blend in an injection molding process. Its 
technical data as shown in Table 6 applies to the material selection 
charts within a ± 10 % corridor. Table 4 

Basic mechanical properties applicable to AM material data sheets (adapted 
from [79]).  

Mechanical properties Test method Unit 

Tensile modulus 

ISO 527-2 
MPa Tensile strength 

Yield strength* 
Strain at break 

Strain at yield* % 

Charpy impact strength* (notched/unnotched each at 
23 ◦C/− 30 ◦C) 

ISO 179/ 
1eU+1eA 

kJ/ 
m2  

Table 5 
Basic thermal properties applicable to AM material data sheets (adapted from 
[79]).  

Thermal properties Test method Unit 

Melting point* ISO 11357 
◦C Heat deflection temperature (HDT) 

(at 0.45 MPa (B) and 1.8 MPa (A)) 
ISO 75-2/A + B 

Vicat softening temperature* ISO 306  

Table 6 
Overview over mechanical properties of an exemplary application (material 
properties adapted from [84]).  

Application Material 
Type 

Mechanical 
property 

Value Unit 

Upper door panel trim 
part 

PC/ABS 
Young’s modulus 2700 MPa 
Tensile strength 50 MPa 
Strain at break 50 %  
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3.3.3. Expected maximum temperature ranges during vehicle service 
Temperatures can rise to substantial levels in the vehicle interior. 

Surfaces exposed to direct sunlight like dashboards, trunk covers or 
upper door panels heat up to high temperatures due to combined effects 
of solar radiation and ambient temperatures [85,86]. 

Part developers need to take these temperatures into account, so that 
the right material is chosen to provide dimensional and functional sta-
bility at elevated temperatures. Fig. 3 illustrates a selection of maximum 
temperature measurements during vehicle service (TU) in extreme 
conditions. Relating to Fig. 3, these measurements are described in 
Table 7. 

Making use of these temperature ranges, the material performances 
of the different processes are assessed based on their HDT-A specifica-
tions so that qualified materials can be identified (see Table 5). The heat 
deflection temperature under a load of 1.80 MPa (HDT-A) is a well- 
established parameter to pre-select materials for application [87,88]. 

For material selection, the dimensioning temperature Tdim is applied, 
set at 10 ◦C above the expected maximum use temperature TU. This 
provides a safety margin for eventually higher temperatures and results 
in a dimensioning temperature of Tdim  = 105 ◦C for the exemplary trim 
part in the upper door panel (see index number 4 in Fig. 3 and Table 7). 

3.3.4. Process and material compatibility index 
Material pre-selection can be done with mechanical and thermal 

properties from data sheets. However, not every available machine can 
process every material in its AM process family (intra-system compati-
bility) and not every process family is can process every material (inter- 
system compatibility). Thus, apart from selecting appropriate materials 
solely according to mechanical and thermal properties, one has to 
consider restrictions in material-machine compatibility. To reflect these 
restrictions, the method introduces a compatibility index (CI) which 
reflects the share of machines that is able to process a certain material 
within each process family. 

This index categorizes the actual machine compatibility qualitatively 
from 1 (very low compatibility) to 5 (very high compatibility) based on 
the actual share of processing machines (e.g. “5” indicating a compati-
bility between 80–100% of the machines). The index also shows non- 
compatible materials and machines. This way the CI enables two key 
insights. First, it shows available materials across all process families. 
Second, it gives information about materials that are more universally 
processable within a process family versus materials that can only be 
processed by a small share of machines. 

4. Data analysis 

4.1. AM process family and material overview 

While classification of thermoplastic materials in PBF and ME pro-
cesses is trivial according to existent engineering polymers from non-AM 
processes, the thermoset-based processes use material classes which are 

Fig. 3. Expected maximum temperature ranges during vehicle service (adapted with friendly permission of AUDI AG).  

Table 7 
Measurement locations and resulting maximum temperature ranges during 
vehicle service.  

Index Measurement 
location 

Measurement 
type 

Max. temperature 
range 

Unit 

1 Dashboard Surface 110− 115 

◦C 

2 Trunk cover Surface 100− 110 
3 Center arm rest Surface 93− 98 
4 Upper door panels Surface 90− 95 
5 Head space Air 80− 85 
6 Instrument dash Surface 80− 85 
7 Roof (outside) Surface 78− 83 
8 B-column (inside) Surface 78− 83 
9 Bumpers Surface 75− 80 
10 Upper door panels Air 70− 75 
11 Floor (inside) Air 60− 65  
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not directly classifiable. Thus, the OEMs suggestions for material 
behavior were taken into account and materials marked with an asterisk 
are thermoset based resin materials that mimic behavior of this refer-
ence material. For detailed chemical composition, the respective data 
sheets need to be reviewed. Materials with unmentioned behavior 
comparison were summarized in the category “Other”. 

Table 8 summarizes materials in the different processes. PBF, 
comprising selective laser sintering (SLS) and multi-jet fusion (MJF) 
contributes the greatest share with 66 listed materials. This is a first 
indicator towards earlier findings in research, declaring PBF as the most 
widely used AM process family for end-use parts [56,89]. Most materials 
for PBF consist of polyamides and their composite derivates with glass, 
carbon or mineral fillers. These polymers are considered as especially 
qualified for PBF processes because of their crystallinity [56]. 

ME uses a broad spectrum of thermoplastic materials ranging from 
basic to high performance polymers. The process family lists amorphous 
polymers like PEI, ABS, ASA, PC, PC-ABS and PPSU because of their well 
controllable melt behavior [56] but also processes semi-crystalline 
materials like PAs and PEKK. 

In contrast to PBF and ME being thermoplastic processing technol-
ogies, VP and MJ utilize photosensitive thermosets based on either 
acrylic or epoxy photopolymers [56]. These materials are offer proper-
ties similar to ABS, PC, PP, TPE or silicones. Findings are in line with 
materials listed in comprehensive reviews and overviews of other re-
searchers [14,46,47]. 

4.2. Mechanical properties 

Fig. 4 shows minimal tensile strength (σmin) versus Young’s modulus 
(Ymin) for all materials in Table 8 by technology family. For applications 
mentioned for the automotive and aerospace industry in Table 1, the 
figures are annotated with the respective application index numbers as 
these industries share a similar requirement level. 

All four technology subplots have standardized axis dimensions to 
enhance inter-process comparability. A red area marks the resulting 
dimensioning corridor derived from the series PC/ABS trim part’s ma-
terial properties within the respective lower and upper dimensioning 
bounds for the Young’s modulus (Ydim,l and Ydim,u) and tensile strength 
(σdim,l and σdim,u). 

The charts show materials ranging between a σmin of 20–60 MPa and 
up to a Ymin of 6500 MPa. Detailed inspection of PBF shows a high dis-
tribution density between a σmin of 30–60 MPa and Ymin of 
1500–4000 MPa. Here PA derivates represent a major material share as 

they are the dominant powder material as noted by various researchers 
[14,48]. Composite variants of PA and PEEK/PEKK reach up to a Ymin of 
6000 MPa and a σmin of 80 MPa. Few materials are found near the 
specified dimensioning corridor of the case study. 

Materials used in ME represent a very concentrated distribution 
around a Ymin of 2000 MPa and a σmin of 20–60 MPa. Here, only PEKK 
exceeds these values and the minimal dimensioning limits. Also PEI 
performs close to the specified dimensioning corridor. A similar condi-
tion applies to materials in MJ, with most of the materials ranging close 
to a Ymin of 2000 MPa between 20 to 60 MPa of σmin and just two ma-
terials exceeding the minimal specification ranges. For VP most mate-
rials locate between a σmin of 25 and 65 MPa and Ymin of 
1000–3000 MPa. Some materials mimicking ABS or PC properties 
exceed the minimal specifications for the case study. All process families 
cover some flexible materials such as TPE, which are located at the lower 
left corners of the respective graphs. 

Evaluating the minimal strain at break (εmin) in Fig. 5, especially ME 
materials show a behavior different to other AM processes. Except TPE 
materials, all ME polymers show a εdim of 7% or below. This observation 
probably originates from the strong anisotropy induced through the 
layered extrusion, resulting in lesser material density and weaker layer- 
to-layer bonding [90,91]. As the initial convention was made to present 
the minimal values for materials, the extracted values represent the 
mechanical characterization of specimen printed upright in 
ZX-orientation [92]. According to preceding research results, ME, in this 
case FDM, is the AM technology with the highest anisotropy of around 
50 % [43]. Here, rigid materials in ME miss the lower dimensioning 
bound for the case study εdim,l by a factor of 10. 

Literature suggests that the SLA process, which is a major contributor 
to the VP category, produces isotropic parts with equal mechanical 
properties in every build orientation [93]. This also applies to the claim 
of the DLP process to produce fault-free and isotropic parts [94]. The 
enhanced layer-layer adhesion contributes to better performance of 
these processes. While no material is in the dimensioning corridor, 
multiple rigid VP materials resembling ABS or PP properties exceed the 
specifications. 

Mechanical properties of parts produced through PBF processes, 
especially SLS, have a well-documented dependence on density and on 
the input powder particle shape [95]. They also show a dependence on 
build orientation with minor performance usually occurring along the 
Z-axis [96]. However, four PA and PP materials are within or close to the 
given dimensioning corridor. 

Across all considered process families, materials of higher strain at 

Table 8 
Material availability overview for selected industrial AM processes.  

Family Process Materials (N) Total 

PBF SLS 
MJF 

PA 11 (8) PA 12 AL (2) PA 12 GB (1) PA 612 GF (1) PPS (1) 66 
PA 11 CF (1) PA 12 AL GF (1) PA 12 GF (6) PEBA (1) TPE (6)  
PA 11 FR (1) PA 12 CF (2) PA 12 MF (3) PEEK (1)   
PA 11 GF (1) PA 12 CF GF (1) PA 6 (3) PEKK CF (1)   
PA 12 (16) PA 12 FR (4) PA 6 GF (1) PP (4)   

ME FDM 

ABS (3) PC (2) PPSU (1)   15 
ASA (1) PC-ABS (1) TPE (1)    
PA 12 (1) PEI (1)     
PA 12 CF (1) PEI FR (1)     
PA 6 (1) PEKK (1)     

MJ MJ 

ABS* (8)     22 
PC* (2)      
PP* (6)      
TPE* (4)      
Other (2)      

VP DLP 
SLA 

ABS* (10) PC* (4)    26 
CE (1) Other (4)     
TPE* (2)      
PP* (4)      
Silicone* (1)      

Total  129  
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break are predominantly PAs, PP, ABS and ABS. This by default applies 
to TPE and TPE-like elastomers. Focusing on products that have already 
been realized in the automotive industry according to Table 1, these 
applications tend to utilize materials situated in the range of a εmin of 
over 10 % while having an average to high σmin. 

4.3. Thermal properties 

Like addressed in Section 3.3.3, materials are selected with strict 
thermal requirement for hot environments, induced by operating con-
ditions and environmental influences. 

Fig. 6 shows HDT-A versus σmin of materials for the four different AM 
technology categories. 

The lower and upper limits (TU,min and TU,max) of the temperature 
range experienced in vehicle service are added to the graphs to indicate 
the dimensioning corridor between TU,min = 60 ◦C and TU,max = 120 ◦C 
(see Fig. 3 and Table 7 in 3.3.3). Material within and above this corridor 
might apply to applications that need to maintain their shape under 
occasional or continuous load at elevated temperatures. Materials below 
this corridor show less potential but may suit applications with lower 
requirements regarding geometrical stability. 

For the case study trim part from the upper door panel (compare 
Fig. 3 and Table 7 index number 4) a maximum service temperature of 
95 ◦C is expected, resulting in a minimum dimensioning temperature 
Tdim,l = 105 ◦C with a safety margin of 10 ◦C. The upper corridor limit is 
set to Tdim,u = 130 ◦C, which is 10 ◦C above the highest service tem-
perature an interior component is experiencing during vehicle service. 

Comparison of the charts points towards a gap in material 

performance under load at elevated temperatures. While PBF and ME 
share a broad material spectrum ranging from around 50 ◦C up to about 
200 ◦C in HDT-A, covering the specified dimensioning corridor and 
beyond, thermoset based systems like MJ and VP barely reach the lower 
service temperature limit TU,min. No listed MJ material reaches the 
corridor, but some exceptions apply to a few VP materials exceeding 
100 ◦C HDT-A, including the listed VP series part applications realized 
through DLP printing (see Table 1). The listed exemplary automotive 
applications 1 and 3 in PBF from Table 1 are situated below the corridor 
due to lower requirements issued by cooler areas of application. 

While MJ has earlier been considered of emerging into a leading 
technology in the manufacturing industry without further mention of 
target industries [60], the analysis shows that parts manufactured with 
MJ show both, inferior mechanical and thermal properties compared to 
other processes. Thus, MJ cannot be considered a relevant technology 
for automotive series part production, but still plays an important role in 
prototyping and design verification. 

To a certain extent, this also applies to VP, where thermal perfor-
mance is also low. However, some materials qualified for VP, especially 
DLP systems, are present in automotive applications and able to fulfill 
HDT-A requirements of the case study. 

4.4. Compatibility indexing 

Focusing on technologies that implied relative qualification for 
production of end-use parts in the automotive industry sector, the MJ 
and SLA processes are not considered in the following analysis. The 
reduction in the number of processes also brings better readability, as 

Fig. 4. Minimal Young’s modulus (Ymin) versus min. tensile strength (σmin) for PBF, ME, MJ and VP.  
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the compatibility index breaks the process families down into their sub- 
processes. 

Raw materials in form of powder, resin or filament demand for a 
completely different machine design. These designs are heavily depen-
dent on the material properties and imply complex restrictions, 
material-machine relationships and knowledge for harnessing of pro-
cesses [42,55,56]. Fig. 7 visualizes the relations between all processing 
machines and materials that have been evaluated during this analysis. 

It depicts the level of compatibility of machines (row indices) with 
materials (column indices). As an example, 91 % of SLS machines used 
for this analysis are able to process the material PA 12, resulting in a 
very high compatibility, while just 4% can process the high performance 
material PEEK, indicating a very low compatibility. This index is a high- 
level indicator of intra- and inter-system compatibility. For the given 
example, the intra-system compatibility of PA 12 in SLS is very high. So 
is the inter-system compatibility, as a high amount of MJF and FDM 
machines can process PA 12, too. 

Processing of PEEK limits to a small share of SLS machines and not 
available for other systems like FDM, MJF and DLP. This results in both, 
a very low intra-system and inter-system compatibility. In general, high 
figures indicate that a material has a good machine compatibility, of-
fering the user a better of choice of processing machines. Low figures 
indicate that a given material is highly tailored to specialized machines 
and vice versa. This limits the user’s choice of machines to a small 
number or even single machines. High figures for a single material 
across the different technologies indicate a good inter-system 
compatibility. 

Results show that the SLS technology covers the broadest material 

portfolio. Pure PA 11 and 12 are prime compatibility materials for SLS 
processes, which complies with existing research [48]. SLS machines are 
also highly compatible to TPEs and PPs. Other materials are qualified on 
a far smaller share of machines, ranging from 57 % for glass-filled PA 12 
down to 4% of machines for various carbon filled materials, resulting in 
a very low to medium CI. Very few machines can process materials like 
PEEK, PEKK and PPSU. MJF as the second analyzed PBF technology 
brings a full compatibility for PA 11, PA 12, their glass-filled derivates 
and a medium compatibility for TPE. However, the machine market is 
limited to two machine generations from a single OEM at this time. 

FDM offers a high compatibility across the analyzed machine port-
folio. ABS, PC and PC-ABS, ASA and PA 12 are processable by nearly 
every system. High performance materials such as PA 6, PEI, PEKK and 
PPSU are rather limited to about 50 % or less of the machine portfolio. 
DLP is highly compatible to ABS-like materials. It also has a medium CI 
for flexible materials (Silicone-like, TPE-like) and PP-like materials with 
less than 50 % of the listed machines. 

Inspecting inter-system compatibility, some materials are exclusively 
processable by a single process. This applies to ABS, ASA, PC and PC- 
ABS, PEI, PEKK and PPSU which are solely processed by FDM, while 
CE and Silicone-like materials are associated with the DLP process. True 
PP, PEEK, PEBA, PPS and many of the PA composite blends are solely 
processable by the SLS process. 

In connection with the results presented in the material selection 
charts, these processability figures have a high impact on the product 
developer’s material and process selection. As different materials 
partially require completely different process chains, material switches 
in development and production become difficult. In addition to the 

Fig. 5. Minimal tensile strength (σmin) versus min. strain at break (εmin) for PBF, ME, MJ and VP.  
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printing process, the post-processing chain is highly dependent on the 
initial process selection. Given, that requirements are clear and potential 
target application areas are identified, the CI supports decision making 
towards applicable processes and gives first indications about a spec-
trum of material alternatives within a process family. 

5. Results and discussion 

The proposed method helps to evaluate the applicability of polymer 
AM processes and materials regarding part dimension requirements in 
automotive series part production. Results from a case study provided 
valuable insights that are discussed taking the initially stated findings F1 

to F4 into account. 
The analysis has shown that fundamental automotive requirements 

are a challenge to polymer AM processes. Technologies like PBF and ME, 
processing thermoplastic materials, show comparably better applica-
bility in high temperature environments and most mechanical proper-
ties. Thermoset based processes can fulfill thermal requirements with 
only very few materials. MJ is not applicable to series production at all. 

Considering the lower mechanical properties of ME due to high 
anisotropy, PBF processes represent the most promising option for series 
part production. All these results underline the initial finding F1. The 
analysis shows that AM parts can suffer from inferior properties and 
heavily depend on the selected process and material. However, it also 

Fig. 6. HDT-A versus min. tensile strength (σmin) for PBF, ME, MJ and VP with use and dimensioning temperature levels (TU and Tdim) for an upper door panel 
trim part. 

Fig. 7. Compatibility index for selected AM process and material combinations.  
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reveals the comparably better properties of composite materials towards 
both thermal and mechanical requirements. These composites are 
mainly PBF materials in form of polyamide blends but are also present to 
a lower extent in ME and VP. This is congruent with the initial finding 
F2, which states that composite materials can mitigate inferior material 
properties through a comparably better material performance. 

The introduced compatibility index assessed compatibility of mate-
rials between different processes (inter-system compatibility) and 
within single process families (intra-system compatibility). 

PBF processes offer the broadest variety of materials in this analysis 
and the most compatible materials remain PA 11, PA 12 and PA 12 GF, 
TPE and PP. Comparably low compatibility is encountered for high 
performance polymers and composites. Further standard thermoplastics 
like PC, ABS, PEI and PEKK are broadly printable with FDM but remain 
in this domain when real thermoplastics are required. DLP systems are 
flexible but process thermoset based materials, which are not yet fully 
matching thermal requirements of the automotive industry. However, 
the DLP market is growing fast and regarding the general technological 
trends mentioned in section 2.3 the material and machine portfolio 
evolves towards more flexible and end-user centered systems. This 
development also applies to PBF systems, where new materials and 
machines are forming an open material platform. Thus, intra-system 
material compatibility probably improves in the future but also brings 
new challenges, as many materials might not be initially qualified on 
printing systems but could be qualified through collaborative efforts 
with the printer OEMs. These developments towards open material 
platforms require more specific knowledge of the end-user about specific 
requirements in development as well as the current situation on the 
material market. Relevant materials could be supplied by a third party 
and might not be initially known by the end-user. 

For the moment, end-users still have to select the process and ma-
terial combination carefully. The proposed material-focused selection 
method offers an effective decision support layer, which could be 
combined with a more detailed subsequent process-focused selection 
layer as presented by Bikas et al. [45] to improve AM users’ decision 
quality. All these results underline the initial finding F3. 

Common engineering polymers for automotive applications, like PC- 
ABS used for the case study part, are barely available. The ME tech-
nology offers some standard polymers, but suffers from high anisotropy 
and a lack of productivity. Highly productive PBF processes bring ma-
terials that likely fulfill requirements but still are highly centered at 
processing PAs. Transparent materials like PMMA are not available, 
though they are an important element of modern surface and light 
design in automotive applications. These results affirm the initial finding 
F4, which stated that a limited material portfolio currently inhibits 
application development with polymer AM in the automotive industry. 

For the application in the case study, the most promising material 
and process combinations for the interior part would be PBF with a PA 
composite or DLP with a high temperature ABS-like material. FDM 
might be applicable for extremely low volumes using an ABS or PC 
material, implicating higher development and post-processing efforts 
because of surface roughness and anisotropy. 

However, many properties relevant to material qualification in series 
production such as emission levels, impact behavior or flammability are 
not covered here and might further reduce the range of suitable mate-
rials and demand for a more holistic data base. 

This and the high requirements issued by the case study imply that 
polymer AM parts in automotive will likely be targeted at exterior ap-
plications or interior applications in the near future. There, a lower 
requirement level lowers the barriers for introduction of AM parts until 
new performance materials are offered. 

6. Conclusions 

This paper developed a reference system for evaluation of existing 
and upcoming polymer AM materials based on publicly available 

material and process data. It proposed an index to rate compatibility of 
materials across various processes. Designers and engineers gain access 
to an easy to implement tool for pre-selection of materials in the polymer 
AM domain. 

Due to the universal nature of the methodology, the proposed 
approach is not limited to the automotive industry but also applicable to 
other polymer-processing industries with distinctive requirements like 
the initially mentioned aerospace or medical industry. Depending on 
data availability, requirement dimensions relevant to the respective 
industries can easily be added to the evaluation framework. 

Here, main conclusions derived from the application of the method 
with automotive requirements from VDA 232-201 using a case study for 
an interior trim part include:  

• Materials and machines for polymer AM can be mapped by material 
properties and compatibility to each other via material selection 
charts and a compatibility index (CI).  

• Inconsistencies between completeness of data sheets and testing 
methods (ASTM and ISO) impede comparability of materials. Also 
compatibility of machines to third party materials is rarely listed.  

• Automotive requirements for mechanical and thermal material 
properties from VDA 232-201 and an interior trim part case study 
were successfully applied to the material selection charts.  

• Thermal requirements are a challenge for thermoset-based processes, 
as most materials are not temperature-resistant. MJ and its materials 
is not applicable at all. Thermoplastic processes offer comparably 
more temperature-resistant materials according to HDT-A.  

• PBF and VP are promising to fulfill mechanical requirements with 
multiple materials. MJ offers nearly no materials meeting the re-
quirements. ME suffers from anisotropy. 

• Composite materials can offer better mechanical and thermal prop-
erties, but are mostly tailored to few machines in the SLS domain as 
shown by the compatibility index (CI). These material-machine in-
compatibilities may be a high barrier for users due to high in-
vestments into systems with low material flexibility. Second, whole 
process families are incompatible to certain material classes, limiting 
the choice of systems.  

• Application development for automotive series parts is inhibited due 
to limited material portfolios. Polymers frequently used in automo-
tive product development such as PC-ABS in the case study are barely 
available. These engineering thermoplastics are limited to PBF and 
ME.  

• PBF processes prove most promising for manufacturing of the case 
study part with high mechanical and thermal requirements.  

• Findings from preceding research were affirmed by the results of the 
analysis. Research and practice need to focus on enhancing material 
properties, availability, comparability and compatibility to lower the 
barriers for application of polymer AM, especially in industries with 
high requirements like automotive or aerospace. 

The dimensions for evaluation of polymer AM for series part 
manufacturing depicted in Fig. 1 will be part of our future studies. As 
economics of AM are crucial for its application and sustainability con-
cerns regarding use of polymers and whole product lifecycles are more 
topical than ever, these need to be integrated into the evaluation 
framework and assessed as a whole. Also, a more holistic framework will 
contribute to better evaluation of AM between other manufacturing 
techniques such as injection molding or subtractive manufacturing. 
Coming studies will address these fields and enhance decision making 
between these approaches. 
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