
  

 

 

Electrostatic powder charging phenomena and their 
utilization in a novel powder application method for 

powder bed fusion of polymers 

Elektrostatische Pulveraufladungsphänomene und 
ihre Nutzung in einem neuartigen Pulverauftragsver-
fahren für die pulverbettbasierte Additive Fertigung 

von Polymeren 

 

Der Technischen Fakultät  
der Friedrich-Alexander-Universität  

Erlangen-Nürnberg 

zur 
Erlangung des Doktorgrades Dr.-Ing. 

 

 

vorgelegt von 

Sebastian-Paul Kopp, M.Sc. 

aus Amberg 



 

 

 

 
 

 

Als Dissertation genehmigt 

von der Technischen Fakultät 
der Friedrich-Alexander-Universität Erlangen-Nürnberg 

 

Tag der mündlichen 
Prüfung:  25.04.2024 

 
 
Gutachter:  Prof. Dr.-Ing. Michael Schmidt 

 Prof. Dr.-Ing. Volker Schöppner, Universität 
Paderborn   



  

iii 

Preface 

Die vorliegende Dissertation entstand im Wesentlichen im Rahmen meiner 
Tätigkeit als wissenschaftlicher Mitarbeiter am Bayerischen Laserzentrum 
(blz) in Erlangen. Die Inhalte sind schwerpunktmäßig im Kontext des Teil-
projekts B6 des Sonderforschungsbereichs 814 (SFB 814) – Additive Ferti-
gung entstanden. Aus diesem Grund gilt mein Dank der Deutschen For-
schungsgemeinschaft (DFG) für die Finanzierung des SFB 814 – Additive 
Fertigung. Ferner danke ich der Erlangen Graduate School in Advanced 
Optical Technologies (SAOT) für die Unterstützung. 

Mein ganz besonderer Dank gilt meinem Doktorvater Herrn Prof. Dr.-Ing. 
Michael Schmidt, dem Ordinarius des Lehrstuhls für Photonische Techno-
logien (LPT), der mir durch das entgegengebrachte Vertrauen die eigenver-
antwortliche Bearbeitung meines Forschungsprojektes ermöglichte. Durch 
die wissenschaftlichen Diskussionen und Anregungen förderte er mich 
stets in meiner wissenschaftlichen Ausbildung und Weiterentwicklung. 
Herrn Prof. Dr.-Ing. Volker Schöppner, Leiter der Kunststofftechnik an der 
Universität Paderborn (KTP), danke ich für die wissenschaftliche Betreu-
ung als Zweitgutachter. Mein weiterer Dank gilt Herrn Prof. Dr.-Ing. Nico 
Hanenkamp für die Übernahme des Prüfungsvorsitzes und Herrn Prof. Dr.-
Ing. Andreas Bück als fachfremder Gutachter. 

Den Geschäftsführern des blz, Herrn Prof. Dr.-Ing. Michael Schmidt und 
Herrn Dr.-Ing. Stephan Roth, danke ich für das in mich gesetzte Vertrauen 
als Mitarbeiter und Gruppenleiter der Fachgruppe „Prozesstechnik Kunst-
stoffe“ sowie zuletzt als Leiter des Geschäftsbereichs „Nichtmetalle und 
Präzisionsbearbeitung“. Durch die Vielzahl an Möglichkeiten zur selbstän-
digen Bearbeitung verschiedenster wissenschaftlicher und industrieller 
Fragestellungen konnte ich mich fachlich wie auch persönlich weiterent-
wickeln. 

Mein herzlicher Dank gilt auch meinen Kolleginnen und Kollegen am blz 
und LPT für die vielen fachlichen Diskussionen, die freundliche Arbeitsat-
mosphäre und die stetige Unterstützung. Insbesondere danke ich den 
Technikern Ali Sahin, Torsten Zimmermann, Udo Müller, Peter Holik, Ben-
jamin Steffan sowie den weiteren Technikern des LPT für die überaus wich-
tige und erfolgreiche Unterstützung beim Aufbau des ersten Prototypen. 
Darüber hinaus danke ich meiner alten Fachgruppe „Prozesstechnik Kunst-
stoffe“, insbesondere Maximilian Marschall, Vadim Medvedev, sowie den 



Preface 

iv 

ehemaligen Mitgliedern Dr. rer. nat. Thomas Stichel und Thomas Schuf-
fenhauer, für die freundschaftliche Atmosphäre, die unzähligen fachlichen 
Diskussionen und den ausgesprochen wertvollen, nicht-fachlichen Aus-
gleich. Ebenso möchte ich mich bei den ehemaligen Gruppen „Prozesstech-
nik Metalle“, „Systemtechnik & Kurzpulsprozesse“ sowie „Services“ für den 
guten prozess- und werkstoffübergreifenden Austausch bedanken. Mein 
herzlicher Dank für die freundliche, angenehme und oft auch amüsante 
Arbeitsatmosphäre gilt darüber hinaus Vanessa Möritz, Dominic Bartels, 
Lisa Ackermann, Alexander Wittmann, Magdalena Kestler, Johannes Vet-
ter, Michelle Trbic sowie der Buchhaltung des blz. 

Besonders bedanken möchte ich mich auch bei einer Vielzahl an motivier-
ten sowie begabten Studierenden. Hervorzuheben sind Benedikt Schmaus, 
Cindy Ly Huynh, Pius Marcellinus Eshun, Natalie Wöltinger und Niklas 
Ebert. 

Nicht zuletzt danke ich auch für äußerst wertvolle wissenschaftliche Ko-
operationen außerhalb des blz. Mein Dank gilt Björn Düsenberg und Dr. 
rer. nat. Jochen Schmidt vom Lehrstuhl für Feststoff- und Grenzflächenver-
fahrenstechnik (LFG), Andreas Jaksch, dem Geschäftsführer des SFB 814, 
Dr.-Ing. Sandra Greiner vom Lehrstuhl für Kunststofftechnik (LKT) und 
Prof. Dr.-Ing. Katrin Wudy von der TU München. Zudem danke ich meinen 
langjährigen Freunden Dr. rer. nat. Fabian Graßl vom Department Chemie 
und Pharmazie sowie Maximilian Weißflog, mit dem ich gemeinsam die 
Polarlichter im hohen Norden Schwedens bestaunen durfte. Außerdem 
danke ich Dr. rer. nat. Max Gmelch von der SAOT für seine erstklassigen 
Outreach-Aktivitäten. 

Mein allergrößter Dank gebührt meiner Familie, die mich bei all meinen 
Entscheidungen unterstützt und auf meinem Weg stets gefördert hat und 
immer einen wertvollen Ausgleich sowie Rückhalt für mich darstellt. Ab-
schließend danke ich von Herzen meiner Partnerin Teresa, die mir immer 
mit Rat und Tat zur Seite steht und mich in so manch stressiger Zeit an die 
schönen Dinge im Leben erinnert. 

 

Fürth, im November 2023          Sebastian-Paul Kopp



  

v 

Table of Contents 

 
List of Symbols and Abbreviations ..................................................... vi 
List of Figures ....................................................................................... x 
List of Tables ...................................................................................... xii 

1 Introduction ................................................................................ 1 

2 State of the Art ............................................................................. 3 

2.1 Laser-Based Powder Bed Fusion of Polymers (PBF-LB/P) .......... 3 
2.1.1 Fundamentals of the PBF-LB/P Process ............................ 5 
2.1.2 Conventional Powder Application Methods for PBF-LB/P

 ............................................................................................ 10 
2.1.3 New Approaches for Powder Application Methods in 

PBF-LB/P ............................................................................ 16 
2.2 Electrophotographic Powder Application (EPA) ...................... 22 

2.2.1 Physical Principles of Electrophotography ...................... 23 
2.2.2 First Applications in Powder Bed Fusion and Current 

Limitations .........................................................................33 

3 Objective and Methodology ...................................................... 37 

4 Requirements for Substituting Conventional Powder 
Application Methods of PBF-LB/P by EPA ................................ 41 

4.1 Achieving a Suitable Particle Charging ...................................... 41 
4.2 Enhancing Powder Deposition Efficiency by Reducing 

Interparticle Attraction Forces .................................................. 58 
4.3 Forming of the Electric Deposition Field .................................. 66 
4.4 Compensation of Charge Accumulation ................................... 74 

5 Application potentials of EPA for PBF-LB/P in Pharmaceutical 
3D Printing................................................................................. 85 

6 Conclusion ................................................................................ 105 

7 Zusammenfassung .................................................................... 107 

Appendix ........................................................................................... 109 

Bibliography ...................................................................................... 113 



  

vi 

 

List of Symbols and Abbreviations 

Abbreviation  Description 

2D  Two-dimensional 

3D  Three-dimensional 

AC  Alternating current 

AM  Additive manufacturing 

ASTM  American Society for Testing and Materials 

BJT  Binder jetting 

CAD  Computer aided design 

CAD  Charged area development 

CCA  Charge control agent 

CGM  Charge generation material 

CO  Carbon monoxide 

CO2  Carbon dioxide 

CTL  Charge transport layer 

DAD  Discharged area development 

DED  Directed energy deposition 

DIN  Deutsches Institut für Normung e. V. 

DLP  Digital light processing 

dpi  Dots per inch 

DSC  Differential scanning calorimetry 

EN  Europäische Norm 

EPA  Electrophotographic powder application 

EPA-PBF-
LB/P 

 
Laser-based powder bed fusion of polymers 
using electrophotographic powder applica-
tion with contactless powder deposition 

ETM  Electron transport material 

HTM  Hole transport material 

IR  Infrared 



List of Symbols and Abbreviations 

vii 

Abbreviation  Description 

ISO  International Organization for Standardiza-
tion 

LS  Laser sintering 

MEX  Material extrusion 

MJT  Material jetting 

MRL  Manufacturing readiness level 

NIR  Near infrared 

OPC  Organic photoconductor 

PA11  Polyamide 11 

PA12  Polyamide 12 

PBF  Powder bed fusion 

PBF-LB  Powder bed fusion – laser beam or laser-based 
powder bed fusion 

PBF-LB/M  Powder bed fusion – laser beam of metals or 
laser-based powder bed fusion of metals 

PBF-LB/P  Powder bed fusion – laser beam of polymers 
or laser-based powder bed fusion of polymers 

PC  Polycarbonate 

PP  Polypropylene 

PS  Polystyrene 

PSD  Particle size distribution 

SHL  Sheet lamination 

SLM  Selective laser melting 

SLS  Selective laser sintering 

STEP  Selective thermoplastic electrophotographic 
process 

STL  Standard tessellation language 

TRL  Technology readiness level 

UCL  Undercoat layer 

VPP  Vat polymerization 
 
  



List of Symbols and Abbreviations 
 

viii 

Symbol Unit Description 

𝐴  m2 Area 

𝑑ୡ  m Distance to the corona wire 

𝑑ୡ୭୰୭୬ୟ ୵୧୰ୣ  m Diameter of the corona wire 

𝑑୮  m Thickness of the photoconductor 

𝑑୮୧୶ୣ୪  m Pixel size 

𝑑୮୧୶ୣ୪ ଷୢ୮୧  m Pixel size for a resolution of 300 dpi 

𝑑୮୧୶ୣ୪ ଵଶୢ୮୧  m Pixel size for a resolution of 1200 dpi 

𝑑𝑆  - Vector pointing in the direction of an out-
ward normal to the area 𝐴 

𝐸ሬ⃗   V m-1 Electric field 

𝑒  C Elementary charge 

𝐸ୡ  V m-1 Electric field strength of the field sur-
rounding a corona wire 

𝐸୮  V m-1 Electric field strength inside a photocon-
ductor 

𝐸ୟୱୡ୦ ୫୧୬  V m-1 Minimum electric field strength required 
for Paschen’s breakdown to occur 

𝐹 ୪
ሬሬሬሬሬ⃗   N Electric field force 

∆𝐻ୡ  J Crystallization enthalpy 

∆𝐻୫  J Melting enthalpy 

𝐻୰  - Hausner ratio 

ℎୱ  m Hatching distance 

ℎଵିଷ  m Thicknesses of the deposited powder lay-
ers 1-3 

𝐾୮  - Dielectric constant of the photoconductor 

𝑁ୠ  - Number of charges per unit volume in the 
bulk 

𝑃  W Laser power 

𝑞.  C Electric charge of a point charge 

𝑞୮ୟ୰୲୧ୡ୪ୣ  C Electric charge of a particle 

𝑟  m Radius 



List of Symbols and Abbreviations 

ix 

Symbol Unit Description 

𝑇  °C Required build chamber temperature 

𝑇ୡ ୭୬  °C Crystallization onset temperature 

𝑇ୡ ୮ୣୟ୩  °C Crystallization peak temperature 

𝑇 ୣ୰ୟୢ ୮୭୪୷୫ୣ୰   °C Degradation temperature of polymer B 

𝑇  °C Glass transition temperature 

𝑇 ୮୭୪୷୫ୣ୰   °C Glass transition temperature of polymer A 

𝑇୫ ୭୬  °C Melting onset temperature 

𝑇୫ ୮ୣୟ୩  °C Melting peak temperature 

𝑈ୡ  V Potential of the corona wire 

𝑈୮  V Surface potential of a photoconductor 

𝑈୰  V Residual potential inside a photoconduc-
tor 

𝑣  m s-1 Translational velocity 

𝑣ୱ  m s-1 Scanning velocity 

𝜖  F m-1 Permittivity of free space 

𝜖୮  F m-1 Permittivity of the photoconductor 

𝛾  N m-1 Surface tension 

𝜂  Pa s Melt viscosity 

𝜌ୠ  kg m-3 Bulk density 

𝜌୲ୟ୮  kg m-3 Tap density 

𝜎୮  C m-2 Charge per unit area on a photoconductor 

𝛷  N m2 C-1 Electric flux 

𝜔  s-1 Rotational velocity 
 



  

x 

 

List of Figures 

Figure 1: Seven divisions of AM according to DIN EN ISO/ASTM 
52900:2022-03 [22–24]. .................................................................................. 4 

Figure 2: Schematic overview of a PBF-LB/P machine, based on [30,35]. ... 5 

Figure 3: Schematic DSC curve of a semi-crystalline polymer with process-
relevant temperatures, based on [56,59]. ..................................................... 8 

Figure 4: Schematic illustration of PBF-LB/P consolidation depths and layer 
thicknesses ℎ1, ℎ2 and ℎ3 for printing the first three layers, based on [73].
 ....................................................................................................................... 10 

Figure 5: Overview of conventional powder application methods, 𝑣 – 
translational velocity, 𝜔 – rotational velocity; a) doctor blade, b) 
counterclockwise rotating roller, c) clockwise rotating roller. .................... 11 

Figure 6: Overview of three categories of new powder application methods; 
a) area-based with a multi-chambered coater, b) line-based and c) mask-
based powder application. ........................................................................... 17 

Figure 7: Overview of the Manufacturing Readiness Level (MRL), based on 
[164,165]; the detailed guideline for the evaluation of the MRL according to 
the Department of Defense of the United States of America is available 
under [166]. .................................................................................................. 22 

Figure 8: Schematic representation of gas discharge-based charging of a 
photoconductor to a negative surface potential −𝑈p using a corotron 
device, consisting of a grounded shielding with a corona emitting wire 
inside; 𝑈c – potential of the corona wire, 𝑑p – thickness of the 
photoconductor, 𝜎p – charge per unit area on photoconductor, 𝐸p – electric 
field strength inside photoconductor; based on [169]. .............................. 26 

Figure 9: Schematic representation of gas discharge-based charging of a 
photoconductor to a negative surface potential −𝑈p using a scorotron 
device, consisting of a grounded support plate and corona emitting wires 
and a meshed screen underneath; 𝑈c – potential of the corona wire, 𝑈s – 
potential of the screen, 𝑑p – thickness of the photoconductor, 𝜎p – charge 
per unit area on photoconductor, 𝐸p – electric field inside photoconductor; 
based on [169]. ............................................................................................. 27 



List of Figures 

xi 

Figure 10: Visualization of the effect of incident electromagnetic radiation 
on the layers of a negatively charged organic photoconductor, based on 
[171]. .............................................................................................................. 29 

Figure 11: Visualization of the effect of incident electromagnetic radiation 
on the combined charge transport and charge generation layer of a 
positively charged organic photoconductor, based on [171]. ..................... 30 

Figure 12: Bottom-up approach for identifying and understanding the 
requirements for the utilization of electrophotography in the context of 
PBF-LB/P. ..................................................................................................... 38 

Figure 13: Key research questions and associated sections within this thesis 
to identify and understand the requirements for the successful substitution 
of conventional powder application for PBF-LB/P methods with EPA. .... 40 

Figure 14: Triboelectric charge control of polymer particles, transforming 
the natural bimodal particle charging (left) to monomodal charging (right) 
suitable for EPA-PBF-LB/P. .......................................................................... 41 

Figure 15: Influence of vibration excitation on the powder deposition result 
in EPA-PBF-LB/P. ........................................................................................ 58 

Figure 16: Tailored electric deposition field by using a transfer frame. .... 66 

Figure 17: a) Applied charge compensation strategy for limiting the surface 
potential of the part generated by EPA-PBF-LB/P; b) graded material 
transition showing the potential of selective multi-material powder 
deposition by EPA; c) parts manufactured by EPA-PBF-LB/P consisting of 
a polypropylene (PP) powder which cannot be processed in conventional 
PBF-LB/P due to poor powder flowability. ................................................. 74 

Figure 18: Manufacturing multi-material pharmaceutical parts by EPA-PBF-
LB/P. ............................................................................................................. 85 
 
  



 

xii 

List of Tables 

Table 1:  Influence of geometrical aspects of conventional powder 
application mechanisms on the resulting quality of the applied powder 
layer in terms of homogeneity and density for PBF-LB/P. ......................... 12 

Table 2: Influence of characteristics of the conventional powder application 
process on the resulting quality of the applied powder layer in terms of 
homogeneity and density for PBF-LB/P. ..................................................... 14 

Table 3: Influence of powder properties on the resulting quality of the 
conventionally applied powder layer in terms of homogeneity and density 
for PBF-LB/P. ................................................................................................ 15 

Table 4: Classification of the flow properties of polymer powders, based on 
[35,132]. .......................................................................................................... 16 

Table 5: Comparison of conventional powder application methods and new 
powder application approaches for PBF-LB/P, based on studies reported to 
date [133]; the new approaches are highlighted in light blue. .................... 21 

Table 6: Process steps of EPA, based on [169]. ........................................... 23 

Table 7: Comparison between the contacting and contactless strategy for 
using EPA in AM. ..........................................................................................35 
 
 



  

1 

1 Introduction 

The utilization of electrostatics in the context of photographic copies dates 
back to 1939, when Chester F. Carlson has patented a process [1] and one 
year later an apparatus [2] for electrophotography. Five years later, research 
activities on this new process, often also referred to as xerography, started 
to accelerate [3]. The invention of electrophotography, which is the basis 
for every laser printer, has revolutionized the printing industry. In contrast 
to former photographic printing technologies, which were based on chem-
ical processes like the cyanotype process [4], electrophotography allowed 
dry and non-chemical printing for the first time. 

Although today’s hot topics such as resource efficiency and sustainability 
were of subordinate importance back then, electrophotography has sub-
stantially increased both. Based purely on attractive and repulsive electro-
static interaction forces between powder particles and the latent charge 
pattern on a photoconductive surface, it allowed photographic prints and 
graphic reproductions to be generated economically. Time- and material-
intensive chemical reactions associated with risks to health were not nec-
essary anymore. Furthermore, the ability of the latent charge pattern to be 
varied rapidly by selective illumination of the photoconductive layer made 
electrophotography a highly flexible printing process [3]. From today’s per-
spective of additive manufacturing (AM), the selective deposition of pow-
der particles onto a substrate – usually a piece of paper – followed by a fu-
sion step can be interpreted as a first powder-based single layer quasi-AM 
process for generating letters or images. In the following, this is referred to 
as two-dimensional (2D) printing. 

Initial approaches for generating three-dimensional (3D) solid objects by 
means of AM emerged as early as the late 1960s. Based on photosensitive 
resins cured by exposure to ultraviolet (UV) electromagnetic radiation, a 
first apparatus for 3D printing by means of stereolithography (SLA) was pa-
tented in 1986. Starting in the 1990s, multiple other AM processes [5], in-
cluding powder-based ones [6], were invented. Especially powder-based 
AM, often referred to as powder bed fusion (PBF) [7], offers the capability 
to generate complex parts for high-performance applications [8], e.g., in 
aerospace [9], automotive [10] and medical [11] industries. Recently, PBF 
has also become increasingly important in pharmaceutical applications [12] 
to meet the growing demand for personalized medicine [13]. 
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In state-of-the-art laser-based PBF (PBF-LB), with conventional doctor 
blade- or roller-based powder application methods, geometrical flexibility 
for generating parts is purely realized via selective laser irradiation and thus 
selective powder fusion [14]. However, this inherently involves a complete 
filling of the build chamber with powder material and the need to recycle 
unused powder, the so-called partcake material [15]. 

Moreover, conventional powder application methods do not allow to tailor 
the material composition within a powder layer. Thus, they inhibit the fab-
rication of multi-material parts or parts with locally adjusted material dis-
tributions and therefore tailored functional properties by means of PBF-LB. 

Substituting conventional powder application methods for PBF-LB by elec-
trophotographic powder application (EPA) offers the possibility to over-
come these limitations. First approaches for transferring electrophotog-
raphy from 2D to 3D printing date back to 1990 [16] and 1992 [17], respec-
tively. However, as will be discussed in detail in 2.2.2, successful 
implementation of EPA to PBF-LB, especially in case of polymer powders 
(PBF-LB/P), has not been possible so far. 
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2 State of the Art 

In the following, first PBF-LB/P as a powder-based AM technology is dis-
cussed. The focus is on state-of-the-art powder application strategies as 
well as on new approaches and their deficiencies. Finally, the fundamentals 
of EPA are discussed pointing out current shortcomings, which render the 
successful utilization of EPA as powder application method for PBF-LB/P 
impossible so far.  

2.1 Laser-Based Powder Bed Fusion of Polymers (PBF-
LB/P) 

Additive manufacturing (AM) is a primary forming process for generating 
parts from three-dimensional (3D) model data [18]. The main distinguish-
ing feature of AM compared to conventional manufacturing processes is 
the computer-driven, layer-by-layer generation of parts [19], accomplished 
without the need for part-specific tooling [18]. The standards ISO 17296 (In-
ternational Organization for Standardization) [20] and ASTM F2792 
(American Society for Testing and Materials) [21] with its successor 
ISO/ASTM 52900 [22] specify that AM encompasses seven areas, one of 
which is powder bed fusion [23]. The different areas are determined based 
on the binding mechanism utilized and the morphology or delivery char-
acteristics of the feedstock [18]. Figure 1 gives an overview of the seven di-
visions of AM based on DIN EN ISO/ASTM 52900:2022-03.  
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Figure 1: Seven divisions of AM according to DIN EN ISO/ASTM 52900:2022-03 [22–24]. 

Powder bed fusion – laser beam (PBF-LB), often referred to as laser-based 
powder bed fusion, laser sintering (LS) or formerly as selective laser sinter-
ing (SLS), is capable of processing a wide range of materials [25]. While the 
term SLS was rather related to polymers, selective laser melting (SLM) was 
used in the context of metals [23]. However, following the latest standard-
ization efforts by ISO/ASTM [22], the term PBF-LB should be used. The two 
most commonly utilized materials in PBF-LB are metals (PBF-LB/M) [26] 
and polymers (PBF-LB/P) [27]. Additionally, ceramics are also suitable for 
this process, although they present challenges in direct processing [28]. 
This is mainly due to thermal stress-induced cracks and low absorptance of 
ceramic powder materials at visible and near infrared laser wavelengths 
[29]. 
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2.1.1 Fundamentals of the PBF-LB/P Process 

The PBF-LB/P process can be divided into three recurring main process 
steps [30]: powder application, irradiation, and consolidation. Beforehand, 
the build job is prepared by supplying a computer aided design (CAD) data 
set containing the geometry information of the parts to be generated [31]. 
In this context, the most common file format is the standard tessellation 
language (STL), which represents the surface of 3D objects as a collection 
of triangles. It is widely supported by most machine-specific control soft-
ware [32].  Additionally, for preparing the build job, powder is filled into 
the powder hopper. In order to increase process reliability, a thermal insu-
lation layer consisting of the powder for the respective build job is created 
on the build platform. In general, powder efficiency in PBF-LB/P is rela-
tively low [33]. Studies have shown that the nesting efficiency, which relates 
the weight of the parts produced to the weight of the total powder used to 
produce the parts, is significantly less than 20% [34]. Thus, powder por-
tions, which are not processed into the actual part – the so-called partcake 
material, or powder from the overflow containers (see Figure 2) – need to 
be refreshed with virgin powder, usually in a mixing ratio of 1:1 [35]. Re-
freshing with virgin powder is necessary to compensate for the physical and 
chemical aging effects of the partcake and overflow material caused by ex-
posure to high temperatures inside the build chamber and powder section 
[36]. Figure 2 gives a schematic overview of the key parts of a PBF-LB/P 
machine. Depending on the machine manufacturer, the individual imple-
mentation of the functional elements can vary considerably. 

 
Figure 2: Schematic overview of a PBF-LB/P machine, based on [30,35]. 
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In general, three sections can be distinguished – optics section, build cham-
ber and powder section [35]. The optics section contains the laser source 
and a beam deflection system composed of mirrors and a galvanometer 
scanner to ensure the process-specific high laser scanning velocities of sev-
eral m/s. 

Laser sources for PBF-LB/P 

Since most polymers exhibit suitable absorption properties at a laser wave-
length of 10.6 µm, carbon dioxide (CO2) lasers emitting at this wavelength 
are still the most common laser sources for PBF-LB/P [37]. The reason for 
the generally high absorption of laser radiation at a wavelength of 10.6 µm 
in polymers is mainly due to the excitation of molecular vibrations [38]. 
Hence, the high absorption of electromagnetic radiation at a wavelength of 
10.6 µm in polyamide 12 (PA12), which is the most commonly used polymer 
in PBF-LB/P [39], can be attributed to the excitation of a stretching vibra-
tion between the carbon atoms of the main chain and the carbonyl groups 
as side chains [40]. However, recent trends in this area suggest a growing 
preference for shorter wavelengths such as 5.5 µm, as shown by the use of 
carbon monoxide (CO) lasers [41]. The primary reason for this trend is the 
enhanced detail resolution made possible by the smaller achievable spot 
sizes of laser radiation at shorter wavelengths [42]. In addition, diode lasers 
that emit in the near-infrared (NIR) range are becoming increasingly im-
portant. These diode lasers offer advantages such as compact dimensions, 
which allow the development of small desktop devices [43], and high 
throughputs when used in diode laser arrays [44]. However, the absorption 
of polymer powders in the NIR is only around 10 %, whereas the absorption 
at 10.6 µm is usually > 70 % [6]. This requires the usage of additives such as 
dyes or carbon particles [45] to achieve sufficient absorption [46]. In phar-
maceutical PBF-LB/P [47], the use of CO2 lasers is not possible because the 
energy input to achieve sufficient interlayer connection is too high [48] and 
exceeds the thermal degradation threshold of the drugs [49]. Therefore, 
dyes in combination with diode lasers [50] are used to target the absorption 
of laser energy to prevent thermal damage [51].  

Process cycle 

3D parts are generated by iteratively applying the main process steps pow-
der application, irradiation, and consolidation in the build chamber (see 
Figure 2) [52]. The build chamber is preheated to a material dependent 
temperature via radiant heaters emitting in the infrared (IR) spectrum. A 
doctor blade- or roller-based powder application mechanism is utilized to 
homogeneously spread a powder layer with a thickness between 80 µm and 
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150 µm. Mostly, a layer thickness of 100 µm is used [30]. For powder appli-
cation, the build platform is lowered by a distance corresponding to the 
desired layer thickness before a new powder layer is applied by the powder 
application mechanism (see 2.1.2). In order to reduce the cooling of the ir-
radiated and consolidated cross-sectional area of the generated part by the 
new powder layer, the powder is preheated before application. The layer 
thickness of the applied powder layer strongly depends on the particle size 
distribution (PSD) and flowability of the powder and correlates with the 
achievable print resolution of the part in height direction (z-direction) and 
the resulting process time. By applying a special powder fractioning process 
for polyamide 11 (PA11), layer thicknesses of down to 40 µm can currently 
be achieved [41]. However, especially the fine particle fractions with diam-
eters < 40 µm cannot be processed in PBF-LB/P due to strong interparticle 
attraction forces [14]. They reduce the powder flowability and thus need to 
be strained out, negatively impacting the environmental footprint of this 
technology [34].  

Materials for PBF-LB/P 

PBF-LB/P requires the use of thermoplastic polymers, i.e., polymers which 
undergo a transition from a hard structure to a softer one and finally end 
up as a viscous melt when heated [53]. Especially in the early days, amor-
phous polymers, such as polycarbonate (PC) or polystyrene (PS) were used 
for PBF-LB/P – mainly due to their low shrinkage. Since they show inferior 
flowability compared to semi-crystalline polymers, the corresponding parts 
had a higher porosity and thus limited mechanical resistance. For this rea-
son and because of a growing understanding for suitable process windows 
for processing semi-crystalline polymers in PBF-LB/P [54], amorphous pol-
ymers became less important [55]. According to the model of quasi-isother-
mal laser sintering [56], a semi-crystalline polymer exhibits a temperature 
level at which both the solid and molten states can exist simultaneously. 
This implies that semi-crystalline polymers suitable for PBF-LB/P must 
show a hysteresis between melting and crystallization [57]. Figure 3 pre-
sents a schematic differential scanning calorimetry (DSC) curve of a semi-
crystalline polymer. It is important to note that heating and cooling rates 
for DSC measurements in the context of PBF-LB/P are typically in the range 
of 10 – 20 K/min. In contrast, the laser-induced heating and subsequent 
cooling rates during PBF-LB/P lie in the range of 106 K/min [58]. 
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Figure 3: Schematic DSC curve of a semi-crystalline polymer with process-relevant temper-
atures, based on [56,59]. 

Despite this significant difference in heating and cooling rates between a 
DSC measurement and the real PBF-LB/P process, DSC curves provide val-
uable information about the material-specific process window of semi-crys-
talline polymers. The process window and therefore the required build 
chamber temperature 𝑇 are defined as temperature range between the 
crystallization onset temperature 𝑇ୡ ୭୬ and the melting onset temperature 
𝑇୫ ୭୬ of the polymer. In this temperature range, both solid and molten 
states can be present [60]. According to the model of quasi-isothermal laser 
sintering, only the melting enthalpy ∆𝐻୫ required for phase transition be-
tween the solid and the molten state has to be supplied by laser radiation 
[57]. By selectively scanning the desired geometry on the powder surface 
with the laser radiation applying a specific irradiation strategy, e.g., a me-
ander pattern [61], a cross-sectional area of the part is created [62]. Im-
portant process parameters are the laser power 𝑃, the distance between 
the individual paths of the scanned laser radiation, the so-called hatching 
distance ℎୱ and the scanning velocity 𝑣ୱ. If the build chamber temperature 
𝑇 is too low, premature crystallization may occur, accompanied by ther-
mal and crystallization-induced shrinkage processes, leading to the para-
sitic effect of curling [63]. These shrinkage processes cause the more rapidly 
cooling edge regions of the laser-irradiated cross-sectional area to bulge 
upward due to thermal stresses. Since the curled areas are prone to adhere 
to the powder application mechanism (see Figure 2) during powder spread-
ing, this usually leads to an abortion of the build job [64]. Conversely, if the 
build chamber temperature is too high, it can have a negative effect on the 
dimensional accuracy and surface quality of the manufactured parts. This 
is because the excessive temperature can cause powder particles to adhere 
to the outer contour of the part in an uncontrolled manner, resulting in 
undesirable surface roughness and impaired dimensional accuracy [37]. 
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The parasitic effects resulting from inappropriate build chamber tempera-
tures suggest that polymers with a high temperature delta between 𝑇ୡ ୭୬ 
and 𝑇୫ ୭୬ are desirable, as the large delta correlates with a large process 
window. 

Model of quasi-isothermal sintering 

The model of quasi-isothermal laser sintering assumes that the molten 
powder does not crystallize in the build chamber until the parts are finally 
generated and the subsequent cooling phase has begun [57]. However, the 
general validity of this assumption has been challenged in recent years [65]. 
It was found that in deeper layers of the manufactured part – under near-
isothermal conditions with cooling rates significantly below 1 K/min – iso-
thermal crystallization already occurs during the PBF-LB/P process [66]. 
This was attributed to the heating and cooling rate dependence of the crys-
tallization of polymers [67]. Semi-crystalline polymers crystallize signifi-
cantly earlier at lower cooling rates [68], i.e., at higher temperature levels 
[35]. This contradicts the original model of quasi-isothermal laser sintering. 
Recent findings indicate that crystallization, associated with a transition 
from the molten to the solid state, already occurs during the PBF-LB/P 
buildup process [69]. Based on these findings, a defined temperature gra-
dient in z-direction can be applied by taking advantage of the already on-
going isothermal crystallization during the building process. Thus, a more 
efficient cooling phase and furthermore an enhanced reproducibility of 
part properties due to a homogenized thermal history of the parts can be 
achieved [69]. 

Consolidation 

The final step of the three iterative main process steps after powder appli-
cation and irradiation is the consolidation step. Depending on the polymer 
type, essentially two different consolidation mechanisms can occur: liquid 
phase sintering and partial melting on the one hand, and full melting on 
the other [70]. In rare cases, a third mechanism, chemical consolidation, 
e.g., by partial cross linking, may take place [55]. In contrast to molding 
processes, there is no mechanical pressure involved in PBF-LB/P. Thus, the 
driving forces for consolidation in PBF-LB/P purely arise from temperature 
effects, gravity and capillary forces. This requires the use of materials that 
have a melt viscosity 𝜂 below a certain critical value in accordance with the 
respective surface tension driving force 𝛾 to obtain parts with low porosity 
[71]. As described in [72], there is a strong correlation between consolida-
tion and powder application. This results in a dependence of the consoli-
dation depth [73] on the number of layers already additively generated. In 
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case of the first laser-irradiated powder layer, the consolidation process can 
develop freely into the underlying powder bed, resulting in a higher con-
solidation depth and thus layer thickness (see Figure 4). 

 
Figure 4: Schematic illustration of PBF-LB/P consolidation depths and layer thicknesses ℎଵ, 
ℎଶ and ℎଷ for printing the first three layers, based on [73]. 

Only after a certain number of additively generated layers, according to [73] 
after approximately ten layers, steady state conditions with constant con-
solidation depths and therefore layer thicknesses are achieved. Thus, for 
printing the first layers, significantly more powder must be applied than is 
required for the desired layer thickness. In order to maintain constant part 
properties in each layer, the laser energy input must be adjusted according 
to the amount of powder that needs to be consolidated [74]. 

2.1.2 Conventional Powder Application Methods for PBF-
LB/P 

The powder application step, often also referred to as powder spreading or 
coating, provides the powder material required to build up a layer of the 
3D part. In general, two different mechanisms can be distinguished for con-
ventional powder application: doctor blade (Figure 5 a)) and roller applica-
tion mechanisms. The latter can rotate counterclockwise (Figure 5 b)) or 
clockwise (Figure 5 c)). Doctor blades, which are often also referred to as 
wipers or squeegees [75], can have a variety of different geometries [76], 
from flat (Figure 5 a)) to rounded, angled or with a sharp knife [77]. As 
described in [78], combinations of doctor blade and roller application 
mechanisms were also employed, which increased the powder bed density 
[79]. Moreover, in [80] the spreading mechanisms were mechanically stim-
ulated to induce vibrational modes. This also enhanced the packing density 
of the applied powder layer [81]. 
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Prior to the actual powder application step, the feed powder must be sup-
plied to the application mechanism. For this purpose, hopper- (see Figure 
2) or piston-based systems are commonly used [78]. In case of piston-based 
systems, a feedstock platform containing the feed powder is installed in-
stead of the powder hopper visible in Figure 2. 

 
Figure 5: Overview of conventional powder application methods, 𝑣 – translational velocity, 
𝜔 – rotational velocity; a) doctor blade, b) counterclockwise rotating roller, c) clockwise 
rotating roller. 

The platform containing the feedstock material is lifted prior to powder 
application to provide the required powder. To avoid undercooling of the 
irradiated and consolidated areas during subsequent powder application, 
the feed powder must be preheated to a temperature corresponding to the 
process window of the polymer (see Figure 3). However, according to [82], 
the application of a fresh powder layer using conventional powder applica-
tion methods inevitably leads to undercooling of the powder bed surface - 
potentially to temperatures below the process window [83]. As described in 
2.1.1, this can cause premature crystallization associated with the parasitic 
effect of curling and consequently the abortion of the build job. The reason 
for the inevitable undercooling is an insufficient preheating of the feed 
powder before and during application. This effect can be particularly chal-
lenging when processing polymer powders with a small processing window. 
In this case, increasing the preheating time of the feed powder and reduc-
ing the translational velocity v of the powder application mechanism are 
possible compensation strategies [84]. However, these strategies extend 
process times and therefore diminish the productivity of the PBF-LB/P pro-
cess. Even with a preheated doctor blade or roller, the limited heat conduc-
tivity of polymers does not allow sufficient heating of the entire fresh pow-
der layer. 
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As powder application sets the starting conditions for the subsequent PBF-
LB process steps (see 2.1.1) [85], it plays a key role in determining the final 
part quality [86]. The aim is to reproducibly achieve a homogeneous and 
dense powder layer [87], resulting in a dense powder bed [88]. In particular, 
the packing density, which is closely related to the presence and distribu-
tion of pores within the powder layer, is critical to the PBF-LB process [89]. 
A high and uniform packing density of the applied powder layer enhances 
the absorption of laser energy [90], the surface finish [91], and the density 
and thus mechanical properties [92] of the final solidified part [93]. While 
in PBF-LB/M a higher packing density of the applied layer [94] additionally 
leads to an improved melt pool shape [95], in PBF-LB/P the heat conduc-
tivity of the powder layer can be increased [35]. As shown in [96], this re-
duces curling due to faster through-heating of the applied powder layer. 

Essentially, three main influencing factors determine the resulting quality 
of the conventionally applied powder layer in terms of homogeneity and 
density. In Table 1, the influence of the utilized powder application mech-
anism itself is examined. The influence of crucial parameters of the powder 
application process is summarized in Table 2. Finally, the influence of pow-
der properties on the homogeneity and density of the applied powder layer 
is presented in Table 3. 

Table 1:  Influence of geometrical aspects of conventional powder application mechanisms 
on the resulting quality of the applied powder layer in terms of homogeneity and density for 
PBF-LB/P. 

Application mechanism and 
key geometrical aspects 

Effect on powder bed quality 

Doctor blade: 

 Width and height [97] 
 Inclination angle [77] 
 Tip roundness [98] 

 
 

 Higher powder bed density with round tip [97] 
and increasing width [98] 

 More homogeneous powder layer with flat doc-
tor blade (see Figure 5 a)) [75] 

Roller: 

 Diameter [99] 
 Surface texture [100] 

 
 

 Higher powder bed density with larger diameter 
[99] 

 Higher powder bed density with smooth instead 
of textured roller [100] 

Generally: Highest powder bed density achievable with counterclockwise rotating roller 
(see Figure 5 b)) [101] 
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The effects of the powder application mechanism itself on the resulting 
layer quality, summarized in Table 1, suggest that a counterclockwise rotat-
ing roller with a smooth surface and a large diameter is favorable for achiev-
ing a homogeneous and dense powder layer. As already mentioned, a 
greater compaction and therefore higher powder bed density increases heat 
conductivity and thus reduces curling. For this reason, counterclockwise 
rotating rollers are favorable for testing new powder materials for PBF-LB/P 
with not fully known process windows and for manufacturing materials 
with small process windows that are prone to curling [102]. However, as 
demonstrated in [103], counterclockwise rotating rollers lead to pro-
nounced particle movement within the powder pile (see Figure 5). This in-
volves significantly higher particle velocities than in case of doctor blade-
based powder application. According to [104], there is a strong correlation 
between the impact velocity of polymer particles and the resulting triboe-
lectric charging. Electrostatic interaction forces [105] affect powder flowa-
bility [106] and therefore directly influence the quality of the applied pow-
der layer (cf. Table 3) [107]. Thus, the pronounced particle movement [108] 
induced by counterclockwise rotating rollers is a stronger limiting factor 
on the maximum translational velocity than is the case with doctor blades. 
Electrostatic interaction between powder particles is discussed in detail in 
section 4.1. 
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Table 2: Influence of characteristics of the conventional powder application process on the 
resulting quality of the applied powder layer in terms of homogeneity and density for PBF-
LB/P. 

Key process characteristics Effect on powder bed quality 

Layer thickness [109]  No clear trend with respect to powder bed den-
sity deducible [110,111] 

 More homogeneous powder layer with larger 
layer thickness [112] 

Translational velocity [113]  No clear trend with respect to powder bed den-
sity deducible [113] 

 Less homogeneous powder layer with higher 
translational velocity [87] 

Rotational velocity and di-
rection [98]: 

 Counterclockwise [98] 
 Clockwise [102] 

Counterclockwise: 

 No clear trend of rotational velocity with respect 
to powder bed density deducible [98] 

 Material-dependent effect of rotational velocity 
on powder bed homogeneity [98] 

Clockwise: 

 Higher powder bed density with higher rota-
tional velocity [79] 

 Significantly more defects [79] and thus less ho-
mogeneous powder layer with higher rotational 
velocity [102] 

Vibrational frequency and 
amplitude in case of me-
chanical stimulation [114] 

 Higher powder bed density with larger ampli-
tude and frequency, especially close to reso-
nance frequencies of the mechanical system [114] 

 Generally negative impact on layer homogeneity 
due to possible formation of ridges or distor-
tions [114] 
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Table 3: Influence of powder properties on the resulting quality of the conventionally ap-
plied powder layer in terms of homogeneity and density for PBF-LB/P. 

Powder properties Effect on powder bed quality 

Particle size and particle 
size distribution [115] 

 Generally lower powder bed density and less ho-
mogeneous layer with finer powder due to 
strong interparticle cohesive / adhesive forces 
[116](van der Waals [117], liquid bridges [118,119], 
electrostatic interactions [120] or, more rarely, 
magnetic dipole-interactions) [121] 

 Higher powder bed density [122] and more ho-
mogeneous layer with multimodal powders [123] 
having a properly adjusted mixing ratio between 
finer and coarser fractions [124] 

Particle shape [86] 

 

 Especially for doctor blade-based powder appli-
cation higher powder bed density with spherical 
powder particles [86] 

 Less pronounced dependence of powder bed 
density on particle shape for counterclockwise 
rotating roller [86] 

 Higher powder bed density by adding fibers 
with properly adjusted length to powder parti-
cles [125] 

Influence of aging effects, 
moisture and temperature 
on powder flowability [126] 

Aging effects: 

 Negative influence on powder bed density and 
layer homogeneity due to enhanced electrostatic 
interaction associated with aging powders [105] 

Moisture and temperature of the powder: 

 Decreasing Young’s modulus with increasing 
temperature of polymers leads to an enlarged 
contact surface between particles and thus en-
hanced friction forces and triboelectric charging 
[127] 

 Additionally: Significantly increasing cohesive / 
adhesive forces between polymer particles [128] 
with increasing temperature, but subordinate ef-
fect of powder moisture on flowability [129] 

 Summarizing: Overall improving powder bed 
quality with increasing temperature due to im-
proved powder flowability with a Hausner ratio 
𝐻୰ < 1.25 due to the complex interaction of the 
two effects described above [126] 

The large number of different effects summarized in Table 1, Table 2 and 
Table 3, determining the quality of the applied powder layer, particularly 
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those related to powder properties (see Table 3), severely limits the availa-
bility of suitable powder materials for PBF-LB/P [130]. Especially by reduc-
ing the dependence of the powder layer quality on powder properties, the 
variety of polymer materials suitable for PBF-LB/P could be drastically in-
creased. While thousands of different feedstock materials are available for 
traditional polymer processing techniques such as injection molding or ex-
trusion, only a few formulations are currently available for PBF-LB/P [130]. 

The Hausner ratio 𝐻୰ is used to evaluate the flowability of powders [131]. It 
relates the tap density 𝜌୲ୟ୮ to the bulk density 𝜌ୠ and is calculated as fol-
lows [132]: 

𝐻୰ =
𝜌୲ୟ୮

𝜌ୠ
≥ 1 (1) 

According to [132], the flowability of polymer powders is classified as sum-
marized in Table 4. 

Table 4: Classification of the flow properties of polymer powders, based on [35,132]. 

Hausner ratio 𝑯𝐫 Flow property 

𝟏. 𝟎𝟎 < 𝑯𝐫 ≤ 𝟏. 𝟐𝟓 Free flowing 

𝟏. 𝟐𝟓 < 𝑯𝐫 ≤ 𝟏. 𝟒𝟎 Free flowing to cohesive 

𝑯𝐫 > 𝟏. 𝟒𝟎 Cohesive 

Beyond the strong dependence on powder flowability, a major limiting fac-
tor of conventional powder application methods, which decisively restricts 
the versatility of PBF-LB/P, is the limited number of materials that can be 
processed simultaneously. Doctor blade- or roller-based powder applica-
tion methods only allow one material to be applied at a time [133]. As a 
result, multi-material parts or parts with locally tailored material composi-
tions and thus functional properties cannot be generated by PBF-LB/P with 
conventional powder application methods [134]. 

2.1.3 New Approaches for Powder Application Methods in 
PBF-LB/P 

The shortcomings of conventional powder application methods explained 
in section 2.1.2 highlight the need for improved application strategies for 
PBF-LB/P. As discussed in section 2.1.2, a major drawback of conventional 
powder application methods is their strong dependence on the powder 
flowability and thus the limited number of suitable powder materials [133]. 
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In addition, the increased parasitic electrostatic charging of powder parti-
cles at higher powder application velocities limits productivity. Also, the 
inevitable latency time until a freshly applied powder layer is through 
heated to decrease undercooling of the previously irradiated and consoli-
dated regions reduces productivity of the PBF-LB/P process [69]. Finally, 
with conventional doctor blade- or roller-based powder application meth-
ods only one material can be applied simultaneously [134].  

All new approaches for powder application focus on overcoming the latter 
limitation of only being able to apply one material at a time. As shown in 
Figure 6, the new approaches can be divided into three categories accord-
ing to their powder deposition modality. 

 
Figure 6: Overview of three categories of new powder application methods; a) area-based 
with a multi-chambered coater, b) line-based and c) mask-based powder application. 

In the case of area-based powder application (see Figure 6 a)), the new layer 
is deposited over the entire powder bed, similar to the conventional doctor 
blade mechanism (see Figure 5 a)) [135]. For this purpose, the conventional 
doctor blade-based application mechanism was developed further to a 
multi-chambered coater, often also referred to as multi-chambered re-
coater [136]. Typically, two chambers containing two different powder ma-
terials are employed. The chambers can be aligned either perpendicularly 
(as shown in Figure 6 a)) or parallelly with respect to the application direc-
tion [137]. For the perpendicular alignment, flexible locking mechanisms 
are necessary to only deposit one powder at a time [134]. 

There are various possibilities to achieve multi-material layers with a multi-
chambered coater. In case of the parallel configuration, two or more areas 
consisting of the respective powder materials can be applied, whereby the 



2   State of the Art 

18 

individual areas lie next to each other with distinct boundary lines [135]. 
However, this does not allow to flexibly tailor the material composition 
within a layer or from layer to layer. Additionally, a sharp separation zone 
is created, which is also susceptible to stresses and delamination effects af-
ter consolidation and solidification due to the abrupt material change [138]. 
The difficulties associated with the sharp separation zone can be partially 
compensated for dual chambered coaters by using powder mixtures of both 
materials [139]. Nevertheless, the ability of area-based powder application 
using a multi-chambered coater in parallel configuration to generate tai-
lored multi-material parts is severely limited [140]. 

In contrast, the perpendicular configuration provides a further degree of 
freedom by allowing different powders to be applied alternately [137]. In 
addition, a flexible suction unit can be employed [141] to remove unconsol-
idated material so that a different powder can be applied to the same layer 
without lowering the build platform [142]. However, this concept is prone 
to cross-contamination between the different material areas, either related 
to leakage of the locking mechanism, or during suction and re-application 
of a different powder to the same layer [134]. In summary, apart from some 
limited possibilities to achieve multi-material parts by PBF-LB/P, this new 
approach for powder application still suffers from similar drawbacks to the 
conventional doctor blade-based method.  

The second category of new powder application methods for PBF-LB/P is 
the line-based approach (see Figure 6 b)). Unlike the first approach, line-
based powder application is highly selective, depositing powder line-by-
line only where it is needed to create the part. First approaches of vibration 
nozzle-based powder application, often also referred to as dispenser-based 
application, were already shown in [143]. Essentially, this method is based 
on the formation of particle bridges between the particles inside the pow-
der nozzle due to interparticle forces, in particular van der Waals forces. If 
the powder flowability, which is influenced by the powder properties sum-
marized in Table 3, is properly matched to the nozzle used, powder depo-
sition will only occur by breaking the powder bridges with a vibratory stim-
ulus [144]. In addition to powder flowability, nozzle geometry [145], powder 
moisture, powder temperature and, finally, the frequency and amplitude of 
vibration excitation all have a significant impact on line-based powder ap-
plication [146]. Typically, a piezoelectric actuator is utilized to mechani-
cally excite the nozzle. The piezoelectric excitation generates the required 
vibrational stimulus, which increases the mean distance between the pow-
der particles, thereby reducing the interparticle attraction forces. The effect 



2.1   Laser-Based Powder Bed Fusion of Polymers (PBF-LB/P) 
 

19 

of reducing interparticle forces by piezoelectric excitation is discussed in 
detail in section 4.2.  

Ideally, powder bridges form back again without external vibrational stim-
ulus, ensuring a precise start-stop functionality of the line-based powder 
application approach [147]. To increase productivity, the powder nozzles 
containing the different materials to be applied can be arranged in arrays 
[148]. However, due to the line-by-line deposition modality with line 
widths in the range of several hundred µm, layer preparation times can eas-
ily be in the order of minutes [144]. In contrast, the deposition of a powder 
layer using conventional powder application methods (see 2.1.2), takes less 
than half a minute, including the latency to preheat the freshly applied 
powder [69]. Although this comparison is between a laboratory-scale noz-
zle-based application mechanism and an industrial machine, the cycle time 
to prepare a powder layer remains a major limiting factor of the line-based 
approach. Therefore, in [149] a combination of conventional and nozzle-
based powder application is suggested. This is particularly beneficial for re-
ducing cycle time when only small amounts of powder need to be applied 
through the nozzle [150], e.g., filler particles or fibers to locally tailor the 
properties of the part [146]. However, if not only filler particles to modify 
the properties of the part need to be applied through the nozzle, but also a 
fraction of the total powder layer, a suction unit is required to locally re-
move the conventionally applied powder [151]. The cavities created in this 
way can be filled with a different material using the line-based application 
mechanism [151]. As the additional process step of selective powder removal 
is required in this case, the total cycle time increases again significantly. 

In contrast to the area-based powder application approach (see Figure 6 
a)), line-based powder application (see Figure 6 b)) allows highly selective 
deposition of different materials for PBF-LB/P. As a result, the material 
composition can be adjusted both within a layer and from layer to layer, 
offering the potential to increase the flexibility of PBF-LB/P for generating 
multi-material parts. Nevertheless, line-based powder application also has 
some drawbacks. As mentioned above, the long cycle time required to ap-
ply a powder layer is a major disadvantage of this approach. In addition, 
line-by-line powder deposition inevitably results in poor layer homogeneity 
due to grooves [145]. This suggests that line-based powder application is 
particularly suited to the selective deposition of filler particles or fibers, ra-
ther than the creation of entire layers. These filler particles, such as silver, 
copper or carbon black, or fibers can be used to locally tailor the chemical, 
electrical or mechanical properties of the PBF-LB/P part in situ [152]. An-
other major drawback is the strong dependence of the line-based approach 
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on powder flowability. Even a small mismatch between nozzle geometry, 
piezoelectric excitation parameters and powder flowability can result in 
undesired or uncontrolled powder deposition or nozzle blockage. Due to 
the strong dependence on powder flowability, the variety of suitable pow-
der materials is still limited, comparable to conventional powder applica-
tion methods (see 2.1.2). However, the ability to selectively deposit different 
materials makes line-based approaches a promising extension of conven-
tional powder application methods. 

Finally, the third category of new powder application methods for PBF-
LB/P is the mask-based approach (see Figure 6 c)). At first glance, the 
mask-based application looks similar to the area-based approach (see Fig-
ure 6 a)) as in both cases powder is deposited across the entire powder bed, 
rather than line-by-line as in the line-based approach shown in Figure 6 b). 
However, the key difference between the mask-based and area-based ap-
proaches is that mask-based application does not require the lateral move-
ment of an application device, such as a doctor blade, roller or coater, 
across the powder bed. Instead, the entire new powder layer is applied at 
once. As the term mask implies, the powder layer can be flexibly shaped in 
the x-y plane, allowing for a high degree of selectivity.  

There are essentially two different concepts for this approach. According to 
[153], one is based on negative pressure, which selectively attracts powder 
particles to a cylindrical drum. This drum consists of a fine mesh with a 
mesh size smaller than the diameter of the smallest particles of the powder 
to be applied. A matrix of valves can relieve the negative pressure locally, 
allowing the powder to fall from the sieve drum onto the build platform 
[133]. However, apart from patents [153,154] and demonstration videos [155], 
there is no scientific research on the pressure-based concept [133]. 

The second concept for mask-based powder application utilizes electro-
static attraction and repulsion forces between powder particles and a selec-
tively dischargeable photoconductor to deposit a powder layer. The origins 
of this technology lie in laser printing of toner particles onto paper, which 
has revolutionized the printing industry [3]. Details of this technology, 
known as electrophotography, electrophotographic powder application 
(EPA) or xerography, can be found in section 2.2. 

EPA [156] provides the ability to selectively apply powder based purely on 
electrostatic forces [157]. This can be used to significantly reduce the de-
pendence of powder application on powder flowability, which is a major 
drawback of both the conventional application methods (see 2.1.2) as well 
as the area- and line-based approach (see Figure 6 a) and b)) [158]. As 
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shown in [159], the shape of the powder pattern can be tailored almost ar-
bitrarily, depending mainly on the latent charge pattern on the photocon-
ductor. However, as shown in a number of studies [145,156–158,160–163], 
only the general proof of concept for the use of EPA in PBF-LB on a single-
layer basis has been demonstrated to date. The current state of the art of 
substituting conventional powder application methods by EPA in PBF-
LB/P is discussed in detail in section 2.2.2. 

Table 5 compares the conventional powder application methods (see 2.1.2) 
and the new powder application approaches (see 2.1.3) in terms of their 
ability to overcome crucial limitations of the conventional methods. 

Table 5: Comparison of conventional powder application methods and new powder appli-
cation approaches for PBF-LB/P, based on studies reported to date [133]; the new approaches 
are highlighted in light blue. 

 

Conven-
tional 

Area-
based 

Line-
based 

Mask-based 

Air pres-
sure 

Electro-
statics 

Multi-material 
capabilities - Poor Good Good Good 

Selectivity - - High High High 

Dependence on 
powder flowabil-

ity 
High High High Unknown Low 

Coating rate [133] 240 to 
560 mm3/s 

40 to 
140 mm3/s 

0.4 to 
4.1 mm3/s 

130 to 
290 mm3/s 

130 to 
290 mm3/s 

Resolution of 
applied pow-

der layer / 
pattern [133] 

X - - 
0.09 to 
1.3 mm 

0.8 to 
1.6 mm 

0.8 to 
1.6 mm 

Y - - 
0.09 to 
1.3 mm 

0.8 to 
1.6 mm 

0.8 to 
1.6 mm 

Z - - 
0.1 to 

0.15 mm 
Unknown Unknown 

Manufacturing 
readiness level 

(MRL) [133] 
10 4 to 5 4 to 5 3 to 4 2 

Therefore, the ability of each application method to create multi-material 
powder layers is evaluated. The achievable selectivity is further assessed as 
a measure of the potential to tailor the material composition within a layer 
and from layer to layer. The dependence on the powder flowability gives an 
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estimation of the powder application method to increase the number of 
suitable powder materials for PBF-LB/P. To get a rough estimate of the 
achievable productivity of the powder application method, the coating rate 
is given based on [133]. To evaluate the geometrical accuracy of the appli-
cation method, the resolution of the applied powder layer or pattern is also 
adapted from [133]. Finally, similar to [133], the maturity of the technology 
is assessed on the basis of the Manufacturing Readiness Level (MRL), which 
extends the Technology Readiness Level (TRL) by incorporating produci-
bility issues relevant to the manufacturing environment (cf. Figure 7) [164]. 

 
Figure 7: Overview of the Manufacturing Readiness Level (MRL), based on [164,165]; the 
detailed guideline for the evaluation of the MRL according to the Department of Defense of 
the United States of America is available under [166]. 

2.2 Electrophotographic Powder Application (EPA) 

As shown in section 2.1.3, electrophotography is a promising approach to 
surmount the shortcomings of conventional powder application methods 
in PBF-LB/P. The aim of this section is to provide a basic understanding of 
the key aspects of EPA relevant to the implementation of this technology 
in PBF-LB/P. In particular, current limitations, which account for the low 
MRL of 2 (see Table 5) and thus inhibit a successful utilization of EPA, are 
emphasized in section 2.2.2. 
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2.2.1 Physical Principles of Electrophotography 

The full electrophotographic printing process, as used in conventional 2D 
office laser printers [167] with toner particles [168], consists of six steps, 
which are summarized in Table 6. 

Table 6: Process steps of EPA, based on [169]. 

Step number Step name Description 

1 Charge Charging of photoconductor and powder 

2 Expose Selective exposure of photoconductor to electro-
magnetic radiation to create latent charge pattern 

3 Develop 
Attraction of powder particles to the surface of the 
photoconductor by using the latent charge pattern 
to create a powder pattern 

4 Transfer 
Moving of the powder pattern from the develop-
ment area to the actual fusion area and powder 
deposition 

5 Fuse Consolidation of the deposited powder 

6 Clean 
Removing of residual material and charges from 
the photoconductor 

In electrophotography, charges are generated by either gas discharge or tri-
boelectric charging. To charge the photoconductor, gas discharge-based 
charging is used, often referred to as corona charging due to the underlying 
physical effect of corona emission. A corotron (see Figure 8) or scorotron 
(see Figure 9) can be employed for this charging method. In order to 
achieve sufficient particle attraction and thus successful powder develop-
ment in step 3, a surface potential 𝑈୮ in the range of 𝑈୮ ≈ ±600 V is needed 
at the surface of the photoconductor [169]. 

The fundamental description of the relationship between the flux of an 
electric field 𝛷 through an area 𝐴 and the source for that flux, which is the 
charge, is formulated in Gauss’s Law [170]. 

For a closed area 𝐴 placed in an arbitrary electric field 𝐸ሬ⃗ , the flux 𝛷 
through 𝐴 is given by [170]: 

𝛷 =  𝐸ሬ⃗


∙ 𝑑𝑆  (2) 

with a vector 𝑑𝑆 pointing in the direction of an outward normal to the 
closed area 𝐴. It is important to note that in case there are no sinks or 
sources of 𝐸ሬ⃗  within 𝐴, the net flux 𝛷 through this surface is zero. However, 
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to include the case of an internal sink or source, a spherical surface of radius 
𝑟 centered on and surrounding a positive point charge 𝑞. in vacuum is now 
considered. The electric field is everywhere outwardly radial, and at any 
distance 𝑟 it is completely perpendicular to the surface of the point charge 
𝑞., which leads to: 

𝐸 = 𝐸ୄ (3) 

Thus, (2) can be rewritten as follows [169–171]: 

𝛷 =  𝐸ୄ


𝑑𝑆 =  𝐸


𝑑𝑆 (4) 

Due to the fact that 𝐸 is constant over the surface of the sphere, it can be 
written in front of the integral. Furthermore, the surface integral of a sphere 
is known to be 4𝜋𝑟ଶ. Thus, (4) can be given as follows: 

𝛷 = 𝐸  𝑑𝑆


= 𝐸 4𝜋𝑟ଶ (5) 

According to Coulomb’s Law, the electric field of the point charge 𝑞. is 
given by [170]: 

𝐸 =
1

4𝜋𝜖
 

𝑞.

𝑟ଶ
 (6) 

Subsequently, inserting (6) into (5) results in: 

𝛷 =
𝑞.

𝜖
 (7) 

The relation given in (7) describes the electric flux associated with a single 
point charge 𝑞. within a closed surface 𝐴. Due to the fact that all charge 
distributions essentially consist of a sum of point charges, the net charge 
flux within any closed area is given by [171]: 

𝛷 =
1

𝜖
 𝑞. (8) 

Finally, combining (2) and (8) yields Gauss’s Law in its general representa-
tion: 

 𝐸ሬ⃗


∙ 𝑑𝑆 =
1

𝜖
 𝑞.  (9) 

Applying Gauss’s Law [170], the required charge per unit area 𝜎୮, which has 
to be obtained on the photoconductor to achieve a certain surface potential 
𝑈୮, can be calculated as follows [171]: 
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1

𝜖
 𝜎୮ 𝑑୮ = 𝐸୮ 𝑑୮ = 𝑈୮  (10) 

Moreover, the relationship between the permittivity of free space 𝜖, the 
permittivity of the photoconductor 𝜖୮ and the dielectric constant of the 
photoconductor 𝐾୮ is given as follows [170]: 

𝜖 =
𝜖୮

𝐾୮
  (11) 

Using (11), equation (10) can be written in the following way: 

𝑈୮ = 𝐸୮ 𝑑୮ =
𝜎୮

𝜖୮
 𝐾୮ 𝑑୮  (12) 

with the surface potential of the photoconductor 𝑈୮, the electric field 
strength inside the photoconductor 𝐸୮, the thickness of the photoconduc-
tor 𝑑୮, the permittivity of the photoconductor 𝜖୮, and the dielectric con-
stant of the photoconductor 𝐾୮. For organic photoconductors, the dielec-
tric constant is in the range of 𝐾୮ ≈ 3. 

A corotron (see Figure 8) is a device used to apply the required charge per 
unit area 𝜎୮ (cf. equation (10)) to the photoconductor [172] to achieve the 
surface potential needed for subsequent powder development [169]. At suf-
ficiently high corona voltages 𝑈ୡ applied to a fine wire of diameter 
𝑑ୡ୭୰୭୬ୟ ୵୧୰ୣ, which is placed close to a grounded shielding, the air surround-
ing the wire is ionized [173]. Due to the repulsive forces between the equally 
charged wire and ions, the ions are accelerated both towards the grounded 
shielding and towards the surface of the photoconductor. Finally, the ions 
reaching the photoconductor, are responsible for 𝜎୮ and hence the surface 
potential 𝑈୮, whereas the ions reaching the grounded shielding give rise to 
a shielding current [174]. Although this shielding current is a source of in-
efficiency [175], it stabilizes the corona effect by promoting a balance be-
tween the ions generated and those surrounding the wire [176]. 
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Figure 8: Schematic representation of gas discharge-based charging of a photoconductor to 
a negative surface potential −𝑈୮ using a corotron device, consisting of a grounded shielding 
with a corona emitting wire inside; 𝑈ୡ – potential of the corona wire, 𝑑୮ – thickness of the 
photoconductor, 𝜎୮ – charge per unit area on photoconductor, 𝐸୮ – electric field strength 
inside photoconductor; based on [169]. 

Depending on the polarity and the surrounding atmospheric conditions, in 
particular humidity and pressure [177], different types of ions are generated 
by the corona effect. At a positive corona voltage 𝑈ୡ, mainly (H2O)nH+ and 
(H2O)nNO+ are formed, whereas at a negative corona voltage, mainly CO3

- 
and (H2O)nCO3

- are formed [178]. 

In order to accelerate electrons to sufficiently high velocities to ionize air 
molecules, a certain field strength 𝐸ୡ of the electric field surrounding the 
corona wire is required. It can be calculated as follows: 

𝐸ୡ =
𝑈ୡ

𝑑ୡ
  (13) 

where 𝑈ୡ is the voltage applied to the corona wire and 𝑑ୡ is the distance to 
it. As long as the condition 𝐸ୡ ≥ 𝐸ୟୱୡ୦ ୫୧୬ is fulfilled, i.e., the electric field 
strength 𝐸ୡ is above the minimum electric field strength 𝐸ୟୱୡ୦ ୫୧୬ required 
for Paschen’s breakdown to occur, air molecules are ionized. 𝐸ୟୱୡ୦ ୫୧୬ is a 
function of the ambient conditions around the corona wire [179], in partic-
ular the humidity and temperature of the surrounding atmosphere [180]. 
As an example, a corona wire with a diameter of 𝑑ୡ୭୰୭୬ୟ ୵୧୰ୣ = 50 µm, a 
distance of 𝑑ୡ = 1 cm between the photoconductor and the wire, and a 
voltage applied to the corona wire of 𝑈ୡ = +8000 V, can sufficiently charge 
the photoconductor to a voltage of 𝑈୮ ≈ +600 V at a lateral speed between 
the corotron and the photoconductor of 5 cm/s [169]. 
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Figure 9: Schematic representation of gas discharge-based charging of a photoconductor to 
a negative surface potential −𝑈୮ using a scorotron device, consisting of a grounded support 
plate and corona emitting wires and a meshed screen underneath; 𝑈ୡ – potential of the co-
rona wire, 𝑈ୱ – potential of the screen, 𝑑୮ – thickness of the photoconductor, 𝜎୮ – charge 
per unit area on photoconductor, 𝐸୮ – electric field inside photoconductor; based on [169]. 

However, corona charging is susceptible to some significant non-uniform-
ities [181] that cause inconsistent charging results [182]. As the charging of 
the photoconductor in process step 1 (see Table 6) forms the basis for the 
subsequent process steps of electrophotography, these non-uniformities 
are a major issue for the process reliability of this technology. According to 
[174], there are essentially two main causes of non-uniformity associated 
with corona charging. The first one is based on current avalanches which 
are caused by different velocities of the ions generated by the corona effect 
[169]. These avalanches lead to a non-uniform deposition of ions towards 
the photoconductor [182]. The second cause of inhomogeneous corona 
charging is contamination of the corona wire with toner or dust particles, 
which necessitates regular cleaning of the fine and fragile corona wire [169]. 
Often, a scorotron (see Figure 9) is used instead of a corotron to compen-
sate for the charging irregularities [183]. It is equipped with a screen with a 
certain screen potential 𝑈ୱ, which is placed between the corona wire and 
the surface to be charged. This allows to determine the approximate surface 
potential of the photoconductor 𝑈୮ by the applied screen potential 𝑈ୱ. 
Since the screen acts as a mediator for the ions generated by the high volt-
age applied to the corona wire [184], the charging is more homogeneous 
[176]. 
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However, it is important to note that corona charging generates a signifi-
cant amount of corrosive ions and reactive neutral species that are harmful 
to both the corona wire and the photoconductor [185]. In addition, ozone 
is produced and therefore adequate exhaust ventilation and occupational 
safety measures are required due to the safety hazards associated with 
ozone [186]. 

Besides homogeneous charging of the photoconductor, homogeneous 
charging of the toner powder is also an integral part of process step 1 (see 
Table 6). This is due to the fact that the dominant force which is responsible 
for development in step 3 is the electric field force 𝐹 ୪

ሬሬሬሬሬ⃗ . It is defined as fol-
lows [187]: 

𝐹 ୪
ሬሬሬሬሬ⃗ = 𝑞୮ୟ୰୲୧ୡ୪ୣ ∙ 𝐸ሬ⃗  (14) 

with the charge 𝑞୮ୟ୰୲୧ୡ୪ୣ of the powder particle and the field strength 𝐸ሬ⃗  of 
the surrounding electric field. As can be seen from (14), the particle charge 
directly influences the force acting on a powder particle, which dominantly 
determines the movement of the powder particle during development 
[188]. This directly affects the homogeneity, thickness and geometric accu-
racy of a developed powder layer. 

The most common method for charging toner is triboelectric charging, 
which is based on tribological contact between toner particles or toner and 
carrier particles [189]. Toner particles are composed of an agglomerate of a 
polymer, a pigment and at least one charge control agent (CCA), with a 
particle size distribution between 6 and 20 µm [190]. In most cases, ther-
moplastic polymers are used [191]. Carriers typically consist of ferritic par-
ticles and CCAs added to their surface [192]. Unlike the gas discharge effect 
of corona charging, triboelectric powder charging generates charges by 
charge separation [193]. This effect is studied in detail in section 4.1. 

In general, triboelectric charging of insulators such as toner particles, is 
poorly understood [194]. The bimodal triboelectric charge distribution of 
polymers is a major concern with this charging method [105]. Triboelectri-
cally charged polymers have an integral charge close to zero. As a result, 
they appear almost neutral overall, although the individual particles within 
the powder bulk are highly charged [105]. As examined in detail in section 
4.1, a neutral overall charge distribution is highly unfavorable for electro-
photography. To compensate for this effect in common 2D laser printing 
technology, manufacturers have developed numerous different toner for-
mulations and triboelectric charging strategies, such as single and dual 
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component development [195], powder cloud development [187] or mag-
netic brush development [196]. Although the combinations of toner poly-
mers, CCAs, carrier particles with their CCAs and the technical implemen-
tation vary between different development methods [197], they all have in 
common the need for controlled tribological contact for charge separation. 
However, while triboelectric charging is the standard powder charging 
method for 2D laser printing, it has not yet been applied to electrophotog-
raphy for PBF-LB/P (cf. section 2.2.2). 

Having sufficiently charged the powder and photoconductor (step 1), a la-
tent charge pattern must be created on the photoconductor by selective 
exposure to electromagnetic radiation of an appropriate wavelength in step 
2. For this purpose, negative (see Figure 10) or positive (see Figure 11) charg-
ing organic photoconductors (OPCs) are utilized [198–200]. Apart from 
OPCs, they also can consist of amorphous selenium evaporated onto a me-
tallic substrate [169]. For exposure, either lasers or diodes, which can either 
be scanned across the photoconductor surface or formed into a mask by a 
digital light processing (DLP) projector, are used. 

 
Figure 10: Visualization of the effect of incident electromagnetic radiation on the layers of a 
negatively charged organic photoconductor, based on [171]. 

In 2D electrophotographic devices, the photoconductor is typically imple-
mented as a rotatable photoconductor drum that is brought into close 
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proximity to the charged powder for powder development in step 3 (cf. Ta-
ble 6). 

The primary function of the conductive substrate, typically an aluminum 
substrate, is to provide an electrical path to ground. The under coat layer 
(UCL) consists of a binder resin [201] that only allows negative charges to 
pass through due to a high electron mobility and affinity [202]. UCLs are 
mainly made of metal oxides anodized with a polyamide, polyester, or mel-
amine coating [171]. The charge generation layer (CGL) is typically only 0.1 
to 1.0 µm thick and generates an electron-hole pair when exposed to elec-
tromagnetic radiation, more specifically the photons of this radiation [202]. 
The incident photons must have a sufficiently high energy to create the 
electron-hole pairs through the underlying physical internal photoelectric 
effect [203]. A high quantum efficiency of the material is essential for an 
efficient conversion of the incident photons into electron-hole pairs. In Fig-
ure 10 and Figure 11, the electrons are visualized as circles with a minus sign, 
while the holes are visualized as circles with a plus sign inside.  

 
Figure 11: Visualization of the effect of incident electromagnetic radiation on the combined 
charge transport and charge generation layer of a positively charged organic photoconduc-
tor, based on [171]. 

The electron-hole pairs separate due to the electric field between the 
charges applied to the surface of the photoconductor by previous corona 
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charging and the conductive substrate. Depending on their charge, the 
pairs then separate, either migrating into the grounded substrate or via the 
charge transport layer (CTL), neutralizing charges at the photoconductor 
surface [203]. The CTL of negative charging OPCs (see Figure 10), which is 
typically 20 to 30 µm thick, consists of a hole transport material (HTM), 
often arylamide or benzidine, within a protective polycarbonate or polyes-
ter film [204,205]. Due to the continuous physical contact of this layer with 
toner, paper, the cleaning device in step 6, ozone, and other corrosive ions 
and reactive neutral species, the CTL is also made of a resistive polymer 
resin. Wear resistance against the influences mentioned above is critical to 
the achievable lifetime of an electrophotographic device [169]. 

Unlike negative charging OPCs, where the photoconductive layer is com-
posed of the CGL and the CTL, in positive charging OPCs these layers are 
combined (see Figure 11). Thus, charge generation and charge transport, 
i.e., electron and hole transport, take place in a single layer. Positive charg-
ing OPCs are less common because the photoconductive layer combines all 
the relevant properties in one layer and is therefore more susceptible to 
wear. However, as the photons do not need to pass a separate CTL, the 
achievable resolution of the latent charge image in case of positive charging 
OPCs is higher [171]. 

A property of photoconductors which often leads to inaccuracies in elec-
trophotography is the tendency to trap charges. A certain amount of charge 
is trapped in the photoreceptor after repeated cycling, which cannot be dis-
sipated by incident photons. The trapped charges cause a residual potential 
𝑈୰ inside the photoconductor, which must remain small compared to the 
potential of the latent charge pattern 𝑈୮. Otherwise, the remaining residual 
potential would dominate the development of powder particles instead of 
the latent charge pattern, leading to considerable false development. Using 
the one-dimensional Poisson’s equation, the residual potential 𝑈୰ inside a 
photoconductor with a thickness 𝑑୮ for the case of uniform bulk space 
charge can be written as follows [206]: 

𝑈୰ =
𝑁ୠ 𝑒 𝑑୮

ଶ

2 𝜖୮
  (15) 

with the number 𝑁ୠ of charges per unit volume of electric charge 𝑒 in the 
bulk, the permittivity of free space 𝜖 and the permittivity of the photocon-
ductor 𝜖୮ [207]. Using equation (11), (15) can be rewritten to: 
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𝑈୰ =
𝑁ୠ 𝑒 𝑑୮

ଶ

2 𝜖 𝐾୮ 
 (16) 

where 𝜖 is the permittivity of free space and 𝐾୮ is the dielectric constant 
of the photoconductor. 

The resolution achievable with electrophotographic toner printers is essen-
tially dependent on the size of the toner particles and the imaging resolu-
tion of the exposure device, with a narrow particle size distribution being 
particularly beneficial for the print quality [208]. The size of toner particles 
lies in the range of 6 – 20 µm [123]. With 2D electrophotographic toner 
printers, resolutions of 300 to 1200 dpi (dots per inch) can be obtained 
[209]. This corresponds to pixel sizes 𝑑୮୧୶ୣ୪ of 𝑑୮୧୶ୣ୪ ଷୢ୮୧ ≈ 85 µm for a 
resolution of 300 dpi and 𝑑୮୧୶ୣ୪ ଵଶୢ୮୧ ≈ 21 µm for a resolution of 1200 dpi. 
Higher resolutions with even smaller pixel sizes can be achieved by using 
toners with smaller particle sizes. However, particles smaller than 5 µm be-
come increasingly hazardous and require special toners, such as liquid ton-
ers [209]. 

After successful charging of both the powder and the photoconductor in 
step 1 (cf. Table 6) and the creation of a latent charge pattern by selective 
exposure of the photoconductor to electromagnetic radiation in step 2, the 
powder is developed into the charged or discharged areas of the photocon-
ductor in step 3. Depending on the development strategy, either charged 
area development (CAD) or discharged area development (DAD) can be 
used to selectively attract powder particles to the photoconductor [169]. In 
both cases, the electric field force 𝐹 ୪

ሬሬሬሬሬ⃗  given by equation (14), dominantly 
determines the particle motion. However, it should be noted that for DAD 
the electric development field force is weaker compared to CAD. For pow-
der transfer in step 4, in electrophotographic 2D laser printers, the back of 
the paper is charged via corona charging with opposite polarity to the 
charged toner particles. As the toner particles, which mostly consist of ther-
moplastic polymers, are pressed against the charged paper by the heated 
photoconductor drum, the powder pattern is transferred to the paper (step 
4). Typically, the toner particles are preheated to a temperature above the 
glass transition temperature (𝑇) of the respective thermoplastic polymer 
to achieve a more rubbery state and thus increase adhesion to the paper 
[209]. Alternatively, high pressure can be used to deposit them without pre-
heating. Finally, in step 5, the deposited toner particles are fused by sur-
rounding radiant heaters. Step 6, as the last step of an electrophotography 
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process cycle (cf. Table 6), involves cleaning of the photoconductor, as sig-
nificant amounts of powder and partially fused toner may still be adhering 
to the photoconductor drum. This is achieved by mechanical cleaning with 
blades or brushes, sometimes supported by vacuum. To remove the resid-
ual charges from the photoconductor [169], the complete irradiation of the 
photoconductor by the illumination source already used in step 2 [171] or 
an alternating current (AC) is employed [210]. 

2.2.2 First Applications in Powder Bed Fusion and Current 
Limitations 

The first attempts to transfer electrophotography from 2D printing to AM 
started in 1990 with an advanced SLA process (cf. Figure 1). In this context, 
electrophotography was used solely as a flexible method for patterning UV 
exposure by selective deposition of shielding toner particles [16]. In 2001, a 
first apparatus for using electrophotography as the sole powder application 
method for powder bed 3D printing was patented [211]. Two years later, in 
2003, Kumar and Dutta [162] first published results showing a maximum of 
50 layers of polymer toner particles deposited by electrophotography and 
fused layer by layer. 

Essentially, two different strategies can be distinguished for the use of EPA 
in the context of powder-based AM. The first strategy basically follows 
strictly the six process steps of conventional 2D toner printing, summarized 
in Table 6 and discussed in section 2.2.1. In particular, also powder deposi-
tion in step 4 and fusion in step 5 are identical to 2D toner printing, but are 
repeated several times to 3D print more than one layer [171].  This principle 
has already been successfully applied in a first industrial machine by Evolve 
Additive Solutions, Inc. using their patented STEP (selective thermoplastic 
electrophotographic process) technology [212]. However, contact-based 
deposition uses high contact pressure and preheating of the powder parti-
cles to temperatures above the glass transition temperature of the polymer 
(cf. section 2.2.1) [213]. The photoconductor drum or plate provides both 
contact pressure and preheating. Since the drum or plate is heated homo-
geneously to a certain temperature without individual adaptation to a sin-
gle material with different thermal properties [213], this strategy can only 
partially overcome the limitations of PBF-LB/P with conventional powder 
application methods (cf. sections 2.1.2 and 2.1.3) [133]. As stated in Table 7, 
especially the multi-material capabilities are still limited to powder mate-
rials with matching thermal properties and particle size distributions [209]. 
Although contact-based electrophotography can produce powder layers 
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consisting of different regions of more than one material, the flexibility to 
arbitrarily select these materials is limited [162]. First, the thermal proper-
ties of the materials need to be similar [213]. In the case of strongly differing 
glass transition, melting, crystallization and especially degradation temper-
atures (𝑇 ୣ୰ୟୢ), thermal damage can occur to the material with the lowest 
degradation temperature during contacting deposition [163]. In addition, 
during contact, consolidated regions of the already generated part will in-
evitably be prone to the parasitic effect of curling (cf. section 2.1.1) if the 
photoconductor is not preheated to a temperature above the crystallization 
temperature of the polymer with the higher crystallization temperature 
[69]. A further requirement for the powder materials applied by contact-
based EPA is the matching particle size distribution [111]. In case of strongly 
differing particle sizes, the powder layer will be heterogeneously com-
pacted by contact-based deposition leading to inhomogeneous part prop-
erties [102]. Finally, contact-based powder deposition – especially when 
contacting consolidated regions – inherently increases the risk of cross-
contamination between the individual materials [214]. In summary, con-
tact-based EPA limits the flexibility to combine powder materials which 
show strongly differing property profiles in terms of thermal properties and 
particle size distribution. 

It should be noted that this first strategy for applying EPA in 3D printing 
does not use a laser for consolidating the layers and is therefore different 
from PBF-LB/P. For this reason, contact-based EPA is not considered in the 
overview of different powder application methods and new approaches for 
PBF-LB/P in Table 5. 

The second strategy, on the other hand, is EPA with contactless powder 
deposition. It aims to completely replace conventional powder application 
methods (see 2.1.2) for PBF-LB/P by EPA (EPA-PBF-LB/P). Thus, in contrast 
to the first strategy, which strictly follows the six process steps of 2D elec-
trophotography outlined in Table 6, in the second strategy electrophotog-
raphy is only used to apply powder layers. However, as with conventional 
PBF-LB/P, the subsequent consolidation is laser-based. This allows the full 
flexibility of the laser-based energy input to be preserved [215]. By using 
multiple lasers with different wavelengths, complex temperature fields can 
be created [60], allowing polymers with strongly differing thermal proper-
ties to be simultaneously processed by PBF-LB/P [216]. However, as men-
tioned in section 2.1.3, EPA as a powder application method for PBF-LB/P 
only has an MRL of 2 (see Table 5) [133]. To date, only the general feasibility 
of the concept has been demonstrated on a single-layer basis outside PBF-
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LB/P process conditions without consolidation [156]. Moreover, only sin-
gle-material layers have been developed and deposited so far [157]. 

In the second strategy for using EPA for AM, in this case more precisely for 
PBF-LB/P, process steps 1, 2, 3 and to a large extent 6 (see Table 6) are 
adopted from 2D electrophotography. In contrast, the contactless powder 
deposition of powder particles in step 4 is new [156] and was first demon-
strated in [158] as part of the second strategy for using EPA for AM. The 
fusion in step 5 has been adopted in principle from conventional PBF-LB/P, 
but has not yet been demonstrated in the context of EPA-PBF-LB/P [157]. 
Furthermore, charge accumulation within the generated part is a major 
challenge of EPA [162]. While in the case of contacting powder deposition, 
charge accumulation within the generated part leads to inhomogeneities 
and defects in the deposited layer [209], in the case of contactless powder 
deposition it renders the deposition of new powder layers impossible [162] 
or leads to severe geometric inaccuracies [158]. 

In summary, EPA with contactless powder deposition has great potential 
to overcome the drawbacks of conventional powder application methods 
for PBF-LB/P (cf. Table 7) [134]. In particular, even powder materials with 
strongly differing thermal properties and particle size distributions can be 
combined within a layer [159]. However, the potential of this flexibility for 
the additive manufacturing landscape has not yet been explored [133].  

Table 7: Comparison between the contacting and contactless strategy for using EPA in AM. 

 
EPA with contacting powder 

deposition 
EPA with contactless powder 

deposition 

Multi-material 
capabilities 

Combination of different materi-
als only if similar thermal prop-
erties (𝑇 ୮୭୪୷୫ୣ୰  <

𝑇 ୣ୰ୟୢ ୮୭୪୷୫ୣ୰ ) and particle size 
distributions [213] 

Free combination of different 
materials, even with strongly 
differing thermal properties 
and particle size distributions 
[133]  

Consolidation 
principle 

Heat and contact pressure pro-
vided by photoconductor drum 
or plate [213] 

Consolidation identical to PBF-
LB/P [162] 

Utilization in 
AM 

Successful generation of simple 
[171,209] and complex [212] 
multi-layer parts 

Only demonstration of general 
feasibility [156] on single-layer 
basis [158] without consolida-
tion [157] 
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3 Objective and Methodology 

The aim of this thesis is to identify and understand the requirements for 
the successful utilization of electrophotography as powder application 
method for PBF-LB/P. As can be concluded from section 2.1.2, by reducing 
the dependence of the powder layer quality on powder properties, in par-
ticular flowability, the variety of polymer materials suitable for PBF-LB/P 
could be drastically increased [130]. Furthermore, as discussed in sections 
2.1.2 and 2.1.3, a major confining factor of conventional powder application 
methods (cf. Table 5) is the limited number of materials that can be pro-
cessed simultaneously. As discussed in sections 2.1.3, 2.2.1, and 2.2.2, using 
EPA with contactless powder deposition offers the potential to overcome 
the limitations of conventional powder application methods for PBF-LB/P. 
At the same time, however, EPA with contactless powder deposition is the 
least understood and developed powder application method for PBF-LB/P 
(cf. sections 2.1.3 and 2.2.2). This is reflected in the poor MRL of 2 (see Table 
5), which results from the fact that so far only single layers have been de-
veloped and deposited without consolidation. Although the powder devel-
opment onto a photoconductive plate was successfully demonstrated in 
[157], the layers deposited without contact were not suitable for PBF-LB/P. 
The main reasons for this are poor reproducibility, layer coverage, layer 
thickness and geometric accuracy of the deposited layers (cf. sections 2.1.3 
and 2.2.2). Thus, as shown in section 2.2.2 and summarized in Table 7, a 
number of challenges make the use of EPA with contactless powder depo-
sition in PBF-LB/P impossible to date. For this reason, the potential to ex-
tend the process limits of conventional PBF-LB/P by using this novel pow-
der application method has not yet been investigated. 

For this purpose, a bottom-up approach (see Figure 12) is applied in order 
to determine and utilize influencing factors starting from interparticle in-
teraction mechanisms (sections 4.1 and 4.2) to challenges arising from the 
formation of layers consisting of charged polymer particles (sections 4.3 
and 4.4). Finally, the generation of parts by laser-based consolidation of 
multiple layers of charged particles is examined. In this context, new op-
portunities for the additive manufacturing landscape enabled by the usage 
of EPA for PBF-LB/P are studied (section 4.4 and chapter 5). The full po-
tential of this technology for the manufacturing landscape is demonstrated 
in particular by the successful processing of pharmaceutical powders in 
chapter 5. These powders are very difficult to process due to their poor 
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flowability and relatively low thermal degradation threshold [47], which is 
challenging for conventional PBF-LB/P (cf. sections 2.1.1 and 2.1.2). 

 
Figure 12: Bottom-up approach for identifying and understanding the re-
quirements for the utilization of electrophotography in the context of PBF-
LB/P. 

As discussed in sections 2.1.1 and 2.1.2, powder charging is already a chal-
lenge with conventional powder application methods. Since for EPA the 
powder charging behavior needs to be understood in order to adapt the 
particle charging to the process, a detailed analysis of the powder charging 
behavior at the particle level is conducted in section 4.1. The aim is to un-
derstand the underlying charging phenomena and, in particular, the possi-
bilities for tailoring them (cf. section 4.1). In addition, the interparticle in-
teraction forces are investigated to develop strategies for improving depo-
sition efficiency by exploiting the different distance dependencies of these 
forces (cf. section 4.2). As shown in sections 2.1.3 and 2.2.2, poor powder 
deposition efficiency has been one of the major challenges of EPA with con-
tactless powder deposition to date. In particular, the multiple deposition of 
more than one powder layer including consolidation has not been investi-
gated so far (cf. section 2.2.2 and Table 7). 

Based on an in-depth analysis of the charging phenomena and interparticle 
forces at the particle level, the next step is to understand the processes of 
EPA with contactless powder deposition at the layer level. Since the motion 
of charged particles in an electric field is directly dependent on the direc-
tion and strength of that field (cf. section 2.2.1 and equation (14)), the effects 
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of different electric fields on the deposition of powder layers are studied in 
section 4.3. As shown in section 2.2.2, one of the main challenges of EPA, 
even in the case of contacting powder deposition where the contact pres-
sure of the photoconductor drum or plate determines powder deposition 
[171], is the accumulation of charges within the generated part [162]. This 
effect is even more critical for EPA with contactless powder deposition 
[209], where powder deposition relies solely on the electrical deposition 
field, without mechanical assistance from the contact pressure of the pho-
toconductor drum or plate (cf. sections 2.2.1 and 2.2.2) [157]. While in the 
case of contacting powder deposition, charge accumulation within the gen-
erated part leads to inhomogeneities and defects in the deposited layer, in 
the case of contactless powder deposition it renders the deposition of new 
powder layers impossible [162] or leads to severe geometric inaccuracies 
[158] (cf. 2.2.2). For this reason, charge accumulation within the generated 
part and the resulting homogeneity of the applied layer are investigated in 
section 4.4. Moreover, based on the understanding of the parasitic effect of 
charge accumulation, which correlates with an increase in the surface po-
tential of the EPA-PBF-LB/P part, compensation strategies are developed 
in section 4.4. 

Finally, the possibility of overcoming the limitations of conventional pow-
der application methods of PBF-LB/P by EPA-PBF-LB/P is studied in sec-
tion 4.4 and chapter 5 at part level. In particular, chapter 5 demonstrates 
the full potential of this new powder application method by simultaneously 
processing different powder materials that exhibit both poor powder flow-
ability and strongly differing thermal property profiles. As shown in sec-
tions 2.1.1, 2.1.2 and 2.1.3 (in particular Table 5), simultaneously processing 
such powders has not been possible in conventional PBF-LB/P. However, 
as demonstrated in section 2.1.2, increasing the variety of polymer materials 
suitable for PBF-LB/P and the ability to apply them at different positions 
within a powder layer would significantly enhance versatility of PBF-LB/P.  

Based on the bottom-up approach to identify and understand the require-
ments for the successful use of EPA with contactless powder deposition as 
the sole powder application method for PBF-LB/P, the research questions 
visualized in Figure 13 can be derived. These underlying research questions 
are addressed in chapters 4 and 5. 
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Figure 13: Key research questions and associated sections within this thesis to identify and 
understand the requirements for the successful substitution of conventional powder appli-
cation for PBF-LB/P methods with EPA. 
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4 Requirements for Substituting Conven-
tional Powder Application Methods of 
PBF-LB/P by EPA 

4.1 Achieving a Suitable Particle Charging 
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Figure 14: Triboelectric charge control of polymer particles, transforming the natural bi-
modal particle charging (left) to monomodal charging (right) suitable for EPA-PBF-LB/P. 

Achieving a reproducible powder particle charging is one of the key aspects 
for successful EPA-PBF-LB/P. As discussed in section 2.2.1, the reason for 



4   Requirements for Substituting Conventional Powder Application Methods of PBF-LB/P by 
EPA 

42 

this is that the charging height and polarity has a direct effect on particle 
motion in the electric development and deposition fields and is therefore 
crucial for precise powder application. However, the requirements for 
charging powder particles for their subsequent use in EPA-PBF-LB/P are 
unknown. 

In this study, for the first time, the charging behavior of polymers at the 
particle level is investigated and correlated with the resulting deposition 
behavior in EPA-PBF-LB/P. In particular, the resulting layer coverage and 
layer thickness are analyzed as a function of the surface potential of the 
powder pattern which arises from the particle charge. Triboelectric charg-
ing is shown to be a promising powder charging strategy for electrophotog-
raphy in PBF-LB/P. However, this powder charging method requires charge 
control as the natural triboelectric charging of polymers leads to a bimodal 
charge distribution unsuitable for EPA. Therefore, in this study, the synergy 
of both surface functionalization of polymer particles with CCAs and the 
use of suitable ferritic carrier particles known from 2D toner printing is 
used to develop a charge control method for EPA-PBF-LB/P (cf. Figure 14). 
This allows to precisely tune the polarity and charge height of the particle 
charging and thus to use this charging method for electrophotographic 
PBF-LB/P. The homogeneous and efficient charging of the individual pow-
der particles furthermore enables the adaption of the layer thickness of the 
deposited powder layers by varying the electric deposition field strength. 
Further evidence for the higher efficiency of triboelectric charging com-
pared to gas discharge-based powder charging was published in [217]. The 
half-life of the powder charging created by triboelectric charging was found 
to be significantly longer than that of corona charging. 

The functionalization of the polymer particles with CCAs was parallelly in-
vestigated and the results were published in [218]. 

Highlights: 

 Understanding of the requirements for charged powder particles 
for their subsequent use in EPA 

 Knowledge of the relationship between surface potential of a 
charged powder layer and resulting development and deposition ef-
ficiency of EPA 

 Understanding of possibilities to tailor the natural triboelectric 
charging tendency of polymers in terms of polarity and charge 
height to enable their usage in EPA-PBF-LB/P 
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 Ability to adjust the thickness of powder layers deposited by EPA 
from a single particle diameter to up to five times the particle di-
ameter by varying the electric field strength of the deposition field 
due to the efficient triboelectric charging  
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A B S T R A C T   

Substituting conventional doctor blade- or roller-based powder application methods for laser-based powder bed 
fusion of polymers (PBF-LB/P) by electrophotographic powder application (EPA) offers significant advantages. In 
particular, the selective powder deposition enabled by EPA allows high powder efficiency and the possibility to 
locally adjust part properties during their fabrication. However, defined charging of powder particles is crucial 
for achieving an accurate selective deposition of powder layers by means of electrophotography. This is the first 
comprehensive study on the specific triboelectric charge control of polymer particles for their subsequent use in 
electrophotographic powder application for PBF-LB/P. For this purpose, approaches for charge control of toner 
particles in the context of digital (2D) printing technologies are adapted and applied to polypropylene (PP) 
feedstocks for PBF-LB/P. In order to show transferability to other polymers, the charge control method developed 
in this paper is also applied to polyamide 12 (PA12) high density polyethylene (HDPE) and polystyrene (PS). For 
successful EPA, unipolar charging of polymer particles is crucial. However, non-functionalized PP shows a 
strongly bipolar triboelectric charging, which is unsuitable for EPA. The charge control method developed in this 
work shifts this strongly bipolar triboelectric charging to a unipolar charging. This is achieved by the synergy of 
both functionalizing the particle surface with charge control agents (CCAs) and choosing suitable carrier particles 
known from two-component toners. The developed method allows to control crucial parameters of triboelectric 
charging, namely polarity, amount of charge and resulting surface potential. Furthermore, the presented results 
provide new insights into the transfer behavior of charged PP particles in an external electric field. Finally, this 
enables the triboelectric charging mechanism to be used for electrophotographic powder application in PBF-LB/ 
P.   

1. Introduction 

Additive manufacturing (AM) processes, such as laser-based powder 
bed fusion of polymers (PBF-LB/P) have become an integral part of the 
manufacturing landscape [1]. However, conventional AM technologies 
lack the possibility of processing more than one material simulta-
neously. On the one hand, this requires a melting strategy that can be 
specially adapted to the thermal property profiles of the various mate-
rials [2]. On the other hand, the generation of multi-material 

components using AM technologies in particular necessitates the ability 
to selectively deposit powder particles into the build chamber [3,4]. 
However, for PBF-LB/P, selective powder deposition is not possible with 
conventional doctor blade- or roller-based powder application processes 
[5,6]. Therefore, the fabrication of parts with locally adjusted functional 
properties, such as high wear resistance, high temperature resistance or 
partially induced elasticity to achieve so-called compliant mechanisms, 
is not possible with conventional powder application methods [5–7]. 
Furthermore, as described more in detail in [4], powder efficiency of 
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conventional PBF-LB/P needs to be further improved in order to 
decrease the environmental impact of this manufacturing technology. 

Using electrophotographic powder application (EPA) instead of 
conventional doctor blade- or roller-based powder application methods 
offers great potential to surmount their shortcomings [7–9]. As 
demonstrated in [3,4,10,11], EPA offers the possibility to apply different 
powder particles for PBF-LB/P both precisely and selectively. Thus, on 
the one hand, EPA enables the generation of components with locally 
adjusted functional properties [3,4], and, on the other hand, the selec-
tive powder deposition enabled by EPA significantly increases powder 
efficiency [4]. As a result, the creation of partcake material and, thus, 
the need for powder recycling, as described in [4], is completely avoi-
ded. EPA in the context of PBF-LB/P (EPA-PBF-LB/P) consists of six 
process steps [10–12], which are illustrated in Fig. 1 and explained in 
detail in [3,4]. 

While – as described in [3,4] – in process step one the photocon-
ductive material of the photoconductive plate (PCP) is charged by gas 
discharge using a corona charging unit [12,13], both charging by gas 
discharge as well as triboelectric charging are theoretically possible 
process variants for charging the powder particles [14–16]. However, 
triboelectric charging has not yet been used for EPA-PBF-LB/P. 

Taking a closer look at the individual process steps it becomes 
apparent that a key factor for successfully implementing EPA into PBF- 
LB/P is a reliable, reproducible and homogeneous powder charging. 
This arises from the fact that the desired movement of powder particles 
in process steps three (development) and four (deposition) is mainly 
caused by the electric field force Fel

̅→, which is directly proportional to 
the charge q of the powder particles and the field strength E→ of the 
electric development or deposition field [3,4,14,17]. Thus, in-
homogeneities of the charge distribution within a powder layer or dif-
ferences in the charging of powder particles of subsequent layers directly 
influence the powder development and deposition. This can signifi-
cantly reduce the efficiency of powder transfer during both, develop-
ment and deposition, resulting in low dimensional accuracy, 
inhomogeneous distribution of powder particles within a layer, and 
limited coverage [3,4,11]. The aforementioned issues are still the main 
challenges in using EPA for laser-based powder bed fusion [8–12,18]. 
However, in 2D laser printing of toner particles, EPA, often referred to as 
xerography in this context, has been the standard powder application 
method for more than six decades [7,14,19]. Comparing the powder 

charging strategies of EPA for 2D laser printing and for PBF-LB/P, it 
becomes apparent that in case of 2D laser printing the toner particles are 
typically charged triboelectrically [7], whereas in case of EPA-PBF-LB/P 
the powder particles are charged by gas discharge using a corona 
charging unit [10,11]. In general, triboelectric charging of particles is 
based on charge separation occurring during prolonged contact, colli-
sion, or friction between the particles involved. The electron, ion or 
material transfer model are typically employed in order to explain these 
effects [20,21]. Although these models are well applicable to conductive 
materials [20,22], according to [23] there is no model sufficiently 
describing charge transfer occurring between insulators, such as poly-
mers [24–26]. Since there are no free electrons available in insulators, 
the so-called surface state model (cf. Fig. 2) was presented in [20,27,28] 
in order to give a first approach for understanding the charge transfer 
between insulators. In this model, available energy levels for electrons, 
referred to as surface states, are only present on the surface of the in-
sulators, not in the bulk. As visualized in Fig. 2, when insulator 1 and 
insulator 2 contact each other, electrons from the filled surface states of 
insulator 1 move to empty surface states of the other insulator. This is 
due to differences in the effective work functions Φ1 and Φ2 of the 
surfaces of both insulators [20]. Charge transfer occurs until the Fermi 
energies of both insulators are the same (cf. Fig. 2 “after contact”), which 
means that the Fermi energy of insulator 1 has changed by Δ1 and the 
Fermi energy of insulator 2 by Δ2, respectively. The charge transfer also 
creates a potential difference Efz0 between both surfaces. 

Finally, an equalization of the Fermi levels of the surfaces is achieved 
during contact and the energy level can be expressed as (1) [20]: 

ϕ1 +Δ1 + eEfz0 = ϕ2 − Δ2 (1) 

In order to obtain a controlled, homogeneous and reproducible 
triboelectric charging of powder particles, an extensive experimental 
study and adjustment of suitable materials is required. The main dif-
ference between 2D laser printing and PBF-LB/P can therefore be found 
in the powders used, which in case of triboelectric charging for 2D laser 
printing require the addition of charge control agents (CCAs). As 
described in [23], toner particles for 2D laser printing typically consist 
of a polymer, a pigment and at least one charge control agent. 
Furthermore [23] states that they have a particle size distribution be-
tween 6 and 20 µm [19,29–31]. However, typical materials for 
PBF-LB/P are polymers, such as polyamide 12 (PA12), polyamide 11 
(PA11), polyether ether ketone (PEEK), thermoplastic polyurethane 
(TPU), polypropylene (PP), and polystyrene (PS) with a particle size 
distribution between 50 and 130 µm [32–34]. Thus, the toner particles 
used for 2D laser printing have a narrower and smaller particle size 
distribution than the particles used for PBF-LB/P. Moreover, unlike the 
polymer particles used for PBF-LB/P, the toner particles are function-
alized by the added CCA in terms of their triboelectric charging 
behavior. 

As already mentioned, a reproducible and homogeneous powder 
charging is one of the key factors for successful EPA. Although gas 
discharge-based powder charging offers the possibility of rapidly 
changing both the polarity and level of charging by modifying the 
electric charging field and does not require the powder particles to be 
functionalized [13,35,36], it is rather inefficient in charging the powder 
particles and furthermore creates high densities of free ions [37,38]. 
This results from the fact that powder charging due to gas discharge is 
based on the penetration of electric charges, in this case ions [13,36,39], 
into the powder surface. More precisely, the electric charges are 
temporally stored in traps, which may originate from defects in the 
polymer structure or even in the boundaries between crystalline and 
amorphous regions of the polymer [35,40,41]. In order to achieve suf-
ficiently high powder charging for EPA, corona voltages in the range of 
3–5 kV or even higher [42–45] have to be applied, primarily depending 
on the ambient conditions and the material to be charged [35,38,46]. 

Applying triboelectric charging of powder particles within process 
step one of EPA-PBF-LB/P offers a number of advantages. Unlike corona 

Fig. 1. Schematic overview of main process steps of EPA-PBF-LB/P based on 
[3,4]. 
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charging, it does not require an external charging field generated by 
corona voltages in the range of 3–5 kV or even higher [42–44]. Thus, it 
inherently eliminates all associated disadvantages that come with the 
accumulation of free ions on the surface of the powder layer on the one 
hand and the Faraday Cage Effect (FCE) [41,47] on the other. However, 
as known from 2D laser printing, controlling the triboelectric charging 
process in terms of polarity, homogeneity and level of the resulting 
particle charge is essential and one of the major challenges of this 
charging method [20,30]. 

In this study, for the first time, the targeted triboelectric charge 
control of typical PBF-LB/P polymer particles for their usage in EPA- 
PBF-LB/P is investigated. For this purpose, the triboelectric charging 
behavior of pure PP, serving as a model polymer, is first analyzed at 
particle level by charge spectrometry. Based on this analysis, a method 
for controlling the triboelectric charging of PP particles is adapted from 
two-component toners [7,48] and applied to PP. A critical aspect of 
EPA-PBF-LB/P is the transferability of charged polymer particles within 
the electric development field in process step three and within the 
electric deposition field in step four, respectively. Thus, the transfer 
behavior of triboelectrically charged PP within an electric field is 
investigated in terms of homogeneity and thickness of the resulting 
powder layer. As shown in [4], regularly changing the polarity of the 
deposited powder layer is in many cases the key to overcome charge 
accumulation and thus reducing the efficiency of powder deposition 
with increasing number of deposited layers. For this reason, the charge 
control method developed in this work is always considered for positive 
as well as negative charging. 

Finally, the developed charge control method is applied to poly-
amide 12 (PA12), polystyrene (PS) and high density polyethylene 
(HDPE) in order to prove its applicability to other materials. To verify 
the potential of the new charge control method for generating powder 
layers for additive manufacturing of parts in the context of EPA-PBF-LB/ 
P, PP layers are applied onto the build platform using process steps one 
to four (cf. Fig. 1). 

2. Materials and methods 

2.1. Powder preparation 

As already discussed in the introduction, for achieving a controlled 
triboelectric charging of the PBF-LB/P polymer particles to enable their 
usage in EPA-PBF-LB/P, an approach based on two-component toners 

known from toner technology for 2D laser printing [7,48] is chosen and 
for the first time used for PBF-LB/P polymer particles in this work. For 
this purpose, ferritic carrier particles are mixed with pure polyamide 12 
(PA12), polystyrene (PS), high density polyethylene (HDPE) and poly-
propylene (PP) as well as with the differently additivated powder for-
mulations of each polymer prepared according to Table 5. Here, the 
synergy of functionalizing the particle surface with CCAs and selecting 
suitable carrier particles, as known from two-component toners, is the 
basis for the charge control method for EPA-PBF-LB/P developed in this 
work. Two different types of ferritic carrier particles (MF83–100 and 
MF22–100, Powdertech Co., Ltd., Kashiwa-shi, Chiba, Japan) were used 
for charge control experiments in this paper. MF83–100 is referred to as 
carrier(+) due to its tendency to triboelectrically charge itself positively 
while charging its friction partner negatively. By contrast, MF22–100 is 
referred to as carrier(-) since it has the tendency to triboelectrically 
charge itself negatively while charging the friction partner positively. In 
addition, SEM images of uncoated ferrite carrier particles (MF90–100, 
Powdertech Co., Ltd., Kashiwa-shi, Chiba, Japan) were taken for com-
parison. According to the manufacturer and as can be seen in Fig. 6a), 
the coatings of carrier(-) and carrier(+) consist of nanoparticle surface 
functionalizations (cf. Table 1) with a thickness in the range of the 
particle diameter of the nanoparticles. Utilizing the surface state model 
of triboelectric charging described in the introduction, the surface 
functionalization of the carrier particles can be said to have the goal of 
adjusting the effective work functions of the carrier particles with 
respect to the polymer particles. As a result, the functionalized carrier 
particles obtain a certain charging tendency given in Table 1. 

Fig. 2. Energy level diagram for illustrating triboelectric charge transfer in case of insulator-insulator contact with electrons depicted as blue circles; Φ1, Φ2 being the 
work functions of insulator 1 and insulator 2, respectively; Δ1, Δ2 being the changes of Fermi energy of insulator 1 and insulator 2, respectively; e is the elementary 
charge, Efz0 is the potential difference between the surfaces with z0 being the tunnelling separation distance. 
Based on [20,27]. 

Table 1 
Properties of used carrier particles.  

Property Ferrite carrier (-) 
MF22-100 

Ferrite 
carrier 
(+) 
MF83-100 

Uncoated ferrite 
carrier 
MF90-100 

Charging tendency Negative Positive Not 
functionalized 

Functionalization Polyvinylidenfluorid- 
(PDVF-) based 

Acrylic 
resin- 
based 

- 

Density / g cm− 3 2.61 2.62 2.70 
Mass median 

diameter x50,3 / 
µm 

107.2 114.3 107.5  
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Both CCAs and carrier particles are used for controlling the tribo-
electric charging of polymer particles in terms of polarity, charge height 
and resulting surface potential of the transferred powder layer. While 
CCAs are directly adhering to the polymer particles and thus act on their 
surface, the carrier particles (with their own surface functionalization) 
act as friction partners for the polymer particles inside the charging 
device (cf. Fig. 4). In Table 1 the relevant properties of the used carrier 
particles are summarized. 

For preparing the two-component mixtures consisting of polymer 
and carrier particles, a shaking mixer (Type T2f, Willy A. Bachofen AG, 
Muttenz, Switzerland), with a rotational speed of 49 revolutions per 
minute (rpm) was utilized. After mixing for 30 min, the powder mix-
tures were left to rest for 48 h to remove the electrical charges generated 
by mixing. To find a suitable mixture ratio of polymer and carrier for the 
charge control experiments in this paper, first different mixtures of pure 
PP and positively as well as negatively charging carriers were prepared. 
It is important to mention that a higher amount of carrier within the 
two-component blend reduces the amount of effectively available 
polymer for EPA-PBF-LB/P in this blend. Therefore, the most suitable 
carrier content in the context of this work is defined as the minimum 
carrier content at which a preferably high coverage and especially layer 
homogeneity of the powder layer transferred to the transfer drum are 
achieved for pure PP. At this, the standard deviation of layer coverage is 
used as an indicator for layer homogeneity. Table 2 gives an overview of 
the powder blends prepared for identifying the most suitable carrier 
content for this paper. 

For investigating the triboelectric charge control of polymer particles 
for their usage in EPA-PBF-LB/P, the polymer particles were mixed with 
charge control agents. For this purpose, a functionalization method, 
which is described in detail in [23], based on dry coating of polymer 
particles with charge control substances, was applied. At this, the pre-
viously described shaker mixer was utilized. 

Two different CCAs, HDK H05XT (hereafter referred to as silica(-), 
since it increases the negative triboelectric charging tendency of the 
substance to which it adheres) and HDK H05TA (silica(+)), both Wacker 
Chemie AG, München, Germany, were used to functionalize the polymer 
particles with respect to their triboelectric charging behavior. The silica 
nanoparticles have a mean particle size of 50 nm, whereby silica(-) 
particles have a surface functionalization with hexamethyldisilazane 
(HMDS) and polydimethylsiloxane (PDMS) to hydrophobize the surface 
and enhance negative charging. Silica(+) particles are modified with 
PDMS for hydrophobation and amide / ammonium groups to increase 
positive charging. Table 3 gives an overview of the material properties of 
the additive particles used in this work for functionalizing polymer 
particles with respect to their triboelectric charging properties. 

The coating time was set to 60 min and mixing aids (Type Sili S with 
1.3 – 1.65 mm diameter, Sigmund Lindner GmbH, Warmensteinach, 
Germany) were used to enhance deagglomeration. To ensure repro-
ducibility, each powder mixture was prepared three times. In total, four 
different polymer types, which are commercially available and widely 

used in conventional PBF-LB/P [49], were functionalized. These include 
polyamide 12 (PA12, PA2200, EOS GmbH, Krailling, Germany), high 
density polyethylene (HDPE, Coathylene NC 6454-F, Axalta Coating 
Systems GmbH, Pratteln, Switzerland), polystyrene (PS, Coathylene 
SINTPS, Axalta Coating Systems GmbH, Pratteln, Switzerland) and 
polypropylene (PP, Coathylene PD0580, Axalta Coating Systems GmbH, 
Pratteln, Switzerland). According to [25,26] the selected polymers are 
located at significantly different positions in the triboelectric charging 
series. Therefore, they exhibit strongly differing natural triboelectric 
charging tendencies and, thus, offer great potential for the investigation 
of a new method for triboelectric charge control in this work. Although 
polymers generally tend to attract electrons and, thus, charge negatively 
after contact with mercury, which serves as a reference for quantifying 
the triboelectric charging tendency of materials, the triboelectric charge 
density (TECD) varies significantly (cf. Table 4). Unlike the other 
polymers used in this work, PA12 (PA2200) already contains a surface 
functionalization with nano-silica particles, mainly for enhancing the 
powder flowability [50,51]. This already existing functionalization of 
PA12 should be considered when interpreting the results with respect to 
triboelectric charge control using CCAs. 

The mass median diameter shown in Table 4 was determined by laser 
diffractometry (Mastersizer 2000, Malvern, UK). The density is given 
according to the respective powder supplier. 

Each polymer powder was coated with five different weight per-
centages (wt%) of silica(-) and five different weight percentages of silica 
(+), respectively. Table 5 provides an overview of the powder func-
tionalizations prepared for each of the polymers described above. 

Due to strong interparticle forces, predominantly van der Waals 
forces as well as electrostatic attraction forces between polymer parti-
cles (here acting as host particles) and the respective silica nanoparticles 
(here acting as guest particles), the surface of the polymer particles is 
covered with CCAs. 

Finally, the most suitable polymer-to-carrier-ratio found from the 
experiments with the powder blends consisting of pure PP and differ-
ently charging carriers shown in Table 2 was used to prepare powder 
blends consisting of functionalized polymers (cf. Table 5) and the 
respective carrier particles. For this purpose, the same procedure was 
applied as for the powder blends presented in Table 2, and 100 g were 
prepared for each blend. 

Fig. 3 shows the symbols for the different polymer and carrier par-
ticles used in this work. 

Table 2 
Overview of powder blend of pure PP and two different carriers. 100 g per 
mixture.  

Powder blend of PP and carrier 
number: 

Content of ferrite 
carrier (+) 
MF83-100 / wt% 

Content of ferrite 
carrier (-) 
MF22-100 / wt% 

1 10 - 
2 20 - 
3 30 - 
4 40 - 
5 50 - 
6 - 10 
7 - 20 
8 - 30 
9 - 40 
10 - 50  

Table 3 
Material properties of the CCAs HDK H05XT and HDK H05TA according to the 
manufacturer [23].  

Property Silica (-) 
HDK H05XT 

Silica (+) 
HDK H05TA 

Charging tendency Negative Positive 
Specific surface area (BET) / m2 g− 1 50 ± 20 50 ± 20 
Mean particle size / nm 50 50 
Agglomerate particle size / µm < 20 < 20 
Specific charge / µC g− 1 -450 + 50 
Surface modification HMDS/PDMS PDMS/-NR2/-NR3  

Table 4 
Selected material properties of polymer powders used in this study; Since TECD 
of PA12 is not available, the TECD of the molecularly closely related PA6 is 
given.  

Polymer Mass median diameter x50,3 / 
µm 

Density / g 
cm− 3 

TECD / μC m− 2 

[25] 

PA12 55.9 0.930 -18.35 ± 0.99 
(PA6) 

PS 58.0 1.060 -103.48 ± 2.48 
HDPE 46.0 0.940 -59.91 ± 1.79 
PP 98.6 0.907 -27.23 ± 1.31  

S.-P. Kopp et al.                                                                                                                                                                                                                                 



Additive Manufacturing 68 (2023) 103531

5

2.2. Scanning electron microscopy 

For visualizing the contact between polymer and carrier particles a 
scanning electron microscope (SEM) Gemini Ultra 55 (Carl Zeiss AG, 
Oberkochen, Germany) equipped with a trough-the-hole detector was 
utilized. The acceleration voltage was set to 1 kV. 

2.3. Triboelectric charging process of polymer particles 

The triboelectric charging experiments were performed using a so- 
called magnetic brush system (ld-tester, Epping GmbH, Neufahrn bei 
Freising, Germany). Before polymer particles can be transferred to the 
transfer drum (cf. Fig. 4) they are charged inside the charging device, 
where the actual triboelectric charging takes place. The underlying 
principle of this charging process is to achieve close contact and, thus, 
efficient friction between polymer and carrier particles inside the 
charging device accompanied with triboelectric charge transfer. For this 
purpose, a constant rotation of magnetic and mixing drum provides a 
uniform movement of the powder blend filled into the charging device 
and, therefore, friction between polymer and carrier particles. The 
ferritic magnetic carrier particles align with the magnetic field of the 
magnets distributed around the circumference of the magnetic drum, 
thus forming the so-called magnetic brush. However, the ferritic carrier 
particles are electrically conductive and, moreover – since close to each 
other within the magnetic brush – mostly connected to the grounded 
magnetic drum. Hence, they are also responsible for keeping the 
charging conditions for the polymer particles constant by preventing 
charge accumulation within the magnetic brush. It is important to note 
that the ferritic carrier particles adhere to the magnetic drum (cf. Fig. 4) 
and thus are not transferred to the transfer drum. Thus, they do not 
influence the final part properties. 

After charging of the polymer particles inside the charging device, 
they are transferred to the transfer drum by applying an electric transfer 
field between transfer drum and charging device (cf. Fig. 4). The 
charged polymer particles are then transferred to the transfer drum due 
to the electric field force Fel

̅→, which is proportional to the polymer 
particle charge q and the electric transfer field strength Etransfer

̅̅̅̅→ [4]. The 
transfer drum with a diameter of 255 mm and a width of 119 mm rotates 
as long as the electric transfer field is active and powder transfer is 
taking place. In the context of this work, the electric transfer field 
strength was set to Etransfer

̅̅̅̅→
= ± 192 kV m− 1 depending on the polarity 

of the charged polymer particles. This corresponds to a transfer voltage 
of Utransfer = ± 770 V at a separation distance between transfer drum 
and charging device of approx. 4 mm. According to the schematic 
overview of EPA-PBF-LB/P in Fig. 1, the charged particles on the 
transfer drum can then be developed onto the photoconductive plate 
and further processed in the new, EPA-based additive manufacturing 
process [3,4]. The focus of this paper is therefore to characterize the 
layer of charged polymer particles, which forms on the transfer drum, in 
order to verify the suitability of triboelectric charging coupled with the 

Table 5 
Overview of powder functionalizations for powder transfer experiments. 100 g 
per mixture.  

Powder additivation of polymer and 
silica number: 

Silica (-) content / 
wt% 

Silica (+) content / 
wt% 

1 0.05 - 
2 0.1 - 
3 0.25 - 
4 0.5 - 
5 1.0 - 
6 - 0.05 
7 - 0.1 
8 - 0.25 
9 - 0.5 
10 - 1.0  

Fig. 3. Symbols for polymer and carrier particles used in this work.  

Fig. 4. Triboelectric charging system and experimental design of powder charging experiments with exemplary polymer and carrier particles; a) view into 
charging device. 
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inherently necessary triboelectric charge control (cf. Introduction) as 
new powder charging method for EPA-PBF-LB/P. For this purpose, the 
powder layer is analyzed with respect to the achieved coverage, layer 
thickness and homogeneity as well as surface potential. 

2.4. Coverage analysis 

For determining the powder coverage of the transferred layer an 
optical measurement procedure based on [3] was applied. For this 
purpose, videos of the transfer drum were taken during powder transfer 
from charging device to transfer drum using a camera (Samsung Elec-
tronics Co. Ltd., Suwon, South Korea) with a resolution of 3840 × 2160 
pixels and a frame rate of 60 frames per second (fps). The videos were 
split into single frames and analyzed using the software ImageJ for 
coverage analysis. According to an image analysis approach reported in 
[3], the images were turned into 8-bit grayscale images and made binary 
using the Huang2 [52,53] thresholding method. Finally, comparison of 
black (no powder) and white (powder) pixels in three equally distrib-
uted rectangular areas of the respective images, yielded the corre-
sponding mean coverage value as well as standard deviation. 

2.5. Layer thickness and homogeneity analysis 

The layer thickness was measured using the depth blade of a preci-
sion caliper (Burg-Wächter KG, Wetter-Volmarstein, Germany) with a 
measurement uncertainty of 0.01 mm after powder transfer from 
charging device to transfer drum was finished and the transfer drum 
stopped rotating. The powder layer thickness was determined at 20 
different positions, whereby always five measurements were conducted 
equidistantly in a line ranging from the left to the right edge of the 
transfer drum with a distance of 23.8 mm to each other. This was 
repeated four times, at 12, 3, 6 and 9 o′clock position of the transfer 
drum (cf. Fig. 4). From that, the mean layer thickness as well as standard 
deviation were calculated. Here, the standard deviation of the 20 mea-
surements was used as an indicator for homogeneity of the polymer 
powder layer on the transfer drum. 

2.6. Surface potential analysis 

For measuring the surface potential of the polymer powder layer on 
the transfer drum, an electrostatic voltmeter type ISOPROBE model 
244 A equipped with an electrostatic voltmeter probe model 1017AE 
(both Monroe Electronics Inc., Lyndonville, NY, USA) was utilized. The 
separation distance between probe and powder surface was set to 3 mm, 
and with regard to the measurement positions, the surface potential 
analysis was carried out analogously to the layer thickness measurement 
described in 2.5. From that, the mean surface potential as well as stan-
dard deviation were calculated. Also in this case, the standard deviation 
serves as an indicator for showing the homogeneity of the powder 
charging, which is of great importance for the subsequent EPA-PBF-LB/ 
P-process [4]. 

2.7. Charge spectrometry 

To access the underlying charge at particle level, a charge spec-
trometry was conducted. By that, charge (q) to diameter (d) ratios can be 
obtained. In the context of this work, measurements were performed 
using a q/d-meter (Epping GmbH, Neufahrn bei Freising, Germany). The 
aim was to understand the effect of charge control and the electrostatic 
interaction of the functionalized and non-functionalized surfaces of 
polymer particles with the differently functionalized carrier surfaces. As 
described in [54], using low pressure, the q/d-meter accelerates a pulsed 
particle stream into an electric field having static field strength. Ac-
cording to the already mentioned Eq. (2): 

Fel
̅→

= q • E→ (2)  

where the trajectory of a charged particle with charge q is deflected by 
Fel
̅→, the force an electric field with electric field strength E→ exerts on it. 
The force that counteracts this deflection is the drag force described by 
(3) [54]: 

Fd =
ρF

2
|vrel|
̅̅→

vrel
̅→π

4
d2cd (3)  

where vrel
̅→ represents the particle’s velocity relative to the surrounding 

fluid of density ρF. Moreover, cd is the drag coefficient depending on the 
Reynolds number, and d is the particle diameter. As given in [54], 
balancing both Eqs. (2) and (3) and gravity, yields the particle trajec-
tories by integrating the balance of forces for their transient motion. 
According to [54], depending on their charge and polarity, the particles 
are deposited on different positions on object slides placed in front of 
capacitor plates, which are used for generating the electric field. Finally, 
the projection area of the deposited particles is determined, which is 
used for calculating the charge to diameter (q/d-) ratio [54]. For this 
purpose, the assumption that the flow conditions and the electric field 
strength are known, is employed [54,55]. Similar to the triboelectric 
charging device described in 2.3, the ferritic carrier particles are also 
retained by a magnetic field to ensure that only polymer particles are 
characterized with respect to their charge. 

2.8. Electrophotographic powder development and deposition of 
triboelectrically charged polymer particles into the build chamber 

For verifying the potential of the new charge control method for 
generating powder layers for additive manufacturing of parts using EPA- 
PBF-LB/P, PP layers were applied onto the build platform using process 
steps one to four (cf. Fig. 1). This experiment is an extension of the 
triboelectric charging process described in 2.3 and in this case utilizes 
the layer of charged PP particles on the transfer drum to develop, move 
and deposit a PP pattern into the build chamber. The subsequent illu-
mination and layer-wise repetition of this procedure in order to addi-
tively manufacture parts is not part of this work. However, in [4] the 
layer-wise deposition, illumination and thus additive manufacturing of 
parts by EPA-PBF-LB/P already has been successfully shown – but with 
gas discharge (corona wire) based powder charging instead of tribo-
electric powder charging. 

Fig. 5 gives a schematic overview of the experimental setup. The gray 
square shows the movable photoconductive plate (PCP) semi- 
transparent in order to reveal the polymer particles adhering to the 
undersurface of the PCP. No imaging was performed in this experiment 
in order to reduce further influencing parameters arising from the im-
aging step. For conducting the experiment shown in Fig. 5, a thin 
quadratic, non-conductive plate with a side length of 4.5 cm and a 
thickness of 0.3 mm was placed on the surface of the transfer drum. 
After triboelectric charging and powder transfer to the transfer drum 
(und thus also to the thin plate), the thin plate was transferred to the 
EPA-PBF-LB/P system, where powder development to the PCP and 
powder deposition onto the build platform were finally performed. 

For showing the applicability of the newly developed charge control 
method for EPA-PBF-LB/P, a powder blend consisting of 60 wt% of PP 
powder functionalized with 0.5 wt% silica(-) and 40 wt% positively 
charging carrier was used. In total, a mass of 100 g of powder blend was 
filled into the triboelectric charging system for development and depo-
sition experiments. 

The moving system as well as high voltage supply of the experi-
mental setup is described in detail in [3]. A 100 µm thick, 
vapor-deposited arsenic triselenide (As2Se3) layer on the undersurface of 
the PCP was used as photoconductor. The PCP was connected to a 
high-voltage supply via high-voltage cable, allowing voltages to be 
applied to the PCP, which established the electric fields between the PCP 
and powder layer (development field) or PCP and build platform 
(deposition field). Additionally, the photoconductor was charged by gas 
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discharge (cf. 1 (Introduction) and Table 6). 
For conducting the experiments, the following parameters were 

utilized (cf. Table 6). None of the applied electric field strengths exceeds 
the dielectric strength of air at normal conditions (atmospheric pressure 
p0 = 1013 hPa, temperature T0 = 293 K, relative air humidity = 35%), 
which is in the range of Ebreakdown

̅̅̅̅̅→
≈ 3 • 106 V m− 1 [57,58]. The experi-

ments shown in this work were conducted under normal conditions. 
However, since charging experiments of polymer particles are known to 
be temperature-dependent [23,59], it is important to mention that all 
process steps except for powder deposition in step three and fusion in 
step four (cf. Fig. 1), take place under normal conditions in the experi-
mental setup developed for EPA-PBF-LB/P. Only for powder deposition 
in step four, the PCP with the developed powder pattern is exposed to 
higher temperatures of up to 175 ◦C, depending on the processed 
polymer [60]. However, since the time duration in which the PCP is 
exposed to this high temperature is only a few seconds, no significant 
heating of the PCP and powder pattern takes place. As shown in [4], the 
powder deposition efficiencies did not exhibit any significant variations 
due to elevated temperatures. Thus, the effect of elevated build chamber 
temperatures is neglected in this work. 

The electric field strength for charging the PCP was generated by 
applying a voltage of + 5 kV at a separation distance of 3 cm to the PCP 
charging corona wire. In case of the electric transfer field, a voltage of 
+ 770 V was applied to the transfer drum at a separation distance of 
4 mm between transfer drum and triboelectric charging system. For 
powder development the voltage applied to the PCP was varied ranging 
from + 100 V, + 300 V up to + 700 V at a separation distance of 1.3 mm 

between PCP and PP powder layer. Finally, for powder deposition, a 
voltage of − 700 V was applied to the PCP at a separation distance of 
1 mm between PCP and build platform. 

Pictures were taken from the developed as well as deposited powder 
patterns utilizing a camera (Samsung Electronics Co. Ltd., Suwon, South 
Korea) with a resolution of 3840 × 2160 pixels (cf. 2.4). The layer 
thickness of the powder patterns, which were defined as squares with a 
side length of 30 mm, was measured according to the procedure 
described in 2.5 – in this case – however, at five different positions of the 
square. These include each of the four corners as well as the center of the 
square. 

To increase the powder deposition efficiency in step four (cf. Fig. 1) 
and to allow comparability of the results obtained in this study with EPA 
with gas-discharge based powder charging [4], a method based on 
piezoelectric vibration excitation presented in [3] was applied. A 
detailed description of the experimental setup can be found in [3,4]. The 
parameters applied for vibration excitation can be found in Table 6. 

3. Results and discussion 

3.1. SEM analysis of carrier and polymer particles 

The SEM image shown in Fig. 6 visualizes a friction situation be-
tween a PP particle functionalized with 0.5 wt% silica(-) and a 
MF83–100 carrier particle. The PP particle is present in its typical potato 
shape, whereas the carrier particle has a circular shape. 

As can be seen in Fig. 6a), the carrier particles supplied by Pow-
dertech Co., Ltd. also appear to have surface functionalization with 
nanoparticles, similar to the surface functionalization of the polymer 
particles (cf. Fig. 6b)). However, the exact weight percentage of nano-
particles used by Powdertech is not specified in detail. According to the 
manufacturer, an acrylic resin-based functionalization is used for 
enhancing positive charging and a polyvinylidenfluorid (PDVF) -based 
functionalization for enhancing negative charging tendency of the car-
rier particles (cf. Table 1). 

Another explanation for the nanometer-sized structures in Fig. 6a), 
which appear slightly darker compared to the lighter carrier surface, 
could be abrasion of PP particles adhering to the surface of the carrier 
particle due to interparticle forces. For investigating this effect more in 
detail, a SEM of a powder blend consisting of non-functionalized and 
thus uncoated carrier particles together with PP is shown in Fig. 7. 

Fig. 5. Schematic overview of experimental setup for triboelectric charging and powder development / deposition into build chamber; red arrows indicate the 
directions of the respective electric fields using the sign convention that a positive test charge would move in the direction of the field lines [56]; the PCP is shown 
semi-transparent to reveal the polymer particles adhering to the undersurface of the PCP. 

Table 6 
Parameters for electrophotographic powder development and deposition of 
triboelectrically charged PP particles into the build chamber (parameters 
adapted from previous work in [4]).  

Parameter Value 

Polarity and charging field strength PCP + 167 kV m− 1 

Polarity and transfer field strength + 192 kV m− 1 

Polarity and development field strength + 77 kV m− 1; + 231 kV m− 1; 
+ 538 kV m− 1 

Polarity and deposition field strength -700 kV m− 1 

Frequency of sinusoidal signal for piezo 
excitation 

15 kHz 

Peak-to-peak voltage of sinusoidal signal 8 Vp-p  
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As can be seen in Fig. 7a), the surface of the non-functionalized 
carrier particles does not show any additives adhering to the surface 
of the carrier particle. Therefore, the nanometer-sized structures visible 
in Fig. 6a) can be attributed to the surface functionalization for 
achieving a certain charging behavior. 

In contrast to conventional two-component toner technology, where 
the diameter ratio between toner particle and carrier particle is in the 
range of 1:8 [61], in case of EPA-PBF-LB/P the diameter ratio between 
PP particle and carrier particle is in the range of 1:1 (cf. particle sizes in 
Table 1 and Table 4). Thus, for polymer particles typically used in 
EPA-PBF-LB/P, the surface area of the carrier particles available for 
triboelectric charging is significantly smaller than in conventional toner 
technology. This might lead to a less efficient charging process. There-
fore, the efficiency of triboelectric charging of polymer particles, which 
is finally reflected in the achievable surface potential as well as charging 
homogeneity of the powder layer, is of crucial importance for the 
following investigations. 

3.2. Charge spectrometry of PP 

3.2.1. Non-functionalized and functionalized PP without carrier 
To gain a better understanding of the charging behavior of PP 

without carrier particles on particle level, charge spectrometry mea-
surements of non-functionalized and functionalized PP without carrier 
were performed. The results are shown in Fig. 8. 

Independent of the functionalization, PP shows a bimodal charge 
distribution with almost equal positive and negative charging. 
Comparing Fig. 8a) – c) it can be observed that the distribution densities 
of the charge to diameter (q/d-) ratios are not significantly influenced by 
functionalizing the polymer particles with CCAs. The reason for this 
behavior is found in the nature of triboelectric charging. In general, it is 
based on charge separation occurring during prolonged contact, colli-
sion, or friction between the particles involved driven by a difference in 
the work functions of the respective materials [26]. Since similar ma-
terials were triboelectrically charged for the results shown in Fig. 8 and 
also the functionalization is homogeneously distributed over the surface 
of the polymer particles (cf. Fig. 6c) and [23]), there are no significant 
differences between the working functions of the friction partners. Small 
fluctuations in the work functions can thus be considered to be statis-
tically distributed over all particles, so that the probability of the friction 
partners donating or accepting electrons is equally high. 

However, a bimodal charge distribution is unsuitable for EPA-PBF- 
LB/P. This is due to the fact that the main driving force for powder 
development in process step three as well as powder deposition in 
process step four is the electric field force Fel

̅→ described in Eq. (2) [4]. 
Since Fel

̅→ is directly dependent on the particle charge q, the presence of 
nearly equal positive as well as negative charges, as can be seen in Fig. 8 
due to the nearly symmetric q/d-ratios, leads to the cancellation of Fel

̅→. 
Therefore, the goal of the charge control method developed in this work 
is to transform the strongly bimodal charge distribution of the polymer 
to a unimodal one. 

Fig. 6. SEM image of powder blend consisting of 40 wt% carrier MF83–100 
and 60 wt% PP functionalized with 0.5 wt% silica(-); a) magnification of carrier 
MF83–100; b) magnification of PP functionalized with 0.5 wt% silica(-). 

Fig. 7. SEM image of powder blend consisting of 40 wt% uncoated carrier 
MF90–100 and 60 wt% PP functionalized with 0.5 wt% silica(-); a) magnifi-
cation of carrier MF90–100. 

Fig. 8. Charge spectrometry (mean curves) of non-functionalized PP (a)), PP 
functionalized with 0.5 wt% silica(+) (b)) and PP functionalized with 0.5 wt% 
silica(-) (c)), without carrier; number of experiments n = 3 for each curve. 
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3.2.2. Non-functionalized PP with carrier 
Comparing the results shown in Fig. 9 with the results visualized in 

Fig. 8, it can be deduced that already in case of non-functionalized PP 
the charging tendency of the polymer can be manipulated. The charge 
distribution of PP is shifted towards a rather negative characteristic due 
to friction with a positively charging ferrite carrier (Fig. 9a)), and to-
wards a rather positive characteristic due to friction with a negatively 
charging ferrite carrier (Fig. 9b)). 

Although a charging tendency towards negative (Fig. 9a)) or positive 
(Fig. 9b)) charging can be observed, the opposite charging is still present 
with approximately half the distribution density. Thus, it can be 
assumed that charged polymer particles, which show a charge distri-
bution density according to Fig. 9 are still not efficiently transferable in 
EPA-PBF-LB/P. This is further investigated in 3.3.1. 

3.2.3. Functionalized PP with carrier 
Finally, the synergy of both functionalizing the particle surface with 

CCAs and choosing suitable carrier particles is applied. The results of the 
charge spectrometry measurements of functionalized PP particles after 
triboelectric charging with functionalized carrier particles are shown in  
Fig. 10. 

Especially in case of PP functionalized with 0.5 wt% silica(-) and 
positively charging carrier MF83–100 a unimodal charge distribution is 
achieved. Also in case of PP functionalized with 0.5 wt% silica(+) and 
negatively charging carrier MF22–100 a strong increase of positive 
charging with an approximately three times higher positive charge 
distribution density compared to the negative one is obtained. From this, 
it can be deduced that it is easier for PP, together with the selected CCAs 
and carrier particles, to suppress positive charging than negative 
charging. However, it is important to mention that charge spectrometry 
measurements with PP particles functionalized with more than 0.5 wt% 
silica(-) or silica(+) together with the respective carrier particles could 
not be conducted. The reason is that the negative as well as positive 
triboelectric charging of PP particles in this case exceeded the capability 
of the used q/d-meter to properly accelerate the charged particles to 
form a pulsed particulate stream. Therefore, it cannot be excluded that 
in case of PP functionalized with 1.0 wt% silica(+) and negatively 
charging ferrite carrier MF22–100, also a positive unimodal triboelectric 
charging of PP can be obtained, similar to the negative unimodal 
charging shown in Fig. 10 a). In the next sections, the knowledge gained 

on particle level is applied to EPA-PBF-LB/P. 

3.3. Triboelectric charging experiments 

3.3.1. Investigation of triboelectric charging of non-functionalized PP as 
function of carrier content 

The goal of the results shown in Fig. 11 and Fig. 12 is to find a 
suitable carrier content for the further development of a method for 
triboelectric charge. As described in 2.1, the most suitable carrier con-
tent in the context of this work is defined as the minimum carrier content 
at which a preferably high coverage and especially high layer homo-
geneity are achieved for pure PP. Generally, it is important to note that 
the higher the carrier content in the powder blend filled into the tribo-
electric charging system (cf. Fig. 4), the less polymer powder is available 
for EPA-PBF-LB/P. Thus, as a first step for developing a charge control 
strategy, a preferably low carrier content should be chosen at which 
already for the non-functionalized PP a significant increase of layer 

Fig. 9. Charge spectrometry (mean curves) of a powder blend consisting of 
60 wt% non-functionalized PP and 40 wt% positively charging ferrite carrier 
MF83–100 (a)), and of a powder blend consisting of 60 wt% non-functionalized 
PP 40 wt% negatively charging ferrite carrier MF22–100 (b)), respectively; 
number of experiments n = 3 for each curve. 

Fig. 10. Charge spectrometry (mean curves) of a powder blend consisting of 
60 wt% PP functionalized with 0.5 wt% silica(-) and 40 wt% positively 
charging ferrite carrier MF83–100 (a)), and of a powder blend consisting of 
60 wt% PP functionalized with 0.5 wt% silica(+) and 40 wt% negatively 
charging ferrite carrier MF22–100 (b)), respectively; number of experiments 
n = 3 for each curve. 

Fig. 11. Layer coverage, surface potential and layer thickness of non- 
functionalized PP transferred to the transfer drum as function of negatively 
charging carrier content (MF22–100); number of measurements n = 20 for 
layer thickness and surface potential and n = 3 for layer coverage. 
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coverage, thickness, surface potential and homogeneity can be observed. 
In Fig. 11 and Fig. 12 the results of two series of triboelectric 

charging experiments with powder blends consisting of different con-
tents of negatively (MF22–100, Fig. 11) and positively (MF83–100, 
Fig. 12) charging ferrite carrier and non-functionalized PP are pre-
sented. As already expected, based on the charge spectrometry results 
without carrier (cf. 3.2.1, Fig. 8), the strongly bimodal charge distri-
bution of PP does not allow any powder transfer to the transfer drum in 
case of 0 wt% carrier content. However, already at 10 wt% carrier 
content, powder transfer to the transfer drum takes place, and a 
coverage of approximately 70% in case of negatively charging carrier is 
achieved. Nevertheless, as the relatively large standard deviation of 
around ± 36% indicates, the coverage is very inhomogeneous, making 
the layer of charged PP unsuitable for further processing in EPA-PBF-LB/ 
P. In case of negatively charging carrier (Fig. 11), a significant decrease 
of layer inhomogeneity can be observed at a carrier content of 40 wt%. 
Here, the layer coverage is above 90% with a standard deviation of 4%. 
In case of positively charging carrier (Fig. 12), the first slight decrease of 
layer inhomogeneity is present at 30 wt% carrier with a coverage of 
approximately 65% and a standard deviation of around 25%. However, 
as already indicated by the charge distribution on particle level in Fig. 9, 
without functionalization of PP, the positive triboelectric charging 
(Fig. 9b)) is stronger pronounced than the negative charging tendency 
shown in Fig. 9a. This matches well with the generally better layer 
coverage, higher magnitude of surface potential, as well as layer thick-
ness for positively charged PP in Fig. 11 compared to the negative one 
depicted in Fig. 12. 

However, especially in case of positively charged PP (Fig. 11) a 
significant decrease of layer inhomogeneity with respect to coverage, 
surface potential and thickness is achieved in case of 40 wt% negatively 
charging carrier (MF22–100). This carrier content is used for all further 
experiments. To allow comparability between the positively and nega-
tively charging experiments, also for the positively charging carrier 
(MF83–100) a content of 40 wt% is defined for the further experiments. 

3.3.2. Investigation of triboelectric charging of functionalized PP as 
function of additive content 

In this section, the actual charge control method using the synergy of 
both functionalizing the particle surface with CCAs and choosing suit-
able carrier particles is applied to PP and investigated with respect to its 
applicability to EPA-PBF-LB/P. The requirements of a charged polymer 
layer for the further process steps three (powder development) and four 
(powder deposition) (cf. Fig. 1) can be summarized as follows. Firstly, 

the layer coverage must be 100%, since surface defects caused, for 
example, by partially missing powder, are directly transferred to the 
generated part and, thus, influence its quality. For this reason, also the 
homogeneity of the powder layer should be preferably high, which is 
investigated here as standard deviation of the layer coverage. Further-
more, in order to increase process productivity, a charged polymer layer 
should be suitable for more than one development step. Based on results 
from gas discharge-based EPA-PBF-LB/P, the layer thickness of a 
deposited powder layer is in the range of 50 µm in case of PA12 and 
100 µm in case of PP [4]. This can be explained by the fact that the ions 
generated by gas discharge are only capable of penetrating the first 
powder layer and thus only one layer, consisting of approximately one 
particle in z-direction with a thickness corresponding to the respective 
particle diameter, can be developed and deposited. Assuming a com-
parable layer thickness for triboelectric charging-based EPA-PBF-LB/P 
investigated in this work, the minimum layer thickness of the prepared 
polymer layer is defined to be at least 100 µm but should be a multiple of 
this thickness to achieve the goal of being suitable for more than one 
powder development step. This means that the layer thickness of the 
powder layer on the transfer drum exceeds the layer thickness of the 
powder layer deposited onto the build platform. Thus, more than one 
layer could be developed from the transfer drum and deposited onto the 
build platform without the need for new powder transfer to the transfer 
drum. 

Finally, based on results from gas discharge-based EPA-PBF-LB/P [4, 
10], the magnitude of the surface potential of the prepared powder layer 
should be at least 200 V in order to develop a layer with a magnitude of 
the development field strength of 3846 kV m− 1. However, a higher 
surface potential of the prepared layer would allow the strength of the 
developing field to be reduced, which would also increase productivity 
by reducing the time necessary for the high voltage supply to reach the 
required high voltage. It should be mentioned that increasing the 
transfer voltage for transferring polymer powder particles from the 
charging device to the transfer drum could increase layer coverage. 
However, since in this case polymer particles with a lower triboelectric 
charging will be transferred, it has to be ensured that the magnitude of 
surface potential of the powder layer on the transfer drum is still above 
200 V. 

The results of the triboelectric charging experiments for generating 
charged PP layers by both, applying functionalization of PP particles 
with CCAs and using carrier particles, are shown in Fig. 13 for positively 
charged PP and Fig. 14 for negatively charged PP. In both cases, for 
additive contents of 0.5 wt% and 1.0 wt% the requirements described 
above are met. Lower contents of additives in both cases are not suitable 

Fig. 12. Layer coverage, surface potential and layer thickness of non- 
functionalized PP transferred to the transfer drum as function of positively 
charging carrier content (MF83–100); number of measurements n = 20 for 
layer thickness and surface potential and n = 3 for layer coverage. 

Fig. 13. Layer coverage, surface potential and layer thickness of functionalized 
PP transferred to the transfer drum as function of silica(+) content after 
triboelectric charging with 40 wt% negatively charging carrier (MF22–100); 
number of measurements n = 20 for layer thickness and surface potential and 
n = 3 for layer coverage. 
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for EPA-PBF-LB/P, mainly due to insufficient coverage values in com-
bination with high inhomogeneity. As indicated by charge spectrometry 
measurements of pure PP and positively as well as negatively charging 
carrier particles (cf. Fig. 9), already the surface functionalization of the 
carrier particles leads to an enhancement of one charging polarity. Thus, 
it is not surprising that already in case of 0 wt% additive only due to the 
charging tendency of the respective carrier particles a limited charge 
control is achieved leading to powder transfer towards the transfer drum 
(cf. Fig. 13 and Fig. 14). Interestingly, for both charging polarities 
(Fig. 13 and Fig. 14), the layer thickness values slightly decrease for 
additive contents of 1 wt% compared to the thickness values at 0.5 wt%. 
This can be attributed to the fact that, the opposing field created by the 
transferred powder on the transfer drum itself, counteracts the powder 
transfer and, thus, leads to a lower layer thickness on the transfer drum. 
Especially, in case of negatively charged PP (Fig. 14) this explanation is 
supported by an increased magnitude of the surface potential of the 
powder on the transfer drum for 1.0 wt% compared to 0.5 wt%. How-
ever, in case of positively charged PP (Fig. 13) this effect of increased 
surface potential is less pronounced, but still the layer thickness is 
decreased in case of 1.0 wt% additive content. 

Moreover, in case of positively charged PP (Fig. 13), the minimum of 
surface potential and therefore layer coverage and thickness occurs for 
an additive content of 0.1 wt% silica(+). However, a similar trend to 
Fig. 14, where an increasing additive content almost consistently en-
hances negative charging of PP, would have been expected. This 
inconsistency shown in Fig. 13 might be explained by the generally 
strong positive charging tendency of pure PP when in contact with the 
negatively charging carrier, which is already visibly on particle level 
(Fig. 9b)). A low amount (below 0.5 wt%) of positively charging CCA 
silica(+) seems to rather counteract this positive charging tendency of 
PP. Only at sufficiently high concentrations of silica(+) (above 0.5 wt 
%), the triboelectric charging between CCAs and carrier leads to an in-
crease of surface potential compared to non-functionalized PP. This 
comparably weak charge control capability achieved by silica(+) 
compared to silica(-) might also be attributed to the strongly differing 
magnitudes of specific charge shown in Table 3, where silica(+) has a 
specific charge of + 50 µC g− 1, whereas silica(-) has a specific charge of 
− 450 µC g− 1. 

Besides an increase of counteracting opposing field strength in case 
of 1.0 wt%, the higher particle charge can also lead to stronger attrac-
tion forces to the magnetic brush formed by the carrier particles inside 
the triboelectric charging system (cf. 2.3). Although the conductive 
ferritic carrier particles conduct the charges generated during tribo-
electric charging with the polymer particles to ground via magnetic 

drum, for a short period of time also the coated surface of the carrier 
particles is charged. The generally higher charging in case of function-
alization of the PP surface with 1.0 wt% additive content may therefore 
also lead to stronger attractive forces between PP and carrier particles. 
As a consequence, the layer thickness is decreased. Besides positive ef-
fects on powder charging, the usage of silica-based additives may also 
enhance powder flowability of the polymer powders [23]. 

3.3.3. Transferability to other polymers 
The charge control method developed in 3.3.2 is applied to PA12, PS 

and HDPE in this section. The results of the triboelectric charging and 
powder transfer experiments for these polymers are presented in Fig. 15. 
For all analyzed polymers, functionalization with 0.5 wt% CCA and 
mixing the polymer with 40 wt% carrier leads to coverage values of 
100%. Furthermore, the inhomogeneity of layer coverage is negligible, 
as evidenced by standard deviation values below 1%. 

Thus, the charge control method developed in this work is also 
applicable for polymers located at significantly different positions in the 
triboelectric charging series. Although according to Table 4 the TECD of 
these polymers varies significantly, the coverage of the powder layer 
transferred to the transfer drum in all cases yields 100%. The afore-
mentioned functionalization of the used PA12 (PA2200) with nano- 
silica particles for enhancing the powder flowability (cf. 2.1) by the 
manufacturer does not have any significant influence of the performance 
of the charge control method developed in this work, when comparing 
the coverage of PA12 to the other polymers in Fig. 15. 

3.4. Electrophotographic powder development and deposition of 
triboelectrically charged PP particles into build chamber 

Finally, the charge control method developed in this work is vali-
dated using process steps one to four (cf. Fig. 1). In Fig. 16 the devel-
opment as well as deposition results of PP functionalized with 0.5 wt% 
silica(-) are shown. The results prove that triboelectric-based powder 
charging can completely substitute gas discharge-based powder 
charging used so far. As can be seen in Fig. 16, both, development and 

Fig. 14. Layer coverage, surface potential and layer thickness of functionalized 
PP transferred to the transfer drum as function of silica(-) content after tribo-
electric charging with 40 wt% positively charging carrier (MF83–100); number 
of measurements n = 20 for layer thickness and surface potential and n = 3 for 
layer coverage. 

Fig. 15. Layer coverage of functionalized PA12, PS and HDPE transferred to 
the transfer drum; positively charged polymers functionalized with 0.5 wt% 
silica(+) and mixed with 40 wt% negatively charging carrier (MF22–100); 
negatively charged polymers functionalized with 0.5 wt% silica(-) and mixed 
with 40 wt% positively charging carrier (MF83–100); number of measurements 
n = 3; standard deviations for bars 2,3,4 and 6 are 0%. 
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deposition of triboelectrically charged PP work successfully and func-
tional layers of PP are available in the build chamber for further pro-
cessing according to the conventional PBF-LB/P fusion process. In 
comparison to gas discharge-based powder charging, the development 
field strength is decreased by a factor of approximately 50 from 
3846 kV m− 1 [4] to 77 kV m− 1 in case of the left development result 
shown in Fig. 16 and by a factor of approximately 7–538 kV m− 1. This 
can be attributed to the significantly more efficient and homogeneous 
charging process of triboelectric charging in comparison to gas 
discharge-based powder charging. Also, the deposition field strength is 
reduced by a factor of approximately 3.6 from 2500 kV m− 1 in case of 
gas discharge-based powder charging [4,10] to 700 kV m− 1 in case of 
triboelectric powder charging. 

Another remarkable advantage of the triboelectric approach is the 
fact that as can be observed from the different layer thickness values t for 
the deposited powder layers in Fig. 16, the layer thickness can be 
adjusted by changing the development field strength. This is due to the 
fact that not only the upper most powder layer, which in case of gas 
discharge-based powder charging is charged by incorporated ions, is 
charged via triboelectric charging. Instead, the entire, several hundreds 
of micrometers thick powder layer (cf. Fig. 13 and Fig. 14) is homoge-
neously charged and, therefore, a thicker powder layer can be developed 
as well as deposited. Taking into account the maximum possible layer 
thickness with respect to the fusion process considering for example 
sufficient layer-to-layer interconnection, the fact of adjustable layer 
thickness values significantly increases the productivity of EPA-PBF-LB/ 
P. In case of conventional doctor blade- or roller-based powder appli-
cation methods, the layer thickness is typically in the range of 100 – 
150 µm and strongly depends on the particle sizes of the used powder [4, 
23,60,62]. Considering the different possible layer thickness values 
shown in Fig. 16, it can be concluded that the use of triboelectric 
charging in combination with EPA significantly increases the flexibility 
of adapting the layer thickness of powder layers deposited onto the build 
platform for PBF-LB/P. 

Since for the results shown in Fig. 16, a thin plate was used for 
transferring the triboelectrically charged particles from the charging 
device to the EPA-PBF-LB/P system (cf. 2.8), slight distortions of the 
powder layer can occur. In case of the strong development field in the 
right image in Fig. 16, also slightly distorted powder particles are still 
developed and finally deposited onto the build platform, creating the 
powder pattern surrounding the square. 

4. Conclusion and outlook 

In this work, a new method for controlling the triboelectric charging 
of polymer particles for their usage in electrophotographic powder 
application (EPA) for laser-based powder bed fusion of polymers (PBF- 
LB/P) was developed and successfully validated. For the first time, tri-
boelectrically charged polymer particles were deposited onto the build 
platform using EPA for further processing in PBF-LB/P. This was ach-
ieved by the synergy of both, functionalizing the particle surface with 
charge control agents (CCAs) and choosing suitable carrier particles 
known from two-component toners. This allowed crucial process pa-
rameters, such as polarity and resulting surface potential of the charged 
polymer powder layer to be precisely tuned. Furthermore, the layer 
thickness of the deposited powder layer could be adjusted with varying 
the electric development field strength, which was not possible with the 
gas discharge-based powder charging for EPA-PBF-LB/P used so far. This 
offers great potential for increasing the productivity of EPA-PBF-LB/P. 
The homogeneous charging characteristics of triboelectric charging on 
particle level allowed the electric field strengths used in EPA to be 
significantly reduced, which increases productivity as well as efficiency 
of this new powder application method. The developed charge control 
method was furthermore successfully applied to other polymers with 
strongly differing triboelectric charging tendencies. In future work, the 
carrier content may be reduced by finer adjusting it to the additive 
content of CCA used for functionalizing the polymer particles. Further-
more, the strategy developed in [4] for compensating the accumulation 
of charges within the generated part needs to be validated for tribo-
electrically charged polymer particles. The main concept of alternating 
the polarity of applied powder layers in order to compensate charge 
accumulation should also work in case of triboelectrically charged 
particles. Nevertheless, the stronger and more homogenous charging on 
particle level needs to be further investigated with respect to charge 
accumulation within the generated part. 
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[32] J.S. Gómez Bonilla, B. Düsenberg, F. Lanyi, P. Schmuki, D.W. Schubert, J. Schmidt, 
W. Peukert, A. Bück, Improvement of polymer properties for powder bed fusion by 
combining in situ PECVD nanoparticle synthesis and dry coating, Plasma Process. 
Polym. 18 (2021), https://doi.org/10.1002/PPAP.202000247. 
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Figure 15: Influence of vibration excitation on the powder deposition result in EPA-PBF-
LB/P. 

As demonstrated in section 4.1, achieving a homogeneous and reproducible 
particle charging is crucial for successful EPA. However, EPA with contact-
less powder deposition requires the detachment of charged particles from 
the surface of the photoconductor. For this detachment step, the electric 
field force on the charged powder particles is insufficient to enable efficient 
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powder deposition. Thus, in this study reducing the strong interparticle at-
traction forces between the powder particles and the photoconductor is 
found to be highly beneficial for improving powder deposition efficiency of 
EPA (cf. Figure 15). Since these attraction forces, in particular the van der 
Waals force, are strongly dependent on the distance between the particles 
and the photoconductor, vibration excitation is utilized to increase this dis-
tance. This allows the electric field force to become dominant for determin-
ing the trajectories of the particles. It is important to note that the local 
distribution of the direction and strength of the electric deposition field 
plays an important role for the homogeneity, geometrical accuracy and cov-
erage of the deposited powder layer and is therefore investigated in section 
4.3. 

Highlights: 

 Understanding of the influence of interparticle attraction forces on 
the powder deposition performance in terms of layer coverage and 
geometric accuracy 

 Strong dependence between the vibrational modes of the mechan-
ical system excited by piezoelectric excitation and increase in pow-
der deposition efficiency of EPA 

 Highest increase in deposition efficiency in case of piezoelectric ex-
citation close to resonance frequencies of the mechanical system 

 Highest impact of the vibration excitation on deposition result 
when combined with electric deposition field 
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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. 

Keywords: Assembly; Design method; Family identification

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 

High efficiency in terms of powder consumption and the ability to generate multi-material parts using additive manufacturing are key features of 
the electrophotographic powder application for laser-based powder bed fusion of polymers (PBF-LB/P). The reliable deposition of powder 
particles onto the build platform is one decisive process step. The aim is to achieve a high degree of coverage and, at the same time, maintain an 
accurate contour of the deposited powder layer. 
In addition to the use of a suitable electrical transfer field, which has already been investigated, targeted vibration excitation offers enormous 
potential for improvement. For this purpose, a mechanical simulation model is set up in this study, which is subsequently validated experimentally. 
By using the knowledge gained from the simulation, for example with regard to suitable vibration modes, the powder deposition has been 
significantly improved. 
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1. Introduction

Owing to their inherent flexibility and efficiency, additive
manufacturing (AM) processes are of great interest for 
generating highly complex parts [1]. At this, polymer AM 
technologies, such as laser-based powder bed fusion of 
polymers (PBF-LB/P), have gained significant influence in 
recent years, especially in medical, aerospace and automotive 
industries [2–4]. 

However, conventional PBF-LB/P employs a layer-by-layer 
manufacturing manner using doctor blade or roller-based 
powder application processes [5]. They do not allow to 
selectively as well as precisely adapt the powder composition 
and material distribution within a powder layer and thus render 

the generation of products with distributed functional 
properties or even multi-material-parts impossible [6]. 

A promising approach in order to overcome the 
aforementioned deficiencies of conventional powder 
application methods is the usage of electrophotographic 
powder application (EPA) [7,8]. EPA can be divided into six 
main process steps [9–11]. In step one the powder and a 
photoconductive plate (PCP, aluminum plate coated with 
photoconductive material) are homogeneously charged [12–
14]. In step two a latent charge pattern is generated on the PCP 
by selective illumination. In step three charged powder 
particles are attracted towards the PCP due to electrostatic 
forces, which is the so-called development step. In step four the 
PCP is laterally moved to the build chamber and the powder 
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powder application processes [5]. They do not allow to 
selectively as well as precisely adapt the powder composition 
and material distribution within a powder layer and thus render 

the generation of products with distributed functional 
properties or even multi-material-parts impossible [6]. 

A promising approach in order to overcome the 
aforementioned deficiencies of conventional powder 
application methods is the usage of electrophotographic 
powder application (EPA) [7,8]. EPA can be divided into six 
main process steps [9–11]. In step one the powder and a 
photoconductive plate (PCP, aluminum plate coated with 
photoconductive material) are homogeneously charged [12–
14]. In step two a latent charge pattern is generated on the PCP 
by selective illumination. In step three charged powder 
particles are attracted towards the PCP due to electrostatic 
forces, which is the so-called development step. In step four the 
PCP is laterally moved to the build chamber and the powder 
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particles are deposited onto the build platform, which is located 
inside the build chamber. In step five a laser beam illuminates 
the deposited powder particles in order to fuse them. Finally, in 
step six the PCP is cleaned. 

Especially the reliable and reproducible deposition of 
powder particles onto the build platform leading to 
dimensionally accurate, homogeneously distributed and highly 
covered powder layers still needs to be further improved [9,10]. 
In [11] a significant increase of the powder deposition 
efficiency could be achieved by using a specially designed 
transfer frame for adapting and controlling the electric transfer 
field. It has been shown that by tailoring the spatial electric 
field distribution of the electric transfer field both the 
dimensional accuracy as well as the coverage of the deposited 
powder layer can be improved. 

In the context of EPA for PBF-LB/P van der Waals (vdW) 
forces on the one hand cause the powder particles to very 
strongly adhere to each other even in case of opposite 
electrostatic charging. On the other side, vdW forces also lead 
to a very strong attraction between powder particles and the 
PCP. Thus, both effects reduce the efficiency of powder 
deposition since they counteract the electrostatic forces applied 
by the electric transfer field for powder deposition. From 
[15,16] it is known that vdW forces occur due to fluctuations 
in the charge density of molecules. However, they vanish very 
quickly with increasing distance 𝑟𝑟𝑟𝑟  between two molecules. 
Simplified, they exhibit an inverse dependence on the sixth 
power of the distance [17,18]. Therefore, increasing the 
distance between powder particles would decrease the vdW 
attraction forces, which counteract the electrostatic forces 
applied for powder deposition. For this purpose, in [11] a 
mechanical excitation caused by a rapid acceleration of the 
lateral axis has been tested. The results indicate that adapting 
and controlling the electric transfer field in combination with a 
mechanical excitation offers an even greater potential for 
improving the powder deposition. These findings fit well with 
results obtained in [19], where a piezoelectric excitation system 
was applied in order to assist the dust particle removal on solar 
panels in Martian or Lunar surface environments. Although no 
electric transfer field was applied in the latter case, a 
mechanical excitation was used in both [11] and [19] to 
increase the distance between the particles and thus reduce the 
vdW attractive force. In contrast to axis-induced mechanical 
excitation, piezoelectric excitation offers a variety of 
advantages such as adjustable vibration shapes and frequencies 
[20], making it particularly suitable for its application in EPA. 

The aim of this paper is to investigate the potential of a 
piezo-induced mechanical excitation for EPA in PBF-LB/P in 
order to improve the dimensional accuracy and degree of 
coverage of the deposited powder layers. For this purpose, first 
a modal analysis of the mechanical system is conducted in 
order to gain a better understanding of its mechanical 
performance under various excitation conditions.  Moreover, 
this allows to identify particularly advantageous vibration 
modes for EPA in advance. More specifically, vibration modes 
which provide a preferably strong acceleration (by excitation at 
an eigenfrequency (cf. 2.1)) on the powder particles in the 
desired direction of deposition while keeping the lateral 
acceleration as low as possible are of special interest. Finally, 

EPA with piezo-induced vibration excitation is experimentally 
investigated with respect to dimensional accuracy and degree 
of coverage of the deposited powder layers based on the 
findings of the simulative modal analysis. 

2. Materials and methods 

2.1. Simulative modal analysis 

The simulative modal analysis was conducted using the 
well-established solid mechanics interface of COMSOL 
Multiphysics 5.2a, which is based on a finite element analysis 
(FEA) with various numerical solvers [21]. Mechanical systems 
are known to exhibit a very strong response with a relatively 
large amplitude inherently accompanied by strong accelerations 
when periodically excited with a certain system-dependent 
frequency, the so-called eigenfrequency [22]. It is important to 
mention that mechanical systems usually have a multitude of 
eigenfrequencies which correlate with their respective patterns 
of motion – their eigenmodes [23]. When excited with a force, 
which oscillates at a certain frequency (e. g. the 
eigenfrequency), the entire mechanical system will also begin 
to oscillate at that frequency resulting in accelerations at each 
oscillating point of the mechanical system. The PCP as part of 
the oscillating mechanical system and thus also the powder 
particles, which directly adhere to the bottom surface of the 
PCP, are therefore subject to the accelerations caused by the 
oscillating force. As already discussed, the accelerations caused 
by the oscillating force are particularly strong in case of the 
force oscillating at one of the eigenfrequencies of the 
mechanical system. The design of the simulation model, which 
is based on the actual experimental setup, is shown in Fig. 1, 
with the entire mechanical system in the model made of 
aluminum. 
 

 

Fig. 1. Design of the simulation model for modal analysis. 

Except for the 100 µm thick vapor-deposited 
photoconductive arsenic triselenide (As2Se3) layer at the bottom 
surface of the PCP and the piezoelectric actuator itself, the 
mechanical system is also entirely made of aluminum. The 
backside of the holding arm is modelled as a fixed mechanical 
constraint, which also corresponds to the mounting of the 
holding arm in the experimental setup. However, the remaining 
parts of the simulation model shown in Fig. 1 are free from 
boundary conditions. In order to account for the mass of the 
piezoelectric actuator and its mounting, an additional mass of 
0.5 kg is added to the position for the piezoelectric actuator. The 
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dynamic vibration excitation of the actuator is finally 
introduced using a dynamic force impacting via boundary load 
at the position for the piezoelectric actuator. At this, the 
dynamic force can generally be described using the expression: 

 
𝐹𝐹𝐹𝐹z(𝑡𝑡𝑡𝑡) = 𝐴𝐴𝐴𝐴 ∙ sin(2𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝑡𝑡𝑡𝑡) (1) 

 
where 𝐹𝐹𝐹𝐹z is an oscillating load with amplitude 𝐴𝐴𝐴𝐴, frequency 𝜋𝜋𝜋𝜋 
and time duration 𝑡𝑡𝑡𝑡 . The simulations were conducted for a 
duration 0 s ≤ 𝑡𝑡𝑡𝑡 ≤ 0.5 s. From a practical point of view, it is 
not necessary to simulate longer durations since the powder 
deposition almost happens instantaneously when the electric 
transfer field is applied. Therefore, the duration for which a 
decrease of vdW attraction forces by applying a piezo-induced 
mechanical excitation is beneficial, is also very short. 

For improving the powder deposition efficiency by 
increasing the interparticle distance and therefore reducing the 
vdW attraction forces it is not sufficient to analyze the overall 
acceleration, which occurs on the bottom surface of the PCP 
due to vibration excitation. In fact, a spatially resolved 
determination of the caused acceleration is more reasonable. 
However, the number of evaluation points should be kept at a 
low level in order to save computation time. Fig. 2 illustrates 
five defined point probes for the simulative analysis of the 
spatially resolved acceleration. 
 

 

Fig. 2. Positions of the point probes on the bottom surface of the PCP: 1 – top 
right, 2 – top left shifted, 3 – central, 4 – bottom right shifted, 5 – bottom left. 

Utilizing symmetry effects of the square PCP, five 
representative points are arranged in a way such that the 
vibration excitation-caused acceleration of powder particles 
adhering to the bottom surface of the PCP can be estimated. 
The knowledge gained from the simulative modal analysis is 
used to predefine particularly suitable vibration frequency 
ranges for the relatively time-intensive experimental 
investigations. 

2.2. Experimental setup 

The two decisive parts of the experimental setup are the 
development chamber on the one hand and the build chamber 
on the other. While the process steps (cf. 1) one, two, three and 
six take place in the development chamber, the steps four and 

five are carried out in the build chamber. For moving the 
holding arm together with the PCP, a positioning system 
consisting of a direct-drive linear actuator as x-axis and a lift 
stage as z-axis (both Aerotech Inc., USA) is applied. For high-
voltage supply a THQ series (hivolt.de GmbH & Co. KG, 
Germany) high-voltage power supply is used. In the context of 
this paper, polyamide PA12 powder (PA2200, EOS GmbH, 
Germany) with 𝑑𝑑𝑑𝑑50 = 55.9 µm  was charged in an electric 
charging field with an electric field strength of 𝐸𝐸𝐸𝐸chargıng�����������������⃗ ≈
167 kV/m. The electric field strength for powder development 
was set to 𝐸𝐸𝐸𝐸develop���������������⃗ ≈ −1077 kV/m and for powder deposition 
to 𝐸𝐸𝐸𝐸deposıt���������������⃗ ≈ 400 kV/m. The parameters were adapted from 
[10,11] with focus on the identification of effects and 
improvements caused by the various investigated piezoelectric 
vibration excitations. The powder application unit consisting of 
the holding arm, which is connected to the positioning system, 
the PCP and a piezoelectric actuator, is shown in Fig. 3. 

 

 

Fig. 3. Detail view of the powder application unit. 

For piezoelectric excitation, a signal generator TG1010A 
(Thurlby Thandar Instruments, UK) is used to generate various 
types of electrical waveforms over a wide range of frequencies. 
The amplitude of the electrical signals was set to a peak-to-peak 
voltage of 𝑈𝑈𝑈𝑈p−p = 8 Vp−p. A PSt 1000/16/20 VS25 
(Piezosystem Jena GmbH, Germany) is used as piezoelectric 
actuator. To amplify the signal of the function generator to 
sufficiently high input values of the piezoelectric actuator, an 
analog power amplifier LE 1000/035 (Piezosystem Jena 
GmbH, Germany) is utilized with an amplification factor of 
100. 

2.3. Image analysis 

For image acquisition, a 12-megapixel f/1.8 (Samsung 
Electronics Co., Ltd., South Korea) camera was used. The 
images of the deposited powder patterns were processed with 
the software ImageJ in order to determine the corresponding 
coverage and false print values. For this purpose, the images of 
the deposited powder patterns were split into sections for 
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particles are deposited onto the build platform, which is located 
inside the build chamber. In step five a laser beam illuminates 
the deposited powder particles in order to fuse them. Finally, in 
step six the PCP is cleaned. 

Especially the reliable and reproducible deposition of 
powder particles onto the build platform leading to 
dimensionally accurate, homogeneously distributed and highly 
covered powder layers still needs to be further improved [9,10]. 
In [11] a significant increase of the powder deposition 
efficiency could be achieved by using a specially designed 
transfer frame for adapting and controlling the electric transfer 
field. It has been shown that by tailoring the spatial electric 
field distribution of the electric transfer field both the 
dimensional accuracy as well as the coverage of the deposited 
powder layer can be improved. 

In the context of EPA for PBF-LB/P van der Waals (vdW) 
forces on the one hand cause the powder particles to very 
strongly adhere to each other even in case of opposite 
electrostatic charging. On the other side, vdW forces also lead 
to a very strong attraction between powder particles and the 
PCP. Thus, both effects reduce the efficiency of powder 
deposition since they counteract the electrostatic forces applied 
by the electric transfer field for powder deposition. From 
[15,16] it is known that vdW forces occur due to fluctuations 
in the charge density of molecules. However, they vanish very 
quickly with increasing distance 𝑟𝑟𝑟𝑟  between two molecules. 
Simplified, they exhibit an inverse dependence on the sixth 
power of the distance [17,18]. Therefore, increasing the 
distance between powder particles would decrease the vdW 
attraction forces, which counteract the electrostatic forces 
applied for powder deposition. For this purpose, in [11] a 
mechanical excitation caused by a rapid acceleration of the 
lateral axis has been tested. The results indicate that adapting 
and controlling the electric transfer field in combination with a 
mechanical excitation offers an even greater potential for 
improving the powder deposition. These findings fit well with 
results obtained in [19], where a piezoelectric excitation system 
was applied in order to assist the dust particle removal on solar 
panels in Martian or Lunar surface environments. Although no 
electric transfer field was applied in the latter case, a 
mechanical excitation was used in both [11] and [19] to 
increase the distance between the particles and thus reduce the 
vdW attractive force. In contrast to axis-induced mechanical 
excitation, piezoelectric excitation offers a variety of 
advantages such as adjustable vibration shapes and frequencies 
[20], making it particularly suitable for its application in EPA. 

The aim of this paper is to investigate the potential of a 
piezo-induced mechanical excitation for EPA in PBF-LB/P in 
order to improve the dimensional accuracy and degree of 
coverage of the deposited powder layers. For this purpose, first 
a modal analysis of the mechanical system is conducted in 
order to gain a better understanding of its mechanical 
performance under various excitation conditions.  Moreover, 
this allows to identify particularly advantageous vibration 
modes for EPA in advance. More specifically, vibration modes 
which provide a preferably strong acceleration (by excitation at 
an eigenfrequency (cf. 2.1)) on the powder particles in the 
desired direction of deposition while keeping the lateral 
acceleration as low as possible are of special interest. Finally, 

EPA with piezo-induced vibration excitation is experimentally 
investigated with respect to dimensional accuracy and degree 
of coverage of the deposited powder layers based on the 
findings of the simulative modal analysis. 

2. Materials and methods 

2.1. Simulative modal analysis 

The simulative modal analysis was conducted using the 
well-established solid mechanics interface of COMSOL 
Multiphysics 5.2a, which is based on a finite element analysis 
(FEA) with various numerical solvers [21]. Mechanical systems 
are known to exhibit a very strong response with a relatively 
large amplitude inherently accompanied by strong accelerations 
when periodically excited with a certain system-dependent 
frequency, the so-called eigenfrequency [22]. It is important to 
mention that mechanical systems usually have a multitude of 
eigenfrequencies which correlate with their respective patterns 
of motion – their eigenmodes [23]. When excited with a force, 
which oscillates at a certain frequency (e. g. the 
eigenfrequency), the entire mechanical system will also begin 
to oscillate at that frequency resulting in accelerations at each 
oscillating point of the mechanical system. The PCP as part of 
the oscillating mechanical system and thus also the powder 
particles, which directly adhere to the bottom surface of the 
PCP, are therefore subject to the accelerations caused by the 
oscillating force. As already discussed, the accelerations caused 
by the oscillating force are particularly strong in case of the 
force oscillating at one of the eigenfrequencies of the 
mechanical system. The design of the simulation model, which 
is based on the actual experimental setup, is shown in Fig. 1, 
with the entire mechanical system in the model made of 
aluminum. 
 

 

Fig. 1. Design of the simulation model for modal analysis. 

Except for the 100 µm thick vapor-deposited 
photoconductive arsenic triselenide (As2Se3) layer at the bottom 
surface of the PCP and the piezoelectric actuator itself, the 
mechanical system is also entirely made of aluminum. The 
backside of the holding arm is modelled as a fixed mechanical 
constraint, which also corresponds to the mounting of the 
holding arm in the experimental setup. However, the remaining 
parts of the simulation model shown in Fig. 1 are free from 
boundary conditions. In order to account for the mass of the 
piezoelectric actuator and its mounting, an additional mass of 
0.5 kg is added to the position for the piezoelectric actuator. The 
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dynamic vibration excitation of the actuator is finally 
introduced using a dynamic force impacting via boundary load 
at the position for the piezoelectric actuator. At this, the 
dynamic force can generally be described using the expression: 

 
𝐹𝐹𝐹𝐹z(𝑡𝑡𝑡𝑡) = 𝐴𝐴𝐴𝐴 ∙ sin(2𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝑡𝑡𝑡𝑡) (1) 

 
where 𝐹𝐹𝐹𝐹z is an oscillating load with amplitude 𝐴𝐴𝐴𝐴, frequency 𝜋𝜋𝜋𝜋 
and time duration 𝑡𝑡𝑡𝑡 . The simulations were conducted for a 
duration 0 s ≤ 𝑡𝑡𝑡𝑡 ≤ 0.5 s. From a practical point of view, it is 
not necessary to simulate longer durations since the powder 
deposition almost happens instantaneously when the electric 
transfer field is applied. Therefore, the duration for which a 
decrease of vdW attraction forces by applying a piezo-induced 
mechanical excitation is beneficial, is also very short. 

For improving the powder deposition efficiency by 
increasing the interparticle distance and therefore reducing the 
vdW attraction forces it is not sufficient to analyze the overall 
acceleration, which occurs on the bottom surface of the PCP 
due to vibration excitation. In fact, a spatially resolved 
determination of the caused acceleration is more reasonable. 
However, the number of evaluation points should be kept at a 
low level in order to save computation time. Fig. 2 illustrates 
five defined point probes for the simulative analysis of the 
spatially resolved acceleration. 
 

 

Fig. 2. Positions of the point probes on the bottom surface of the PCP: 1 – top 
right, 2 – top left shifted, 3 – central, 4 – bottom right shifted, 5 – bottom left. 

Utilizing symmetry effects of the square PCP, five 
representative points are arranged in a way such that the 
vibration excitation-caused acceleration of powder particles 
adhering to the bottom surface of the PCP can be estimated. 
The knowledge gained from the simulative modal analysis is 
used to predefine particularly suitable vibration frequency 
ranges for the relatively time-intensive experimental 
investigations. 

2.2. Experimental setup 

The two decisive parts of the experimental setup are the 
development chamber on the one hand and the build chamber 
on the other. While the process steps (cf. 1) one, two, three and 
six take place in the development chamber, the steps four and 

five are carried out in the build chamber. For moving the 
holding arm together with the PCP, a positioning system 
consisting of a direct-drive linear actuator as x-axis and a lift 
stage as z-axis (both Aerotech Inc., USA) is applied. For high-
voltage supply a THQ series (hivolt.de GmbH & Co. KG, 
Germany) high-voltage power supply is used. In the context of 
this paper, polyamide PA12 powder (PA2200, EOS GmbH, 
Germany) with 𝑑𝑑𝑑𝑑50 = 55.9 µm  was charged in an electric 
charging field with an electric field strength of 𝐸𝐸𝐸𝐸chargıng�����������������⃗ ≈
167 kV/m. The electric field strength for powder development 
was set to 𝐸𝐸𝐸𝐸develop���������������⃗ ≈ −1077 kV/m and for powder deposition 
to 𝐸𝐸𝐸𝐸deposıt���������������⃗ ≈ 400 kV/m. The parameters were adapted from 
[10,11] with focus on the identification of effects and 
improvements caused by the various investigated piezoelectric 
vibration excitations. The powder application unit consisting of 
the holding arm, which is connected to the positioning system, 
the PCP and a piezoelectric actuator, is shown in Fig. 3. 

 

 

Fig. 3. Detail view of the powder application unit. 

For piezoelectric excitation, a signal generator TG1010A 
(Thurlby Thandar Instruments, UK) is used to generate various 
types of electrical waveforms over a wide range of frequencies. 
The amplitude of the electrical signals was set to a peak-to-peak 
voltage of 𝑈𝑈𝑈𝑈p−p = 8 Vp−p. A PSt 1000/16/20 VS25 
(Piezosystem Jena GmbH, Germany) is used as piezoelectric 
actuator. To amplify the signal of the function generator to 
sufficiently high input values of the piezoelectric actuator, an 
analog power amplifier LE 1000/035 (Piezosystem Jena 
GmbH, Germany) is utilized with an amplification factor of 
100. 

2.3. Image analysis 

For image acquisition, a 12-megapixel f/1.8 (Samsung 
Electronics Co., Ltd., South Korea) camera was used. The 
images of the deposited powder patterns were processed with 
the software ImageJ in order to determine the corresponding 
coverage and false print values. For this purpose, the images of 
the deposited powder patterns were split into sections for 
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investigating the false print (FP) and coverage (C), 
respectively, as shown in Fig. 4. 

 

 

Fig. 4. Sections for coverage (C1-3) and false print (FP1-4) analysis. 

After converting the photos to 8-bit grayscale images, the 
Huang2 [24,25] thresholding method was employed in order to 
convert them to binary images. By comparing the number of 
black and white pixels within each of the respective sections 
(cf. Fig. 4), the false print as well as the coverage can be 
determined. Finally, for each deposited powder pattern on the 
one hand the mean coverage and on the other hand the mean 
false print can be calculated, both with standard deviation. 

3. Results and discussion 

The simulated average accelerations in longitudinal (z-) and 
lateral (x-) direction, exemplary depicted for the first five 
simulated eigenfrequencies of the mechanical simulation 
model, are visualized in Fig. 5 and Fig. 6. At this, the 
acceleration in x-direction is chosen as an indicator for the 
lateral acceleration behavior. When comparing the longitudinal 
acceleration (Fig. 5) with the lateral acceleration (Fig. 6), it 
becomes apparent that an increase in longitudinal acceleration 
is inevitably accompanied by increasing lateral acceleration. 
For example, an increase of the longitudinal acceleration for 
point probe 1 (Fig. 5) from ≈ 60 mm/s2 at 𝜋𝜋𝜋𝜋 = 318.2 Hz to ≈
135 mm/s2  at 𝜋𝜋𝜋𝜋 = 1949.2 Hz correlates with an increase of 
the lateral acceleration for point probe 1 (Fig. 6) from ≈
3.3 mm/s2  at 𝜋𝜋𝜋𝜋 = 318.2 Hz  to ≈ 6.2 mm/s2  at 𝜋𝜋𝜋𝜋 =
1949.2 Hz. This indicates that in general a higher longitudinal 
acceleration of the powder particles, and therefore an increase 
in powder deposition efficiency and hence coverage, will also 
result in a higher degree of false print. 

 

Fig. 5. Simulated average acceleration in z-direction for five selected point 
probes (cf. Fig. 2): 1 – top right, 2 – top left shifted, 3 – central, 4 – bottom 
right shifted, 5 – bottom left. 

Unlike this relationship between longitudinal and lateral 
acceleration components, there is no clear trend between 
excitation frequency and resulting accelerations. Therefore, the 
individual eigenfrequencies have to be examined in terms of 
their suitability for EPA.  
 

 

Fig. 6. Simulated average acceleration in x-direction for five selected point 
probes (cf. Fig. 2): 1 – top right, 2 – top left shifted, 3 – central, 4 – bottom 
right shifted, 5 – bottom left. 

Although slight differences between the simulation model 
and the experimental setup, e. g. in terms of geometries, joints 
or materials, cannot be excluded, there is good agreement 
between the simulative and experimental results. In Fig. 7 on 
the one hand the simulation result of the total acceleration in z-
direction for the simulated eigenfrequency of 𝜋𝜋𝜋𝜋 = 10.5 kHz is 
shown. On the other hand, the experimental result of powder 
deposition (PA12), conducted with the same excitation 
frequency, is visualized. It can be seen that areas with high 
acceleration values, both for negative (blue) and positive (red) 
acceleration values, also show higher degrees of coverage in 
the powder deposition experiment. Thus, especially in the 
corners as well as two circular areas, which are located below 
the center of the square, larger values of both acceleration as 
well as coverage can be observed. This behavior can be 
explained by the initially introduced hypothesis of decreasing 
vdW attraction forces due to a piezo-induced acceleration. In 
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order to enhance the contrast of the correlation between the 
simulated longitudinal acceleration result (Fig. 7 left) and the 
experimental result of powder deposition (Fig. 7 right), in this 
case no electric field for powder deposition was applied. 
Therefore, the deposited powder pattern (Fig. 7 right) is mainly 
directly caused by the longitudinal acceleration acting on the 
powder particles and the reduction of attractive vdW forces, 
both induced by the piezoelectric excitation. 

 

 

Fig. 7. Correlation between simulated total acceleration in z-direction (left) 
and the experimental result of powder deposition of PA12 (right), both with 
an excitation frequency / eigenfrequency 𝜋𝜋𝜋𝜋 = 10.5 kHz (sinusoidal), 
𝐸𝐸𝐸𝐸charging����������⃗ ≈ 167 kV/m, 𝐸𝐸𝐸𝐸develop���������⃗ ≈ −1077 kV/m and 𝐸𝐸𝐸𝐸deposit��������⃗ ≈ 0 kV/m. 

A particularly suitable eigenfrequency was found at 𝜋𝜋𝜋𝜋 =
15.0 kHz. By applying a piezoelectric vibration excitation at 
this frequency, the mean coverage was improved from ≈ 15 % 
without piezoelectric excitation to ≈ 30 % (cf. Fig. 8).  

 

 

Fig. 8. Comparison between experimental result of powder deposition of 
PA12 without piezoelectric excitation (left) and with applied piezoelectric 
excitation (right) with an excitation frequency / eigenfrequency 𝜋𝜋𝜋𝜋 = 15.0 kHz 
(sinusoidal), 𝐸𝐸𝐸𝐸charging������������⃗ ≈ 167 kV/m, 𝐸𝐸𝐸𝐸develop�����������⃗ ≈ −1077 kV/m and 𝐸𝐸𝐸𝐸deposit����������⃗ ≈
400 kV/m. 

However, at the same time the mean false print increased 
from ≈ 1 %  without piezoelectric excitation to ≈ 8 %  with 
applied piezoelectric excitation at 𝜋𝜋𝜋𝜋 = 15.0 kHz, which can be 
attributed to the aforementioned unavoidable increase of the 
lateral acceleration component when enhancing the 
longitudinal one. 

Finally, by applying the particularly suitable excitation 
frequency of 𝜋𝜋𝜋𝜋 = 15.0 kHz  and increasing the electric field 
strength for powder deposition to 𝐸𝐸𝐸𝐸deposıt���������������⃗ ≈ 900 kV/m, the 
result shown in Fig. 9 was achieved. Here, the coverage is 
98.78 % ± 0.85 % and the false print is 4.52 % ± 0.21 %. For 
achieving this result, the electric field strength for powder 
deposition was increased to 𝐸𝐸𝐸𝐸deposıt���������������⃗ ≈ 900 kV/m in order to 
reach a preferably high coverage. Unlike the previous studies, 
which were focused on the identification of effects and 
improvements caused by different piezoelectric vibration 
excitations, the aim of this experiment was to achieve a 
preferably high coverage. Interestingly, the increased electric 
field strength for powder deposition resulted in a reduction of 
false print (cf. Fig. 8 (right) and Fig. 9). This can be attributed 
to the fact that the vdW forces, which counteract the 
electrostatic forces applied by the electric transfer field for 
powder deposition (cf. 1), are reduced due to the piezoelectric 
excitation. Therefore, the electrostatic forces become dominant 
for determining the trajectories of the particles. Since the 
electric field for powder deposition is aligned perpendicularly 
between PCP and build platform [11], the particles increasingly 
follow the straight trajectory determined by the straight electric 
field lines as the electric field strength increases. 
 

 

Fig. 9. Final powder deposition result with applied piezoelectric excitation 
with an excitation frequency / eigenfrequency 𝜋𝜋𝜋𝜋 = 15.0 kHz (sinusoidal), 
𝐸𝐸𝐸𝐸charging������������⃗ ≈ 167 kV/m, 𝐸𝐸𝐸𝐸develop�����������⃗ ≈ −1077 kV/m and 𝐸𝐸𝐸𝐸deposit����������⃗ ≈ 900 kV/m. 

4. Conclusion 

Achieving a reliable and reproducible deposition of powder 
particles onto the build platform leading to dimensionally 
accurate, homogeneously distributed and highly covered 
powder layers is one of the key factors for a successful 
implementation of electrophotographic powder application in 
laser-based powder bed fusion of polymers. In this work, a 
method based on a targeted vibration excitation by applying a 
piezoelectric actuator for improving the powder deposition 
efficiency was examined. It was shown that a piezoelectric 
vibration excitation allows the vdW attraction forces to be 
efficiently reduced in order to enable the applied electric field 
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investigating the false print (FP) and coverage (C), 
respectively, as shown in Fig. 4. 

 

 

Fig. 4. Sections for coverage (C1-3) and false print (FP1-4) analysis. 

After converting the photos to 8-bit grayscale images, the 
Huang2 [24,25] thresholding method was employed in order to 
convert them to binary images. By comparing the number of 
black and white pixels within each of the respective sections 
(cf. Fig. 4), the false print as well as the coverage can be 
determined. Finally, for each deposited powder pattern on the 
one hand the mean coverage and on the other hand the mean 
false print can be calculated, both with standard deviation. 

3. Results and discussion 

The simulated average accelerations in longitudinal (z-) and 
lateral (x-) direction, exemplary depicted for the first five 
simulated eigenfrequencies of the mechanical simulation 
model, are visualized in Fig. 5 and Fig. 6. At this, the 
acceleration in x-direction is chosen as an indicator for the 
lateral acceleration behavior. When comparing the longitudinal 
acceleration (Fig. 5) with the lateral acceleration (Fig. 6), it 
becomes apparent that an increase in longitudinal acceleration 
is inevitably accompanied by increasing lateral acceleration. 
For example, an increase of the longitudinal acceleration for 
point probe 1 (Fig. 5) from ≈ 60 mm/s2 at 𝜋𝜋𝜋𝜋 = 318.2 Hz to ≈
135 mm/s2  at 𝜋𝜋𝜋𝜋 = 1949.2 Hz correlates with an increase of 
the lateral acceleration for point probe 1 (Fig. 6) from ≈
3.3 mm/s2  at 𝜋𝜋𝜋𝜋 = 318.2 Hz  to ≈ 6.2 mm/s2  at 𝜋𝜋𝜋𝜋 =
1949.2 Hz. This indicates that in general a higher longitudinal 
acceleration of the powder particles, and therefore an increase 
in powder deposition efficiency and hence coverage, will also 
result in a higher degree of false print. 

 

Fig. 5. Simulated average acceleration in z-direction for five selected point 
probes (cf. Fig. 2): 1 – top right, 2 – top left shifted, 3 – central, 4 – bottom 
right shifted, 5 – bottom left. 

Unlike this relationship between longitudinal and lateral 
acceleration components, there is no clear trend between 
excitation frequency and resulting accelerations. Therefore, the 
individual eigenfrequencies have to be examined in terms of 
their suitability for EPA.  
 

 

Fig. 6. Simulated average acceleration in x-direction for five selected point 
probes (cf. Fig. 2): 1 – top right, 2 – top left shifted, 3 – central, 4 – bottom 
right shifted, 5 – bottom left. 

Although slight differences between the simulation model 
and the experimental setup, e. g. in terms of geometries, joints 
or materials, cannot be excluded, there is good agreement 
between the simulative and experimental results. In Fig. 7 on 
the one hand the simulation result of the total acceleration in z-
direction for the simulated eigenfrequency of 𝜋𝜋𝜋𝜋 = 10.5 kHz is 
shown. On the other hand, the experimental result of powder 
deposition (PA12), conducted with the same excitation 
frequency, is visualized. It can be seen that areas with high 
acceleration values, both for negative (blue) and positive (red) 
acceleration values, also show higher degrees of coverage in 
the powder deposition experiment. Thus, especially in the 
corners as well as two circular areas, which are located below 
the center of the square, larger values of both acceleration as 
well as coverage can be observed. This behavior can be 
explained by the initially introduced hypothesis of decreasing 
vdW attraction forces due to a piezo-induced acceleration. In 
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order to enhance the contrast of the correlation between the 
simulated longitudinal acceleration result (Fig. 7 left) and the 
experimental result of powder deposition (Fig. 7 right), in this 
case no electric field for powder deposition was applied. 
Therefore, the deposited powder pattern (Fig. 7 right) is mainly 
directly caused by the longitudinal acceleration acting on the 
powder particles and the reduction of attractive vdW forces, 
both induced by the piezoelectric excitation. 

 

 

Fig. 7. Correlation between simulated total acceleration in z-direction (left) 
and the experimental result of powder deposition of PA12 (right), both with 
an excitation frequency / eigenfrequency 𝜋𝜋𝜋𝜋 = 10.5 kHz (sinusoidal), 
𝐸𝐸𝐸𝐸charging����������⃗ ≈ 167 kV/m, 𝐸𝐸𝐸𝐸develop���������⃗ ≈ −1077 kV/m and 𝐸𝐸𝐸𝐸deposit��������⃗ ≈ 0 kV/m. 

A particularly suitable eigenfrequency was found at 𝜋𝜋𝜋𝜋 =
15.0 kHz. By applying a piezoelectric vibration excitation at 
this frequency, the mean coverage was improved from ≈ 15 % 
without piezoelectric excitation to ≈ 30 % (cf. Fig. 8).  

 

 

Fig. 8. Comparison between experimental result of powder deposition of 
PA12 without piezoelectric excitation (left) and with applied piezoelectric 
excitation (right) with an excitation frequency / eigenfrequency 𝜋𝜋𝜋𝜋 = 15.0 kHz 
(sinusoidal), 𝐸𝐸𝐸𝐸charging������������⃗ ≈ 167 kV/m, 𝐸𝐸𝐸𝐸develop�����������⃗ ≈ −1077 kV/m and 𝐸𝐸𝐸𝐸deposit����������⃗ ≈
400 kV/m. 

However, at the same time the mean false print increased 
from ≈ 1 %  without piezoelectric excitation to ≈ 8 %  with 
applied piezoelectric excitation at 𝜋𝜋𝜋𝜋 = 15.0 kHz, which can be 
attributed to the aforementioned unavoidable increase of the 
lateral acceleration component when enhancing the 
longitudinal one. 

Finally, by applying the particularly suitable excitation 
frequency of 𝜋𝜋𝜋𝜋 = 15.0 kHz  and increasing the electric field 
strength for powder deposition to 𝐸𝐸𝐸𝐸deposıt���������������⃗ ≈ 900 kV/m, the 
result shown in Fig. 9 was achieved. Here, the coverage is 
98.78 % ± 0.85 % and the false print is 4.52 % ± 0.21 %. For 
achieving this result, the electric field strength for powder 
deposition was increased to 𝐸𝐸𝐸𝐸deposıt���������������⃗ ≈ 900 kV/m in order to 
reach a preferably high coverage. Unlike the previous studies, 
which were focused on the identification of effects and 
improvements caused by different piezoelectric vibration 
excitations, the aim of this experiment was to achieve a 
preferably high coverage. Interestingly, the increased electric 
field strength for powder deposition resulted in a reduction of 
false print (cf. Fig. 8 (right) and Fig. 9). This can be attributed 
to the fact that the vdW forces, which counteract the 
electrostatic forces applied by the electric transfer field for 
powder deposition (cf. 1), are reduced due to the piezoelectric 
excitation. Therefore, the electrostatic forces become dominant 
for determining the trajectories of the particles. Since the 
electric field for powder deposition is aligned perpendicularly 
between PCP and build platform [11], the particles increasingly 
follow the straight trajectory determined by the straight electric 
field lines as the electric field strength increases. 
 

 

Fig. 9. Final powder deposition result with applied piezoelectric excitation 
with an excitation frequency / eigenfrequency 𝜋𝜋𝜋𝜋 = 15.0 kHz (sinusoidal), 
𝐸𝐸𝐸𝐸charging������������⃗ ≈ 167 kV/m, 𝐸𝐸𝐸𝐸develop�����������⃗ ≈ −1077 kV/m and 𝐸𝐸𝐸𝐸deposit����������⃗ ≈ 900 kV/m. 

4. Conclusion 

Achieving a reliable and reproducible deposition of powder 
particles onto the build platform leading to dimensionally 
accurate, homogeneously distributed and highly covered 
powder layers is one of the key factors for a successful 
implementation of electrophotographic powder application in 
laser-based powder bed fusion of polymers. In this work, a 
method based on a targeted vibration excitation by applying a 
piezoelectric actuator for improving the powder deposition 
efficiency was examined. It was shown that a piezoelectric 
vibration excitation allows the vdW attraction forces to be 
efficiently reduced in order to enable the applied electric field 



60 Sebastian-Paul Kopp  et al. / Procedia CIRP 111 (2022) 55–60
6 S. Kopp et al. / Procedia CIRP 00 (2022) 000–000 

forces to determine the motion of the powder particles. For 
finding particularly suitable excitation frequencies, a 
simulation model for eigenfrequency studies was established 
and validated. Mechanical systems are known to exhibit a very 
strong response with a relatively large amplitude inherently 
accompanied by strong accelerations when periodically excited 
at their respective eigenfrequency. The simulative as well as 
experimental analysis revealed that an increase of the 
longitudinal acceleration for enhancing the powder deposition 
efficiency is inevitably accompanied with an increase of the 
lateral acceleration and therefore false print. However, this 
effect can be compensated by increasing the electric field 
strength for powder deposition.  
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Figure 16: Tailored electric deposition field by using a transfer frame. 

After adequate particle charging (cf. section 4.1) and overcoming the strong 
attraction between the powder particles and the photoconductor (cf. sec-
tion 4.2), a further crucial aspect for contactless powder deposition is the 
electric deposition field. It is important to note that due to the low weight 
of the powder particles, gravitational forces are of minor importance for 
powder deposition. Rather, the local distribution of the direction and 
strength of the electric deposition field dominates the particle motion (cf. 
section 2.2.1 and equation (14)). In this study, the influence of the electric 
deposition field on the powder deposition result is investigated. Based on 
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the understanding of this influence, a suitable transfer structure is devel-
oped and validated in order to adjust the electric deposition field (cf. Figure 
16).  

Highlights: 

 Understanding of the influence of the electric deposition field on 
the deposition efficiency of powder particles for EPA-PBF-LB/P in 
terms of coverage and geometrical accuracy of the deposited layer 

 Knowledge of the relationship between shape of the transfer struc-
ture, resulting shape of the electric deposition field and powder 
deposition result 

 Identification of a frame-shaped transfer structure as a suitable ge-
ometry to obtain a proper local distribution of the electric deposi-
tion field strength and direction for EPA-PBF-LB/P 
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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. 

Keywords: Assembly; Design method; Family identification

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 

Until today, the electrophotographic transfer of toner powders has been applied successfully in common printing technology for many years. 
Utilizing the electrophotographic principle for the transfer of polymer powders in the context of additive manufacturing can give a variety of 
advantages like e.g. the possibility of generating multi-material components or a reduced consumption of powder. 
Here, the multiple depositions of powder particle-layers via electrostatic forces to create 3D objects have turned out to be a major challenge. 
Therefore, a new strategy based on the usage of a grounded transfer grid is examined. Due to its positioning above the generated layers, it makes 
the powder deposition independent of the already produced part height. For improving the particle transfer, geometrical properties of the grid are 
analyzed with respect to their influence on the efficiency of the powder deposition. Here, particular attention is paid to the manipulation of the 
electric transfer field, which is applied for accelerating the charged powder particles. The aim is to enhance the coverage and dimensional accuracy 
of the deposited powder layers by finding a new transfer structure. 
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1. Introduction 

The utilization of additive manufacturing techniques such as 
selective laser melting of polymer powder enables almost 
arbitrary design flexibility [1,2]. However, conventional 
powder application methods do not allow the simultaneous and 
selective deposition of different materials and thus render the 
generation of multi-material components impossible [3]. 
Nevertheless, being able to fabricate multi-material parts by 
means of additive manufacturing offers a variety of benefits for 
many different areas such as the medical industry [4]. 

A promising approach is to use the electrophotographic 
principle for generating tailored powder layers [5,6]. At this, it 
becomes apparent that the powder deposition, which must be 

reproducible, dimensionally accurate and has to feature a high 
coverage, remains a major challenge. 

Here, the spatial distribution of the electric transfer field, 
which develops between the photoconductive plate and the 
respectively applied transfer structure, significantly affects the 
powder deposition. The influence of an electric field on 
charged particles is determined by the Coulomb force, which 
moves the charged particles against the viscous drag air force 
described by the Stokes law [7]. Depending on the applied 
charging strategy [8,9], different phenomena lead to the overall 
charge. In case of the herein presented corona charging, the 
charge consists of ions as well as induced dipoles, which result 
from deformation polarization. Apart from that, triboelectric 
charging merely causes the latter [10]. 
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Abstract 

Until today, the electrophotographic transfer of toner powders has been applied successfully in common printing technology for many years. 
Utilizing the electrophotographic principle for the transfer of polymer powders in the context of additive manufacturing can give a variety of 
advantages like e.g. the possibility of generating multi-material components or a reduced consumption of powder. 
Here, the multiple depositions of powder particle-layers via electrostatic forces to create 3D objects have turned out to be a major challenge. 
Therefore, a new strategy based on the usage of a grounded transfer grid is examined. Due to its positioning above the generated layers, it makes 
the powder deposition independent of the already produced part height. For improving the particle transfer, geometrical properties of the grid are 
analyzed with respect to their influence on the efficiency of the powder deposition. Here, particular attention is paid to the manipulation of the 
electric transfer field, which is applied for accelerating the charged powder particles. The aim is to enhance the coverage and dimensional accuracy 
of the deposited powder layers by finding a new transfer structure. 
 
© 2020 The Authors. Published by Elsevier B.V. 
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1. Introduction 

The utilization of additive manufacturing techniques such as 
selective laser melting of polymer powder enables almost 
arbitrary design flexibility [1,2]. However, conventional 
powder application methods do not allow the simultaneous and 
selective deposition of different materials and thus render the 
generation of multi-material components impossible [3]. 
Nevertheless, being able to fabricate multi-material parts by 
means of additive manufacturing offers a variety of benefits for 
many different areas such as the medical industry [4]. 

A promising approach is to use the electrophotographic 
principle for generating tailored powder layers [5,6]. At this, it 
becomes apparent that the powder deposition, which must be 

reproducible, dimensionally accurate and has to feature a high 
coverage, remains a major challenge. 

Here, the spatial distribution of the electric transfer field, 
which develops between the photoconductive plate and the 
respectively applied transfer structure, significantly affects the 
powder deposition. The influence of an electric field on 
charged particles is determined by the Coulomb force, which 
moves the charged particles against the viscous drag air force 
described by the Stokes law [7]. Depending on the applied 
charging strategy [8,9], different phenomena lead to the overall 
charge. In case of the herein presented corona charging, the 
charge consists of ions as well as induced dipoles, which result 
from deformation polarization. Apart from that, triboelectric 
charging merely causes the latter [10]. 
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On the one hand in this paper the manipulation of the electric 
transfer field by applying different transfer structures is 
investigated in order to enhance the powder deposition. This is 
done by employing a simulative analysis of the spatial 
distribution of the electric transfer field. At this, the simulation 
allows the evaluation of the ratio between field components, 
which point into the desired movement direction of the powder 
particles, and parasitic transversal field components. The latter 
lead to a distraction of powder particles from their straight 
movement direction and thus impair the powder deposition. 

On the other hand the experimental analysis, which is 
presented in this paper, is used for validating the simulative 
results and hence is focused on the behavior of the charged 
powder particles within the applied electric transfer field. For 
this purpose the deposited powder layers are studied with 
respect to their coverage and dimensional accuracy. 

The state of the art transfer grid [3] exhibits two major 
drawbacks. First, the grid wires act as physical barriers at which 
the powder particles are scattered. Second, these wires 
introduce substantial transversal field components deflecting 
the particles from their linear motion. Therefore, a new transfer 
structure is to be found which does not act as a physical barrier 
for powder particles being deposited and furthermore features 
decreased parasitic transversal field components. In order to 
quantify the ratio between parasitic transversal and the 
intended longitudinal field component in the direction of 
particle movement, the spatial field distribution of the transfer 
grid is first simulated. The thereby obtained quantitative spatial 
field distribution is subsequently used for designing a new 
transfer structure which features reduced transversal field 
components and thus increases the efficiency of the powder 
deposition. The simulative results are then compared with 
experimental results utilizing the new transfer structure.  

Ultimately, the charge accumulation within the part as a 
consequence of the multiple depositions of charged powder 
layers on top of each other also has to be taken into account. 
That is because the accumulation of charges may lead to a 
weakening of the electric transfer field [9]. Consequently, this 
could significantly decrease both the motive forces responsible 
for the powder transfer und thus the coverage of the deposited 
powder layers. Therefore, the influence of the part height on 
the transfer field is simulated. 

2. Simulative and experimental investigations 

2.1. Methodology 

The conducted simulations of the spatial distributions of 
resulting electric transfer fields for various transfer structures 
presented in this paper were performed with COMSOL 
Multiphysics 5.2a. The simulations are based on numerical 
solutions of Maxwell’s equations. Within the conducted 
simulations the assumption of purely electrostatic processes is 
made, i.e. excluding any kind of charge flow. This assumption 
is valid for the investigation of electric transfer fields of 
different transfer structures because except for the negligibly 
short (relating to the inertia of the powder particles) duration of 
the switch-on or switch-off process of the electric transfer field, 
there is no charge flow present [7]. In case of the analyzed 

influence of the part height on the attenuation of the electric 
transfer field as a matter of fact charge flow might occur within 
the built part and between the part and surrounding air. 
However, since the built part consists of dielectric material, this 
effect most probably is of subordinate importance. Fig. 1 shows 
the applied layer geometry representing an exemplary test part 
for the powder deposition both for the simulative as well as 
experimental examination. Due to comparability with previous 
work [3], the presented experiments were conducted with a 
negatively charged powder mixture of 99.0 wt. % of 
polypropylene PP PD0580 DuPont with a particle size 
distribution X50 = 113.6 µm and 1.0 wt. % of Aerosil (R106, 
Evonik). 

 

 

Fig. 1. Utilized test geometry for the simulative and experimental analysis; 
the four areas for experimental determination of the coverage are colored. 

As initially mentioned, the primary quality criteria in the 
context of powder pattern deposition are reproducibility, 
dimensional accuracy and a high coverage. The aim is to 
achieve coverage close to 100 %, which is comparable to 
conventional powder application methods. Furthermore, the 
spraywidth should tend to 0 mm for a preferably high 
dimensional accuracy. 

For the experimental analysis regarding coverage and 
spraywidth the powder is initially charged by applying a 
distinct powder charge voltage and subsequently developed 
onto a photoconductive plate [3]. At this, the test geometry 
depicted in Fig. 1 is used. Hereinafter, an electric transfer field 
is established between the photoconductive plate and the 
transfer structure for depositing the powder particles onto the 
substrate plate. 

The determination of the coverage is conducted within the 
four highlighted areas visualized in Fig. 1. It can be calculated 
with the number of white pixels 𝑛𝑛𝑛𝑛white and the number of black 
pixels 𝑛𝑛𝑛𝑛black  using a cut-off threshold of 50 % for the 
discrimination between white and black pixels as follows: 
 
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 =

𝑛𝑛𝑛𝑛white
𝑛𝑛𝑛𝑛white + 𝑛𝑛𝑛𝑛black

 100 % (1) 
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2.2. Simulative analysis of electric field distributions for 
different transfer structure geometries 

The simulation model for the state of the art transfer grid as 
well as the transfer frame, which is introduced as a new transfer 
structure for achieving reduced transversal field components, 
is visualized in Fig. 2. This transfer frame does not show any 
physical barrier for the powder particles moving from the 
photoconductive plate towards the substrate plate anymore. 
Moreover, due to the absence of grid wires it has reduced 
parasitic transversal field components. The simulation model is 
based on the experimental setup, which already has been 
reported in previous work [3,6]. 
 

 

Fig. 2. Simulated transfer structure geometries; grid (left), frame (right). 

The simulation setup consists of an aluminum plate 
representing the photoconductive plate and a polyamide 6 
substrate plate on which the powder layers are deposited. Here, 
the center of the test geometry (cf. Fig. 1) coincides with the 
center of the substrate plate. Furthermore, the transfer 
structures are made of copper and are grounded whereas a 
voltage of 1000 V is assigned to the photoconductive plate. By 
contrast, no voltage is assigned to the substrate plate enabling 
the investigation of the influence of the part height on the 
transfer field. That is possible because the charge of every 
powder layer is conserved in this way. 

Both the transfer grid and the transfer frame are positioned 
at a z-position directly above the deposited powder layer or the 
substrate plate in case of the first layer, respectively. In 
accordance with the state of the art grid [3] a wire diameter of 
1 mm with a row spacing of 10 mm and an overall length of 
100 mm is chosen for the simulation depicted in Fig. 3. 
However, it has shown that in case of a transfer frame good 
results can be achieved with a wire diameter of 1.5 mm and a 
wire length of 120 mm. This configuration, which is used in the 
presented paper, gives a reasonable compromise between 
preferably strong field components of approximately 
12500 V/m in negative z-direction and relatively weak parasitic 
transversal field components of approximately 1500 V/m (cf. 
Fig. 3). These values are valid when limiting the used area to a 
square of 25 mm ∙ 25 mm  centered in the middle of the 
photoconductive plate. 

Fig. 3 visualizes the spatial distribution of the electric field 
strength for the used transfer grid along a line directly above 
the substrate plate at y = 55 mm (cf. Fig. 2). This position was 
chosen for reasons of clarity since here the transversal field 
components in y-direction cancel out for symmetry reasons 
within a grid mesh. As opposed to this, the transfer frame was 
analyzed at y = 50 mm since no intermediate grid wires are 

present and thus the transversal field components in y-direction 
cancel out here for symmetry reasons. The mentioned 
symmetry reasons arise from the fact that at equidistant 
positions relative to both sides of grid or frame elements, the 
electric field spreads equally towards these elements and thus 
cancels out at the center line.  

As expected, the grid causes substantial transversal field 
components, which increase with decreasing distance to the 
grid wires. The electric field strength in transversal direction 
reaches up to 25 % of that in z-direction leading to significant 
spray at the edges of the powder pattern. This is aggravated by 
the fact that the grid wires serve as physical barriers, which 
reduce the coverage. Therefore, the maximum coverage with 
the above-mentioned state of the art transfer grid lies in the 
range of 70 % [3]. 
 

 

Fig. 3. Simulated electric field strength at y = 55 mm directly above the 
substrate plate in case of a transfer grid. 

Since there are no intermediate grid wires present at a 
transfer frame, it can be expected that in case of the frame the 
transversal field components are considerably less pronounced 
than for the transfer grid. In fact, this can be seen in Fig. 4. 
When limiting the used area to a square of 
25 mm ∙ 25 mm centered in the middle of the photoconductive 
plate (i.e. 37.5 mm < x < 62.5 mm and due to symmetry 
reasons of the rectangular frame 37.5 mm < y < 62.5 mm), the 
transversal field components can be limited to less than 12 % 
of those in z-direction. However, because the distance to the 
framework is maximal in this area, the electric field 
components in z-direction exhibit a minimum. 

Beyond that, the absence of physical barriers should 
positively influence the achievable coverage. Nevertheless, the 
electric field strength in z-direction in case of the transfer frame 
is significantly lower compared to the transfer grid. At this, the 
experimental analysis has to evince whether the electric field is 
still strong enough to move the charged particles from the 
photoconductive plate to the substrate plate.  
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Fig. 4. Simulated electric field strength at y = 50 mm directly above the 
substrate plate in case of a transfer frame. 

2.3. Simulative analysis of the influence of the part height on 
the electric transfer field 

So far the electric field distribution in case of depositing a 
powder layer directly onto the substrate plate has been 
investigated. The simulated electric field distribution only 
holds true for the first powder layer, though. For including the 
influence of the part height on the electric transfer field, the 
accumulation of charges within the part has to be considered. 
The charge of every single powder layer can be estimated by 
initially calculating the gravitational force Fg acting on that 
layer using a density of ca. 1000 kg/m3. By knowing the field 
strength of the electric field E, which is applied for attracting a 
powder layer to the photoconductive plate during powder 
development (approx. 660 kV/m) [3], the charge q within a 
single powder layer can be calculated yielding [7]: 

 

𝑞𝑞𝑞𝑞 =
𝐹𝐹𝐹𝐹g
𝐸𝐸𝐸𝐸

= 1.5 ∙ 10−12 C (2) 

 
Furthermore, for the simulation a particle diameter of 100 µm 
and a relative permittivity of the built part of 2.5 were applied. 

According to the Coulomb potential, the potential of a point 
charge increases with growing charge [7]. Thus, the potential 
of a part will also increase with growing number of layers due 
to the accumulation of charges within the part. Since the 
voltage between two points is defined by their potential 
difference [11], the voltage between the photoconductive plate 
and the part surface will therefore decrease with growing 
number of layers. This results in an attenuation of the electric 
transfer field. Fig. 5 displays the lateral distribution of electric 
field strength (in x-direction) directly above 100 powder layers 
of the test geometry depicted in Fig. 1. 

 

 

Fig. 5. Simulated electric field strength at y = 50 mm directly above a test part 
with a thickness of 10 mm (100 deposited powder layers) and an accumulated 

charge of 1.5 ∙ 10−10 C in case of a transfer frame. 

At this, the distance between the part surface and the 
photoconductive plate is kept constant to 15 mm as is the case 
with the powder deposition directly to the substrate plate (cf. 
Fig. 4). Interestingly, according to the simulation, the effect of 
field attenuation outlined above only weakens the electric field 
in z-direction by approximately 8 %, which can be 
compensated by slightly increasing the voltage at the 
photoconductive plate if necessary. 

The small deflections visible in Fig. 5 (contrary to Fig. 4) 
arise from the fact that there is no potential assigned to the 
substrate plate whereas the deposited powder layers have a 
distinct potential originating from their charge and therefore 
lead to a disturbance of the electric transfer field. 

2.4. Experimental results for various transfer structure 
geometries 

The resulting powder layers deposited through a transfer 
grid and a transfer frame, respectively, can be seen in Fig. 6. 
However, in case of the transfer frame the electric field strength 
in z-direction is not sufficient for overcoming the strong 
adhesive forces like the van der Waals force as long as the 
powder particles are attached to the photoconductive plate. 
Only a small mechanical excitation pulse acting on the 
photoconductive plate, which slightly increases the distance 
between the single particles and thus decreases the 
intermolecular interactions, allows the powder particles to 
follow the electric transfer field.  

 

 

Fig. 6. Single test layers of a powder mixture of 99.0 wt. % PP PD0580 
DuPont and 1.0 wt. % Aerosil (R106, Evonik) deposited through a transfer 

grid (left) and a transfer frame (right). 



126 Sebastian-Paul Kopp  et al. / Procedia CIRP 94 (2020) 122–127
 Sebastian-Paul Kopp / Procedia CIRP 00 (2020) 000–000  5 

It is evident from Fig. 6 that the usage of a transfer frame 
leads to an increased coverage, which is quantitatively depicted 
in Fig. 7. According to that, the coverage reaches more than 
90 % with a distinct reduction in case of a lower powder charge 
voltage. This behavior can be explained by the relatively weak 
z-component of the electric transfer field of the transfer frame. 
By contrast, the powder charging does not have a significant 
impact on the coverage in case of the grid. For referencing 
reasons the powder deposition was also conducted without any 
kind of transfer structure (“blank”). Especially for a transfer 
voltage of -3.5 kV the coverage values without a transfer 
structure are comparable to those of the transfer grid. This 
behavior can be explained by the fact that in the experimental 
setup the surrounding components like the formwork are 
grounded for safety reasons. 
 

 

Fig. 7. Coverage values for different powder charge voltages and transfer 
structure geometries. 

However, this also introduces some kind of electric field 
between the photoconductive plate and the surrounding 
components. Apparently, this field is strong enough to move 
the charged powder particles to the substrate plate in the event 
of a small induced mechanical excitation pulse as long as the 
powder charge voltage is high enough. Otherwise no 
measurable powder transfer takes place anymore (cf. missing 
values for “blank + vibration” at a transfer voltage of -2.5 kV 
in Fig. 7 and Fig. 8) 

Fig. 8 shows that by applying a transfer frame the mean 
spray can be reduced to approximately 0 mm, which 
corresponds to a reduction by up to 90 % compared to the state 
of the art transfer grid. The comparably high spray values of 
the transfer grid are caused by relatively strong transversal field 
components and scattering effects, which arise from collisions 
of powder particles at grid wires.  

 

 

Fig. 8. Mean spray for different powder charge voltages and transfer structure 
geometries at a distance of 12.5 mm from center. 

Interestingly, the mean spray in case of no applied transfer 
structure is similar to that of the transfer grid. This is most 
probably caused by the transversal field components of the 
mentioned electric field between the photoconductive plate and 
grounded surrounding components. 

3. Conclusion 

The powder deposition through a state of the art transfer grid 
exhibits two main drawbacks. These are the existence of grid 
wires acting as physical barriers and very strong parasitic 
transversal field components, which deflect the powder 
particles from their linear motion. By applying the newly 
introduced improved transfer frame these grid wires are 
avoided. Furthermore, the transversal field components can be 
significantly reduced. At this, the simulative investigation 
reveals that in case of the transfer frame the ratio between 
transversal field components and field components in z-
direction can be reduced by a factor of two compared to the 
transfer grid. The subsequent experimental analysis has shown 
that this results in a significant reduction of the spraywidth of 
up to 90 %. Furthermore, the coverage could be enhanced by 
approximately 17 % by applying the new transfer frame in 
combination with an induced mechanical excitation pulse onto 
the photoconductive plate. For a further improvement of the 
coverage, future investigations should employ a piezo-induced 
mechanical excitation and additionally investigate the impact 
of different particle size distributions on the powder deposition 
behavior. Since the particle size distribution among others 
influences the charge distribution [8,9], it might affect the 
electrophotographic powder pattern deposition and could help 
to improve the coverage even further. 

Moreover, the conducted simulative analysis has shown that 
the accumulation of charges within deposited powder layers 
only slightly attenuates the electric transfer field. This can be 
compensated by slightly adjusting the voltage at the 
photoconductive plate if necessary. 

It has been shown that a detailed analysis of the simulated 
spatial electric field distribution can help to understand the 
movement of charged powder particles within an applied 
electric field. Although the similarly charged particles may 
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exhibit forces of repulsion to each other, the influence of an 
external electric field on their behavior can be predicted in a 
reasonable way. Thus, the transfer frame could be introduced 
for improving the dimensional accuracy as well as the 
coverage. Therefore, it helps to advance towards the superior 
aim of the presented investigations, which is the 
implementation of the electrophotographic powder deposition 
into the process of selective laser melting. 
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Figure 17: a) Applied charge compensation strategy for limiting the surface potential of the 
part generated by EPA-PBF-LB/P; b) graded material transition showing the potential of 
selective multi-material powder deposition by EPA; c) parts manufactured by EPA-PBF-
LB/P consisting of a polypropylene (PP) powder which cannot be processed in conventional 
PBF-LB/P due to poor powder flowability. 

The methods developed and investigated in the previous sections 4.1, 4.2 
and 4.3 allow the reproducible deposition of single layers by EPA with con-
tactless powder deposition, achieving high layer coverage and geometric 
accuracy. In addition, the thickness of the individual layers can be tailored. 
However, as already known from EPA with contacting powder deposition 
(cf. section 2.2.2), charge accumulation within the generated part is a major 



4.4   Compensation of Charge Accumulation 

75 

challenge in 3D electrophotography. Therefore, in this study the charge 
build-up during the deposition and consolidation of layers is investigated. 
An important relationship between the charge build-up and the electrical 
volume resistivity (EVR) is proposed and a strategy to compensate for the 
charge build-up is developed (cf. Figure 17 a)). For the first time, 3D parts 
can be generated using EPA-PBF-LB/P (cf. Figure 17 c)) and analyzed for 
mechanical performance and multi-material capability (Figure 17 b)). To 
manufacture the parts shown in Figure 17 c) a PP powder was used, which 
is not suitable for conventional PBF-LB/P due to insufficient powder flow-
ability. This demonstrates the ability of EPA to enable new powder materi-
als to be processed in PBF-LB/P, which has been a major limitation of con-
ventional powder application methods (cf. section 2.1.2). 

The toolset developed and investigated in sections 4.1, 4.2 and 4.3 and the 
compensation strategy discussed in this section, form the basis for two pa-
tent applications [219,220] in the context of this work. 

Highlights: 

 Understanding of the charge accumulation behavior during depo-
sition and consolidation of powder layers by EPA-PBF-LB/P 

 Dependence of charge accumulation behavior on the polymer used 
 Development and investigation of a strategy to compensate for 

charge accumulation during EPA based on alternating the polarity 
of the deposited powder layers 

 Potential to significantly reduce powder waste with EPA compared 
to conventional powder application methods due to the selectivity 
of powder deposition and the elimination of the need to fill the en-
tire PBF-LB/P build platform with powder material 

 Possibility to process a PP powder in PBF-LB/P, which could not 
previously be processed in laser-based powder bed fusion due to 
insufficient powder flowability 

 Possibility to flexibly combine more than one material within a part 
to allow multi-material PBF-LB/P 
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ABSTRACT

Generating multimaterial parts, reaching higher efficiency in powder consumption, and decoupling of powder application behavior from
powder properties such as powder flowability are key aspects for using electrophotographic powder application (EPA) in laser-based powder
bed fusion of polymers (PBF-LB/P). Moreover, EPA allows the layer thickness to be reduced from around 100–150 μm, depending on
respective particle size distribution, in the case of conventional doctor blade or roller-based powder application methods to the diameter of
the applied polymer particles (typically between 50 and 130 μm). This can have positive effects on the interlayer connection and, therefore,
the mechanical properties of the additively manufactured part because less powder volume has to be fused with the already generated
underlying part. Moreover, due to the above-mentioned independence of EPA from powder flowability, the addition of flow aids, such as
nano silica, can be reduced to a minimum or even avoided completely. This is the first comprehensive study on resulting properties of parts
generated by PBF-LB/P using EPA taking into account both the reduction in layer thickness and reduced addition of flow aids. In addition
to improving mechanical properties of generated parts, the independence of powder flowability, in particular, offers the possibility of
qualifying currently unsuitable materials for PBF-LB/P. For this purpose, besides widely employed polyamide 12 (PA12), a polypropylene
(PP) powder is used that is very difficult to process in conventional PBF-LB/P and can only be applied there with the help of flow aids.

Key words: electrophotography, laser-based powder bed fusion of polymers (PBF-LB/P), additive manufacturing, polypropylene (PP), poly-
amide 12 (PA12)

Published under an exclusive license by Laser Institute of America. https://doi.org/10.2351/7.0000774

INTRODUCTION

Due to their inherent flexibility and efficiency, additive manu-
facturing (AM) processes particularly demonstrate their strengths
in the generation of highly complex parts.1 Although the applica-
bility of AM processes in mass production is still considered one of
the biggest hurdles, a recent study has revealed good potential for
the introduction of AM processes in mass production of electro-
chemical energy systems.2,3 Beyond that, polymer AM technologies,
such as laser-based powder bed fusion of polymers (PBF-LB/P),

have gained significant importance in recent years in the context of
generating highly complex parts, especially in medical, aerospace,
and automotive industries.4–6

However, conventional PBF-LB/P uses layer-by-layer manu-
facturing with doctor blade or roller-based powder application pro-
cesses, which necessarily involve filling of the complete build
chamber.7 Moreover, they do not allow powder composition and
material distribution within a powder layer to be adjusted in a tar-
geted and precise manner, making them impossible to generate
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products with distributed functional properties or even multimate-
rial parts.8 As already mentioned above, another decisive disadvan-
tage of conventional powder application methods for PBF-LB/P is
the fact that they cause a complete filling of the build volume
within the build chamber with the material used.7,9,10 However,
only a certain percentage of powder in the build chamber is used to
generate the actual part. The so-called nesting efficiency (weight)
(NE(weight)) relates the weight of the parts produced to the total
weight of powder material used for the build job and is defined
as11

NE(weight) ¼ Build weight
Total weight of powder in container

: (1)

Although various strategies for improving the nesting effi-
ciency have been presented,11–13 the practically applied weight-
based nesting efficiency is in the range of 8%.14 For this reason, it
is not surprising that more than 50% of the environmental impact
of the PBF-LB/P process can be attributed to the generation of
polymer waste material and the so-called end-of-life treatment of
waste powders. Here, high temperatures inside the build chamber
in combination with long processing times play a decisive role.
These two influencing factors cause chemical and physical aging
effects of the powder, which significantly reduce recyclability of
powder portions that are not processed into the actual part, the
so-called partcake material.15 Owing to the aforementioned process
conditions, the partcake powder must be refreshed with new
polymer material for further usage.15,16 Depending on the polymer
material used, typical refreshing rates lie in the range of 30%–
50%.15–18 The reuse and recycling of polymer powder materials is
undoubtedly an integral part of future-oriented and sustainable
PBF-LB/P.14,19,20 However, on the one hand, this requires additional
process steps such as sieving or mixing. In addition, some applica-
tion areas and materials do not allow reuse due to very high stan-
dards for the materials used, as is often the case in medical or
pharmaceutical applications in particular.21,22

One of the most important powder properties for PBF-LB/P is
powder flowability, as it has a direct influence on process reliability
and part quality.23 This arises from the fact that conventional doctor
blade or roller-based powder application processes require a certain
powder flowability in order to generate reproducible and accurate
powder layers. Beyond that, the risk of build job abortions or part
defects is strongly related to reproducibility and accuracy of the
coated powder layers.24 Because a variety of factors such as particle
shape, particle size distribution, or the electrochemical properties of
the particles can influence flowability, the adjustment of suitable
powder flowability has a key role in powder recycling as well as new
development of powder materials for PBF-LB/P.25 Therefore, materi-
als successfully applicable for PBF-LB/P are limited. While tradi-
tional polymer processing techniques, such as injection molding or
extrusion, have access to thousands of different formulations consist-
ing of several dozens of base polymers, only a handful of different
formulations are available for PBF-LB/P so far.23 Consequently,
reducing the dependence of the powder application method on
powder flowability would offer great potential for PBF-LB/P. On the
one hand, effort and, thus, costs in powder production could be
reduced. In addition, it would be possible to use a significantly wider

range of powder materials for PBF-LB/P and, thus, significantly
increase the possible applications of this manufacturing technique,
for example, in the pharmaceutical sector.

A promising approach in order to overcome the aforemen-
tioned deficiencies of conventional powder application methods is
the usage of electrophotographic powder application (EPA).8,26

EPA can be divided into six main process steps.27–29 In step one,
the powder and a photoconductive plate (PCP, an aluminum plate
coated with a photoconductive material) are homogeneously
charged.30–32 In the second step, a latent charge pattern is gener-
ated on the PCP by selective illumination. In step three, charged
powder particles are attracted toward the PCP due to electrostatic
forces, which is the so-called development step. Depending on the
selected polarity for charging the powder particles in step two,
charged particles can be either developed into charged (charged
area development CAD) or discharged (discharged area develop-
ment DAD) areas of the PCP. In step four, the PCP is moved later-
ally to the build chamber and the powder particles are deposited
onto the build plate, which is located inside the build chamber. In
step five, a laser beam illuminates deposited powder particles in
order to fuse them. Finally, in step six, the PCP is cleaned. The
general demonstration of the working principle of EPA in the
context of PBF-LB/P (EPA-PBF-LB/P) on a single-layer basis was
shown in Refs. 28 and 33. By using a specially designed transfer
frame for adapting and controlling the electric transfer field, a sig-
nificant increase in powder deposition efficiency was achieved in
Ref. 29. So far, however, only single-layer tests have been carried
out, and no melting of the layers has yet taken place. In particular,
the accumulation of charges associated with a progressive decrease
in the electric transfer field strength has already been identified in
Refs. 27 and 34 as a major challenge for successful EPA in the
context of PBF-LB/P.

In this paper, for the first time, parts generated using EPA in
combination with PBF-LB/P are shown and analyzed. In addition,
one focus of the investigations carried out is the charge accumula-
tion during the generation process of the part and a new process
strategy, which is developed to compensate it. Finally, the potentials
of EPA for PBF-LB/P are highlighted based on the aforementioned
deficiencies of conventional PBF-LB/P using the results shown in
this paper.

MATERIALS AND METHODS

Experimental setup for EPA in the context of PBF-LB/P

The two decisive parts of the experimental setup are the devel-
opment chamber, on the one hand, and the build chamber, on the
other. While the process steps (cf. Introduction) one, two, three,
and six take place in the development chamber, steps four and five
are carried out in the build chamber (cf. Fig. 1).

For moving the holding arm together with the PCP, a posi-
tioning system consisting of a direct-drive linear actuator as x-axis
and a lift stage as z-axis (both Aerotech GmbH, Fürth, Germany)
is applied. The holding arm connects the positioning system and
PCP. For high-voltage supply, a THQ series (hivolt.de GmbH &
Co. KG, Hamburg, Germany) high-voltage power supply is used.
The equipment for melting the layers consists of a CO2-laser with a
maximum output power of 60W (Synrad ti60, Novanta Photonics,
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Seattle, WA, USA) and a laser scanner (Miniscan II-20, Raylase
GmbH, Weßling, Germany) as well as a F-Theta lens with a focal
length f ¼ 420 mm (Raylase GmbH, Weßling, Germany). As
already discussed, EPA offers the possibility of applying only the
powder volume necessary for generating the desired part. Thus,
only a small amount of powder has to be preheated to the respec-
tive preheating temperature of the polymer (cf. Table I), which lies
between the upper limit of crystallization and the lower limit of
melting temperature.35 For this reason, the time- as well as
energy-intensive preheating of the entire build chamber, as is the
case with conventional PBF-LB/P, was avoided by applying a local
preheating procedure. Therefore, the build plate was placed onto a
heating stage (RCT basic, IKA-Werke GmbH, Staufen im Breisgau,
Germany), which was preheated to the respective preheating tem-
perature (cf. Table I). In this way, sufficient preheating of the
deposited powder was achieved for the parts generated in this
paper up to a height of 2 mm. For improving powder deposition,

step four was assisted by piezoelectric excitation. Therefore, a signal
generator TG1010A (Thurlby Thandar Instruments, Huntingdon,
UK) was used for generating a sinusoidal signal. A PSt 1000/16/20
VS25 (Piezosystem Jena GmbH, Jena, Germany) was used as a pie-
zoelectric actuator. To amplify the signal of the function generator
to sufficiently high input values of the piezoelectric actuator, an
analog power amplifier LE 1000/035 (Piezosystem Jena GmbH,
Jena, Germany) was utilized with an amplification factor of 100.

Experimental investigations in this paper were carried out
using polyamide PA12 powder (PA2200, EOS GmbH, Krailling,
Germany) with d50 PA12 ¼ 55:9 μm and polypropylene PP powder
(Coathylene PD0580, Axalta Coating Systems GmbH, Pratteln,
Switzerland) with d50 PP ¼ 98:6 μm. To improve powder handling
of the used PP, 0.05 wt. % of fumed silica (Aerosil R106, Evonik
Industries AG, Essen, Germany) was added. Usually, 0.5–1.0 wt. %
of fumed silica is required to sufficiently functionalize polymer
powders for conventional doctor blade or roller-based powder
application processes.36,37 In order to visualize the graded material
transition, the PA12 powder was dyed using 0.1 wt. % chrome
oxide green (Chromoxidgrün, Kremer Pigmente GmbH & Co. KG,
Aichstetten, Germany) and 0.1 wt. % iron oxide red (Eisenoxidrot
110M, hell, Kremer Pigmente GmbH & Co. KG, Aichstetten,
Germany), respectively.

For conducting the experiments, the following parameters
were used (cf. Table I).

Measurement of the surface potential and
microscopic analysis of generated parts

The measurement of the surface potential was carried out
using an electrostatic voltmeter (Monroe 244A, Monroe Electronics
Inc., Lyndonville, NY, USA) with a measurement accuracy of 0.1%
at a separation distance between the probe and the powder bed
surface or the surface of the molten and solidified layer of �3 mm.
A stereo microscope (M80, Leica Microsystems GmbH, Wetzlar,
Germany) was used for the microscopic analysis of the generated
parts.

Measurement of the mechanical part properties

In order to determine the mechanical properties of the gener-
ated PP parts, tensile strength specimens (according to DIN EN
ISO 3167—test specimen 1BA) were generated utilizing
EPA-PBF-LB/P and tested. Thickness and width of the measuring
range of the tensile bars were measured with a micrometer caliper
with an accuracy of 0.01 mm. Tensile tests were performed accord-
ing to DIN EN ISO 527-2 on a universal testing machine (Quasar
100, Cesare Galdabini, Vigevano, Italy) at room temperature with a
load cell of 10 kN and a contact extensometer. Young’s modulus
was measured at a speed of 0.5 mm/min until an elongation of
0.3% was reached, followed by a speed of 20 mm/min to measure
ultimate tensile strength and elongation.

RESULTS AND DISCUSSION

Charge accumulation during powder deposition

For a better understanding of the processes involved in
powder deposition and in particular challenges arising from

FIG. 1. Schematic overview of decisive parts of the experimental setup inside
the build chamber.

TABLE I. Parameters for generating PA12 and PP parts using EPA-PBF-LB/P.

Parameter Value

Laserpower 16.2W (PA12)
18.0W (PP)

Laser hatching distance 0.1 mm (PA12, PP)
Laser scanning speed 600 mm/s (PA12)

800 mm/s (PP)
Preheating temperature 170 °C (PA12)

160 °C (PP)
Polarity and charging field strength PCP +167 kV/m
Polarity and charging field strength powder ±167 kV/m

(PA12, PP)
Polarity and development field strength ±3846 kV/m

(PA12, PP)
Polarity and transfer field strength ±2500 kV/m

(PA12, PP)
Frequency of sinusoidal signal for
piezo-excitation

15 kHz

Peak-to-peak voltage of sinusoidal signal 8 Vp-p
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accumulation of charges within the generated part, a schematic
overview of the deposition step is shown in Fig. 2.

In this schematic overview, the already generated exemplary
part consists of two molten and solidified layers of a first material.
A third layer, consisting of only three distinct powder portions of a
second material, is being deposited with a deposition distance of
1 mm between the PCP and the transfer frame,29 which is posi-
tioned slightly above the surface of the already generated part. The
powder particles are charged via gas discharge in process step one.
According to Refs. 38 and 39, this leads to storage of different ions
into surface defects or transition zones between crystalline and
amorphous polymer regions. The type of ions generated by gas dis-
charge and stored within the polymer layer depends on both polar-
ity and surrounding atmospheric humidity.38,39 Polarity and the
number of stored ions finally define the resulting particle charge
qparticle. Since mass and, therefore, gravitational force Fg

!
acting on

the powder particles are relatively small, the dominant force for
powder deposition is the electric field force Fel

�!
. It mainly acts on

the ions stored within the powder layer30 and consequently on the
powder particles. For powder deposition, the electric field force has
to overcome the van der Waals force FvdW

��!
, which attaches the

powder particles to the PCP. Fel
�!

can be given as30,40

Fel
�! ¼ qparticle � Etransfer����!

, (2)

with particle charge qparticle and electric field strength of the electric

transfer field Etransfer
����!

. From Eq. (2), it becomes clear that in the case

of Etransfer
����! ¼ 0, there is no powder deposition possible. However,

assuming a common deposition distance of 1 mm and a dielectric
strength of air at normal conditions (atmospheric pressure
p0 ¼ 1013 hPa, temperature T0 ¼ 293 K) in the range of

Ebreakdown
�����! � 3� 106 V

m,
41,42 the electric transfer field strength

Etransfer
����!

will become zero if the applied voltage is
jUtransfer maxj � 3 kV. This is due to the fact that the dielectric
strength of air is exceeded in the gap between the PCP and transfer
frame. Therefore, the voltage applied to the PCP for powder depo-
sition Utransfer must not exceed +3 kV. Hence, an increasing

surface potential UA caused by charge accumulation within the
generated part and leading to a weakening of the electric transfer
field can only be compensated up to a certain limit by increasing
the deposition voltage. As a result, electric transfer field strength

Etransfer
����!

and, thus, electric field force Fel
�!

on powder particles will
decrease with increasing UA. Generally, the surface potential UA of
a powder layer depends on the polarity and the number of stored
ions within this layer. This is determined by the applied powder
charging parameters, especially charging voltage and, therefore,
charging field strength, in process step one (cf. Introduction,
Table I). However, for charge accumulation within a generated
part, the layer-by-layer storage of ions is crucial. This storage is
mainly determined by polarity and the number of ions stored
within the respective powder layer and the charge flow inside the
generated part toward the grounded build plate (cf. Fig. 1) and
charge flow toward the surrounding atmosphere. While the former
mainly depends on the density as well as the thickness of the
deposited powder layer and of the already generated part and the
electrical volume resistivity (EVR) of the used polymer, the latter
depends on the environmental conditions (air flow, temperature, and
humidity). The effect of increasing magnitude of the surface poten-
tial is visible in Fig. 3. Here, in total, four powder layers of PP are
deposited and sintered (no more powder deposition takes place
during deposition number 5). EPA-PBF-LB/P is used in the CAD
operating mode, which means that the powder is charged negatively
and a positive electric transfer field (electric field lines point in the
positive z-direction) for powder deposition is applied (cf. Table I).

The first powder layer, which is applied directly onto the build
plate (zeroth layer) inside the build chamber, has a calculated thick-
ness of 100 μm and, therefore, contributes with 100 μm to the

FIG. 3. Resulting surface potential and calculated growth of part height G per
deposition for generation of PP tensile test bar using EPA-PBF-LB/P in the CAD
operating mode without compensation of charge accumulation [error bars (mea-
surement uncertainty) of surface potential are smaller than symbol size].

FIG. 2. Modeling of the powder deposition step and charge accumulation.
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height growth of the part. Due to the fact that layer number 1 is
deposited directly to the build plate, the measured surface potential
is UA ¼ 0 V (ground potential). However, when depositing the
second layer, the magnitude of the surface potential for deposition
of layer number 2 increases to jUAj ¼ 300 V due to charges within
layer 1. The growth G of part height per deposited layer is calcu-
lated by dividing the achieved part height of 250+ 10 μm (see
Fig. 4) by the number of layers, which contribute to this part
height. In fact, only in the case of the first four layers, powder dep-
osition is observable. Furthermore, parts generated with 5, 10, or
20 layers show the same height of 250+ 10 μm as long as no com-
pensation strategy to avoid charge accumulation is applied. As a
first approximation, it is assumed that the decrease in part height
growth is linear and, thus, indirectly proportional to the increase in
jUAj. However, to verify this inverse linear dependence between G
and jUAj, in future work, the growth of part height after each depo-
sition should be measured, e.g., with a light section sensor.

A strategy for compensating charge accumulation independently
of the already generated part thickness and in the case of constant
environmental conditions is to achieve a net charge of zero by neu-
tralization of contrarily charged ions. In fact, a deposited powder
layer with a certain surface potential caused by stored ions should be
followed by a powder layer with contrary charging but the same mag-
nitude of surface potential. Thus, the operating modes of
EPA-PBF-LB/P should be regularly changed from CAD to DAD.
Although changing the polarity after each powder deposition would
be even more efficient regarding compensation of charge accumula-
tion and increasing part height growth, a certain duration is needed
for reversion of polarity by the high voltage power supply. It has
shown to be a good trade-off between duration for reversion of polar-
ity and still maintaining significant growth of part height to change
the operation mode from CAD to DAD after every second powder
deposition. According to Fig. 3, significant powder deposition can be
achieved up to jUAj � 750 V, which is reached after two deposited
and solidified powder layers. Therefore, for polymer powders, which
have similar charge storage and, thus, charge accumulation properties
like PP, the polarity of applied powder layers should be changed after
every second layer deposition. This has two major benefits for the
powder application process. First, as can be seen in Fig. 5, the surface
potential is kept between �750 V , UA , �450 V. This corre-
sponds to values at which, based on Fig. 3, significant powder deposi-
tion is achieved for PP.

Beyond that, a change from CAD to DAD is particularly bene-
ficial since in the case of DAD positively charged powder particles
are deposited in a negative transfer field (electric field lines point in
the negative z-direction), which is enhanced by the negative surface
potential of the already generated part. In other words, while
charge accumulation increasingly inhibits powder deposition in the
CAD operating mode, it supports powder deposition in the DAD
operating mode. Applying EPA-PBF-LB/P in combination with the
developed compensation strategy to avoid charge accumulation,
three tensile test bars as shown in Fig. 6 are generated.

FIG. 4. Generated PP part with tensile test bar geometry and four deposited
and solidified layers (part height: 250+ 10 μm) using EPA-PBF-LB/P in the
CAD operating mode without compensation of charge accumulation.

FIG. 5. Resulting surface potential for generation of the PP tensile test bar
using EPA-PBF-LB/P with applied compensation strategy to avoid charge accu-
mulation [error bars (measurement uncertainty) of surface potential are smaller
than symbol size].

FIG. 6. Generated PP tensile test bars using EPA-PBF-LB/P with applied com-
pensation of charge accumulation consisting of �35 deposited, fused, and solid-
ified layers (part height: 2:0+ 0:01 mm).
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Comparing the surface potentials for deposition number 5
without compensation strategy (Fig. 3) and in the case of an
applied compensation strategy (Fig. 5), it becomes clear that in the
first case the surface potential is already at −1100 V due to four
deposited layers using the CAD operating mode. In contrast, by
applying the described compensation strategy, a decrease in the

magnitude of the surface potential by 570 to −530 V (cf. Fig. 5) for
deposition number 5 is achieved.

Unlike PP, no compensation for accumulated charge is
required when processing PA12 with EPA-PBF-LB/P, as indicated
in Fig. 7. This behavior is examined in more detail below.

Although the CAD operating mode is used throughout all
layer depositions, the surface potential UA of the deposited, fused,

FIG. 7. Resulting surface potential and calculated growth of part height G per
deposition for generation of PA12 tensile test bar using EPA-PBF-LB/P in the
CAD operating mode without compensation of charge accumulation [error bars
(measurement uncertainty) of surface potential are smaller than symbol size].

FIG. 8. Mechanical properties of PP tensile test bars generated using
EPA-PBF-LB/P with an applied compensation strategy to avoid charge accumu-
lation (error bars indicate standard deviation of three measurements) and con-
ventional PBF-LB/P (values for conventional PBF-LB/P from Ref. 45).

FIG. 9. PA12 part generated using EPA-PBF-LB/P in the CAD operating mode
with graded material transition between green and red dyed PA12 consisting of
�45 deposited, fused, and solidified layers (part height: 1:8+ 0:01 mm)
without compensation of charge accumulation.
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and solidified layers is constantly zero for PA12. Therefore, no
attenuation of the electric transfer field is taking place, which
results in constant G. A possible explanation for this behavior can
be found in different EVRs of PA12 and PP.43 While EVR of PP is
in the range of 1016 Ωm, EVR of PA12 lies around 1012 Ωm.44

Since PP shows four orders of magnitude larger EVR than PA12,
the faster decay of accumulated charges seems plausible.
Consequently, EPA-PBF-LB/P of PA12 can be conducted without
applying a strategy for compensating the accumulation of charges.
As can be seen in Fig. 9, a PA12 part consisting of �45 deposited,
fused, and solidified layers can be generated using EPA-PBF-LB/P
without applying a charge accumulation compensation strategy.

Mechanical properties of PP tensile test bars
generated using EPA-PBF-LB/P

In Fig. 8, the mechanical properties of the PP tensile test bars
as shown in Fig. 6 are visualized.

Although the amount of flow aid is decreased by a factor of
10–20 compared to literature,36,37 the parts shown in Fig. 6 display
mechanical properties, which are comparable to PP parts generated
using conventional PBF-LB/P.45 EPA-PBF-LB/P, thus, enables the
processing of a powder material that is not printable in conven-
tional PBF-LB/P due to its insufficient functionalization with
fumed silica.

Graded material transition

As already discussed at the beginning (cf. Introduction), con-
ventional PBF-LB/P does not allow to adjust powder composition
and material distribution within a powder layer. In Fig. 9, a part
generated using EPA-PBF-LB/P is shown, which consists of two
different PA12 powders, PA12 green and PA12 red. The part con-
sists of �15 layers of PA12 red and �15 layers of PA12 red and
PA12 green, with a graded, layer-by-layer material transition
adjusted in the area marked with an arrow (cf. Fig. 9), followed by
�15 layers of PA12 green. In this case, the overall calculated part
height growth G per deposition is around 40 μm, which corre-
sponds to the calculated height growth in Fig. 7. This indicates that
due to the lower EVR of PA12 compared to PP, no significant
charge accumulation occurs within the generated part. Therefore,
the entire part depicted in Fig. 9 is generated without compensation
of charge accumulation using the CAD operating mode throughout
all layer depositions.

CONCLUSION

Conventional powder application processes for laser-based
powder bed fusion of polymers (PBF-LB/P) essentially exhibit three
deficiencies. On the one hand, they cause a complete filling of the
build volume with the material used. However, only a small portion
of the powder in the build chamber is used to generate the actual
part. The remaining powder has to be recycled at great expense.
Since electrophotographic powder application (EPA) offers the pos-
sibility of applying only the powder volume necessary for generat-
ing the desired part, the usage of EPA for PBF-LB/P
(EPA-PBF-LB/P) can significantly reduce the environmental
impact of this manufacturing technology. Beyond that, the number

of powder materials applicable for PBF-LB/P is limited, mainly
due to insufficient powder flowability. In this paper, successful pro-
cessing of a PP powder, which is unsuitable for conventional
PBF-LB/P, by using EPA-PBF-LB/P was shown. The achieved
mechanical part properties are comparable to conventional
PBF-LB/P using a specially adapted and, thus, suitable PP powder.
In this context, the surface potential increase caused by the accu-
mulation of charges within the generated PP part was examined
and a strategy to compensate for this effect was developed. Finally,
it was shown that by using EPA for PBF-LB/P, the material distri-
bution within a powder layer can be adjusted.
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Figure 18: Manufacturing multi-material pharmaceutical parts by EPA-PBF-LB/P. 
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It has already been shown in section 4.4 that EPA has the potential to over-
come some of the limitations of conventional PBF-LB/P (cf. section 2.1.2). 
In particular, it can be used to process powder materials with poor flow 
properties, significantly reduce the powder waste of PBF-LB/P and enable 
the production of multi-material parts. In this study, the full potential of 
EPA-PBF-LB/P is investigated by processing powder materials with 
strongly differing thermal property profiles, in particular different thermal 
degradation temperatures. Furthermore, the flow properties of the pow-
ders are not adapted to the needs of conventional application methods. The 
pharmaceutical powders and in particular the drugs processed in this study 
require a reduction of the layer thickness to a minimum, i.e., to the diame-
ter of the particles used. This is due to the fact that by reducing the layer 
thickness, the laser energy required for consolidating a layer is also re-
duced, thus avoiding thermal damage to the drug with the lowest thermal 
degradation threshold. 

The ability to accurately measure drug content by high performance liquid 
chromatography (HPLC) allows accurate determination of cross-contami-
nation caused by EPA-PBF-LB/P. In addition, the effect of electrostatic sep-
aration, which is attributed to varying particle properties, is revealed and 
investigated. 

The findings of this study serve as the basis for a further patent application 
[221]. 

Highlights: 

 Understanding of the powder transfer behavior in EPA as a function 
of particle size and shape 

 Possibility to fabricate pharmaceutical multi-material parts by la-
ser-based powder bed fusion using a CO2 laser for the first time 
without thermal damage to the active pharmaceutical ingredients 
(APIs) 

 Elimination of the need to increase the laser absorption of the phar-
maceutical powders by adding dyes or absorbing particles due to 
the ability to use PBF-LB/P with a CO2 laser without thermal dam-
age to the APIs 

 Knowledge of the cross-contamination caused by EPA resulting 
from false print and insufficient particle adhesion to the photocon-
ductor 
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A R T I C L E  I N F O   
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A B S T R A C T   

The usage of three-dimensional (3D) printing in pharmaceutical applications offers significant advantages 
compared to conventional manufacturing approaches such as tableting or encapsulation. Laser sintering (LS), 
also referred to as powder bed fusion – laser beam (PBF-LB), formerly also known as selective laser sintering 
(SLS), offers the production of pharmaceuticals directly from a powder mixture with high geometrical flexibility 
and adjustable release profiles. However, due to limitations of conventional powder application methods for PBF- 
LB, neither the material composition nor the material distribution can be tailored within a printed layer. To 
overcome these restrictions, electrophotographic powder application (EPA), a novel method for selective powder 
application, was utilized in this study. EPA allows the deposited layer thickness to be reduced to values between 
12 and 76 µm, depending on the used pharmaceutical powder blend. Thus, the laser energy input required for 
interlayer connection can be reduced, enabling the use of a CO2 laser. In this study, for the first time, EPA in 
combination with powder bed fusion – laser beam of polymers (EPA-PBF-LB/P) was utilized to successfully 
deposit and print three different model drugs: paracetamol, nicotinamide, and caffeine, mixed with Eudragit L 
100–55, a pharmaceutical grade polymer. Through the use of EPA, thin layers of powder blends were successfully 
deposited in the build chamber, leading to no thermal degradation of the polymer or drugs from the use of a CO2 
laser. Single- and multi-material pharmaceutical films were successfully printed via EPA-PBF-LB, utilizing EPA to 
selectively as well as precisely apply different powders within a single layer into the build chamber. This in-
troduces a novel method of printing pharmaceuticals using SLS with a CO2 laser and without the use of additional 
colorants.   

1. Introduction 

Additive manufacturing (AM) processes, often referred to as three- 
dimensional (3D) printing (3DP), involve the layer-by-layer deposition 
of material to generate objects from computer aided design (CAD) files 
[1]. This innovative technology has become indispensable in a wide 
range of industries today, from aerospace [2] to automotive [3] and 

medical [4] applications as well as in construction [5–7], offering a high 
degree of flexibility and the possibility to generate parts with complex 
geometries, from a variety of materials [8]. Driven by the demand for 
smarter and more personalized medicines and treatment, 3DP of phar-
maceuticals has emerged and developed significantly in recent years 
[9–12]. An important milestone in the evolution of 3D printed phar-
maceuticals was marked by the successful approval of the world’s first 
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3D printed drug product, an orodispersible epilepsy treatment under the 
name of Spritam®, by the U.S. Food and Drug Administration (FDA) in 
2015 [13,14]. Research into pharmaceutical 3DP has developed at a 
rapid rate, with the technology being used to manufacture pediatric 
friendly chewable dosage forms [15], multi-layered polypills [16], 
LEGO like compartmental tablets for tailored drug release [17], 
drug-loaded contact lenses [18], and transdermal microneedles [19]. 

Based on the American Society for Testing and Materials (ASTM) 
International, the vast number of 3DP technologies have been classified 
into seven broad categories: binder jetting, vat polymerization, powder 
bed fusion, material extrusion, material jetting, directed energy depo-
sition, and sheet lamination [20]. Laser sintering (LS), often referred to 
as powder bed fusion – laser beam (PBF-LB) or formerly as selective laser 
sintering (SLS) [21,22], involves the selective consolidation of powder 
particles via a laser source to form a 3D object [23]. This is particularly 
beneficial in the field of pharmaceutical AM, since most of the materials, 
excipients and drugs, are available as powders. On the contrary, in other 
3DP technologies such as FDM, they need to be further processed into 
filaments [23–25]. PBF-LB has been extensively investigated in phar-
maceutical research due to its solvent free process and high resolution 
obtained from the laser source and is capable of manufacturing orally 
disintegrating Printlets™ (3D printed tablets) [22], tablets with braille 
and moon patterns for patients with visual impairment [26], and min-
iprintlets for dose personalization [27]. 

In conventional PBF-LB, powder application is carried out by doctor 
blade- or roller-based application methods, associated with strict re-
quirements concerning powder flowability [28,29]. Therefore, particle 
shape [30], interparticle distance and particle size distribution [31], 
which should lie in the range of 70 – 120 µm [32,33], play a decisive 
role. Thus, many powder materials are not suitable for PBF-LB with 
conventional powder application or need to be functionalized with flow 
aids [34]. A further limitation attributable to conventional powder 
application methods in PBF-LB is the minimum layer thickness. With 
doctor blade- or roller-based powder application, the minimum layer 
thickness in the field of pharmaceutical PBF-LB is between 100 and 200 
µm [35–38]. Due to the resulting large powder volume and thus high 
laser energy required to achieve interlayer connection, the use of carbon 
dioxide (CO2) lasers has exceeded the degradation threshold of drugs in 
previous studies [22,38]. This is mainly due to high absorptance above 
80% of polymer powders at CO2 laser emission wavelength of 10.6 µm 
[39–43], leading to strong heating of the powder surface and therefore 
drug degradation. Although conventional PBF-LB of polymer powders 
mainly employs CO2 lasers [44–49], pharmaceutical PBF-LB is con-
ducted using diode lasers in the visible spectral range to decrease the 
energy input [22,47]. This, however, requires the addition of absorbing 
particles, such as pharmaceutical grade colorants to the powders, to 
ensure sufficient absorptance [22,47]. Beyond that, doctor blade- or 
roller-based powder application methods do not allow the material 
composition to be modified within a powder layer [50]. This strongly 
limits the capabilities of PBF-LB to generate multi-material parts, and in 
case of pharmaceutical AM, multi-drug pharmaceuticals [22,24,27,51]. 

However, being able to flexibly tailor the material composition and 
distribution in PBF-LB within one layer and from layer to layer would 
significantly increase the potential of personalizing and adapting med-
icines to patients’ needs [52,53]. 

A promising new powder deposition approach for overcoming the 
aforementioned limitations is electrophotographic powder application 
(EPA) [33,54–59]. EPA can be divided into six main process steps: 1 – 
charging of the powder and a plate coated with a photoconductive layer, 
the so-called photoconductive plate (PCP), 2 – partial discharging of the 
PCP to create a latent charge image, 3 – electrostatic attraction of 
powder particles to the PCP, the so-called development step, 4 – powder 
deposition into the build chamber, 5 – selective powder fusion by laser 
radiation, and finally 6 – cleaning of the PCP [55,56]. Applying EPA to 
PBF-LB (EPA-PBF-LB) makes powder application independent of the 
powder flowability [33,56], which is particularly beneficial for phar-
maceutical PBF-LB. Unlike conventional powder application methods 
[60–62], EPA does not require the entire build volume within the build 
chamber to be filled with powder [54–56,63,64]. Instead, EPA precisely 
as well as selectively applies powder portions only at positions required 
for the respective parts to be built [54–56]. This allows different drugs to 
be combined within one layer, at the same time significantly increasing 
the powder efficiency [56]. This avoids thermal stress of partcake ma-
terial, i.e., powder portions which are not directly processed to generate 
the actual part [56,65]. Thus, exposure times of powder materials to 
elevated temperatures within the build chamber [65,66] can be reduced 
to a minimum. This is crucial for pharmaceutical PBF-LB to reduce 
thermal stress of the respective drugs [24,67]. 

In this study, for the first time, EPA was applied to pharmaceutical 
PBF-LB in order to generate drug loaded films. For this purpose, all six 
process steps of EPA, which are described in detail in [55–57,64], were 
employed. The main focus was to gain knowledge about the electro-
photographic powder application behavior of powder blends consisting 
of a pharmaceutical grade polymer and different weight percentages of 
various drugs, giving insights to decisive properties such as coverage, 
thickness, homogeneity and surface potential of the deposited powder 
layers and possible separation effects of the powder blend components. 
Based on this, the applicability of EPA for pharmaceutical 3DP was 
validated by generating single- and multi-drug films. The possibility of 
EPA to deposit significantly thinner layers compared to conventional 
powder application processes [55,56] was utilized to reduce the CO2 
laser energy input required during PBF-LB. Therefore, the potential of 
applying a CO2 laser, which is still the standard laser source for PBF-LB 
of polymers (PBF-LB/P) [44–49], in combination with EPA to avoid 
thermal degradation [22,38,47,49,68] of the drugs was investigated. 

2. Materials and methods 

2.1. Materials 

Eudragit L 100–55 (molecular weight (MW) 320.000 g/mol), a 
copolymer of methacrylic acid and ethyl acrylate (1:1 ratio), was pur-
chased from Evonik Röhm GmbH, Darmstadt, Germany. All three model 
drugs, caffeine (MW 194.19 g/mol), paracetamol (MW 151.16 g/mol), 
and nicotinamide (MW 122.12 g/mol), were obtained from Sigma- 
Aldrich, Dorset, UK. Acetonitrile (ACN) (LC-MS grade) and formic acid 
(LC-MS grade) for drug quantification were obtained from Fisher Sci-
entific GmbH (Schwerte, Germany). Ultra-pure water was taken from a 
MilliQ© Reference A+ system (Merck KGaA, Darmstadt, Germany). 

2.2. Powder preparation 

Powder blends consisting of polymer and drug were prepared in a 
shaking mixer (Type T2f, Willy A. Bachofen AG, Muttenz, Switzerland) 
with a rotational speed of 49 revolutions per minute (rpm). Mixing time 
was set to 30 min for each powder blend whereas decay time for charges 
generated during mixing was set to 48 h. For weighing the respective 

Table 1 
Composition overview of powder blends; 30 g per mixture.  

Powder 
blend 
number: 

Eudragit 
content / 
wt% 

Theoretical 
drug loading P 
/ wt% 

Theoretical 
drug loading 
N / wt% 

Theoretical 
drug loading 
C / wt% 

1 95 5 - - 
2 90 10 - - 
3 85 15 - - 
4 95 - 5 - 
5 90 - 10 - 
6 85 - 15 - 
7 95 - - 5 
8 90 - - 10 
9 85 - - 15  
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constituents of the powder blends, a high precision balance (XS 105, 
Mettler Toledo Inc., Columbus, OH, USA) with a reproducibility of ≤ ±

0.02 mg, according to the manufacturer [69], was utilized. 
Eudragit L 100–55, which has already been printed successfully by 

PBF-LB [47,51,70], was used as the excipient in this work. Eudragit L 
100–55 is a thermoplastic pharmaceutical grade polymer and dissolves 
at pH 5.5 and above [51]. The excipient was blended with three different 
model drugs, caffeine (C), nicotinamide (N) and paracetamol (P), 
respectively (Table 1). 

2.3. Particle size analysis 

Particle size distributions of the polymer and all model drugs used in 
this study was assessed by laser diffractometry, using a Mastersizer 3000 
fitted with an Aero S feeding system for dry samples (Malvern Scientific, 
Worcestershire, UK). Analysis was carried out at a gauge pressure of 2 
bar and a feed rate of 50%. Three replicates of each sample were 
analyzed to find the average for x10,3, x50,3 (mass median diameter), and 
x90,3 parameters. Measurements were analyzed and plotted using the 
Mastersizer 3000 software, v3.62 (Malvern Scientific, Worcestershire, 
UK). 

2.4. Differential scanning calorimetry (DSC) 

For analyzing the thermal properties of pure Eudragit L 100–55 as 
well as of the respective powder blends, differential scanning calorim-
etry (DSC) analysis was performed non-isothermally with a DSC 822e 
(Mettler Toledo Inc., Columbus, OH, USA). 10 mg of each sample were 
placed in standardized, covered 40 µl aluminum pans. The heating as 
well as cooling rates were set to 10 K / min and nitrogen with a flow rate 
of 40 ml / min was used as a purge gas. The DSC measurement was 
performed in a temperature range between 25 ◦C and 230 ◦C without 
preliminary heating. For statistical analysis, the number n of measure-
ments was n = 3. Data evaluation was conducted with Mettler Toledo 
STARe Evaluation software version 17.00 employing baselines of type 
line and integral tangential (for evaluating the endothermic degradation 
peak at around 200 ◦C) for calculating the relevant enthalpies by inte-
gration of the heat flow curves [71,72]. The enthalpies were normalized 
by sample mass. 

2.5. Scanning electron microscopy (SEM) 

The surface and microstructure of the powder particles were exam-
ined by a scanning electron microscope (SEM) (Zeiss Merlin, Carl Zeiss 
AG, Oberkochen, Germany). The powders were applied on double-sided 

adhesive carbon pads and sputtered with a thin gold layer to ensure 
electrical conductivity. The powder particles were then examined by 
SEM using the secondary electron detector (SE) with an acceleration 
voltage of 10 kV, a probe current of 1.1 nA and a working distance of 10 
mm. 

2.6. Electrostatic surface potential 

The measurement of the surface potential of the powder layers after 
deposition into the build chamber was conducted using an electrostatic 
voltmeter type ISOPROBE model 244 A equipped with a probe model 
1017AE (both Monroe Electronics Inc., Lyndonville, NY, USA). The 
probe was placed at a separation distance of 3 mm above the deposited 
powder layer to be analyzed. To analyze the powder application 
behavior of EPA with pharmaceutical powder materials, powder layers 
with a square geometry of 100 mm × 100 mm were deposited. The 
surface potential of each deposited powder layer was measured at nine 
equidistant positions, homogeneously distributed over the deposited 
square powder layer. From this, the mean surface potential and the 
standard deviation were calculated. 

2.7. Determination of the effective layer thickness (ELT) using a 3D laser 
scanner 

The layer thickness of the deposited powder layers was determined 
with a 3D laser scanner (scanCONTROL 2900–50, Micro-Epsilon Mes-
stechnik GmbH & Co. KG, Ortenburg, Germany), offering a resolution of 
4 µm according to the manufacturer [73]. A comparable approach was 
already reported in [74]. The separation distance between powder layer 
and measurement device was set to 100 mm to fit the 1280 measurement 
points of one laser line [73] into the deposited square powder layer 
geometry. The utilized 3D laser scanner measures an absolute height 
profile line by line. Therefore, first the absolute height profile of the 
build platform was determined at three equidistant lines for referencing, 
yielding hR1abs,hR2abs,hR3abs . After electrophotographic application of a 
powder layer, the absolute height profile of the deposited layer was 
measured using the positions of the three equidistant reference lines 
hL1abs, hL2abs, hL3abs. Subtracting the absolute reference height profiles 
from the respective absolute height profiles of the deposited powder 
layer and calculating the mean value for three lines yielded the mean 
effective layer thickness ELT (1): 

ELT =
|(hL1abs − hR1abs) + (hL2abs − hR2abs) + (hL3abs − hR3abs) |

3
(1)  

2.8. Measurement of part dimensions 

The dimensions of the printed parts were measured with a precision 
caliper (Burg-Wächter KG, Wetter-Volmarstein, Germany), which had a 
measurement uncertainty of 0.01 mm. 

2.9. Coverage analysis 

For access to the powder coverage values of the deposited powder 
layers, an optical measurement procedure, which is based on [55], was 
applied. Images of the deposited layers were taken with a Basler ace 2 
camera (type a2A2448–75ucBAS, Basler AG, Ahrensburg, Germany) 
with an optical resolution of 2472 × 2064 pixels. As described in [55], 
the images were first transformed into 8-bit grayscale images. After, in 
this case – due to lighting conditions – the triangle thresholding method 
[75–77] was applied to make the images binary. Finally, three equally 
distributed rectangular areas were selected within the deposited powder 
patterns and a comparison of black (no powder) and white (pixels) was 
conducted, yielding the respective coverage values. From that, the mean 
coverage and standard deviation were calculated for each powder layer 
deposited. Furthermore, the false print was determined analogously, 

Fig. 1. Overview of different areas for coverage analysis; green: geometry of 
deposited powder pattern; red: four rectangular areas defined for determining 
the false print surrounding the actual powder pattern. 
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whereby false print, based on previous work in [55], is defined here as 
powder coverage within four rectangular areas with a width of 1 mm 
surrounding the actual deposited powder pattern (cf. Fig. 1). 

2.10. Laser-based powder bed fusion using electrophotographic powder 
application 

EPA-PBF-LB can be divided into six main process steps [54,58], 
which are described in detail in [55,56]. Essentially, EPA uses the 
principle of electrostatic attraction and repelling forces to selectively 
attract powder particles, in this context also called powder develop-
ment, or to deposit powder particles. An aluminum plate coated with a 
photoconductive layer, in this context referred to as photoconductive 
plate (PCP), is used to transfer the developed powder layers from an area 
where the various powder reservoirs are located at room temperature, to 
the actual build chamber. The surface temperature of the PCP can be 
tailored by internal fluid channels using a heat transfer fluid as described 
in detail in [78]. This allows to keep the temperature of the transferred 
particles relatively constant during the EPA process independently of the 
temperature of the build chamber. Powder charging was performed 
using the gas discharge-based charging method [54–56,64], which does 
not require functionalization of powder particles for tailoring their 

charging behavior as is the case with triboelectric charging [33]. The 
experimental setup including a piezo for increasing the powder depo-
sition efficiency by piezoelectric excitation (excitation parameters are 
given in Table 2) of the PCP is described in [55]. As extensively dis-
cussed in [55], for the powder deposition step a piezoelectric excitation 
together with an electric deposition field Edeposition

̅̅̅̅̅→ was applied between 
PCP and the build platform or the grounded transfer frame, respectively 
[54]. This is also described in detail in [78]. Especially in case of 
growing part height, the transfer frame, which is movable in z-direction, 
becomes crucial for maintaining a sufficiently strong deposition field 
strength and thus powder deposition efficiency [54,56]. Combining the 
electric deposition field with the piezoelectric excitation, which allows 
to reduce the van der Waals attraction forces between the particles and 
the PCP, the electric deposition field determines the motion of the par-
ticles [55]. Besides the transfer frame for tailoring and maintaining the 
electric transfer field and the piezoelectric excitation for enhancing 
powder deposition efficiency, a third strategy was applied for ensuring 
high deposition efficiency in case of growing part height. This strategy is 
based on alternating the charging polarity of the deposited powder 
layers in order to avoid parasitic charge accumulation inside the 
generated part. This strategy is described and validated in detail in [56, 
78]. An overview of the EPA-PBF-LB/P setup is shown in Fig. 2. 

For efficient local preheating, the EPA-PBF-LB build chamber was 
equipped with a preheating setup consisting of a heating stage (RCT 
basic, IKA-Werke GmbH, Staufen im Breisgau, Germany) according to 
[56]. Based on the theory of quasi-isothermal PBF-LB [66], the pre-
heating was set to a temperature between melting onset and crystalli-
zation onset of the polymer to avoid premature recrystallization 
associated with curling [56,66]. Since the crystallization onset temper-
ature of Eudragit L 100–55 was measured by DSC in this study to be at 
123.44 ± 0.20 ◦C, the preheating temperature was set to 125 ◦C. In case 
of part thicknesses > > 1 mm, local preheating using a heating stage 
would need to be supported / replaced by a global preheating strategy, 
comparable to conventional PBF-LB/P machines. 

Furthermore, for fusing the layers, an optical setup consisting of a 
CO2-laser providing a maximum output power of 60 W (Synrad ti60, 
Novanta Photonics, Seattle, WA, USA), a laser scanner Miniscan II-20 
and a F-Theta lens, which has a focal length of f = 420 mm 

Table 2 
Experimental parameters of EPA-PBF-LB for generating pharmaceutical test 
samples.  

Parameter Value 

Laser power 18.3 W (paracetamol) 
24.0 W (nicotinamide) 
18.9 W (caffeine) 

Laser hatching distance 0.1 mm 
Laser scanning speed 900 mm/s 
Preheating temperature 125 ◦C 
Polarity and charging field strength PCP +167 kV/m 
Polarity and charging field strength powder ±167 kV/m 
Polarity and development field strength ±2461 kV/m 
Polarity and deposition field strength ±2900 kV/m 
Frequency of sinusoidal signal for piezo excitation 15 kHz 
Peak-to-peak voltage of sinusoidal signal 8 Vp-p  

Fig. 2. a) image of the EPA-PBF-LB/P setup; b) schematic overview of the powder deposition (printing) step; c) image of PCP after depositing one layer onto the EPA- 
PBF-LB/P build platform. 
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(both Raylase GmbH, Weßling, Germany), was utilized. A summary of 
the parameters used for conducting the experiments is given in Table 2. 

Two different geometries referring to [79] were used for generating 
mono-drug samples within this study. Fig. 3 shows the dimensions of a 
cylindrical and a cuboidal test sample, respectively. Both samples were 
printed using powder blend number 3 (cf. Table 1). 

For investigating the capability of EPA-PBF-LB to generate multi- 
drug objects, the dimensions visualized in Fig. 4 with a transition area 
between the caffeine and nicotinamide loaded parts were applied. For 
this purpose, powder blends number 5 and 8 (cf. Table 1) were selec-
tively developed and deposited by EPA and fused for printing the multi- 

drug test samples. 

2.11. Quantitative analysis of drug loading of powder mixtures and 
printed test samples 

The powder blends and 3D printed samples were analyzed on an 
Agilent 1200 high-performance liquid chromatography (HPLC) system 
equipped with a G1315B DAD (both Agilent Technologies, Santa Clara, 
CA, USA) and a Phenomenex Gemini NX-C18 110 Å column 
(250 mm × 4.6 mm, particle size 5 µm) (Phenomenex Inc. Torrance, 
CA, USA). Mobile phase A consisted of 0.1% v/v formic acid in water 
and mobile phase B of 0.1% v/v formic acid in ACN. The column was 
operated at 25 ◦C with the following gradient (min/%B): − 5.0/0, 0.0/0, 
15.0/90, 18.0/90, flow rate: 2.0 ml / min, injection volume: 10 µl. All 
samples were dissolved in water:ACN 50:50 (v/v) + 0.1% formic acid 
and filtered (pore size 0.45 µm) (VWR International GmbH, Darmstadt, 
Germany) before measurement. For the determination of calibration 
curves, serial dilutions of the respective standards with concentrations 
ranging from 0.01 mg / ml – 0.4 mg / ml for nicotinamide and 0.01 mg / 
ml – 0.2 mg / ml for paracetamol and caffeine were measured. In the 
case of the 3D printed films, small samples weighing roughly 10 mg 
were broken off and dissolved in 10 ml of solvent. For powder samples 
approximately 10 mg powder mix was dissolved in 10 ml of solvent. All 
measurements of 3D printed films and powder blends were done in 
triplicate. The calibration curves of drug standards are given in Table 3. 
More details about the determination of the linear equations are given in 
the appendix. 

3. Results and discussion 

3.1. Microstructural analysis of pure polymer and powder blends by SEM 

As can be seen in Fig. 5a), pure Eudragit L 100–55 consists of 
spherical particles. They have no visible nanoparticle-based surface 
functionalization, as is often the case with polymer powders typically 
used for PBF-LB [33,80–82]. Compared to the drug particles visible in 
Fig. 5b), c) and d), the nearly perfectly spherical Eudragit particles do 
not show surface defects such as craters or holes. This decreases the 
probability for ions, which serve as charge carriers for the gas 
discharge-based powder charging method applied in this study, to be 
stored on the particle surface [83,84]. Thus, the microstructural differ-
ences between Eudragit L 100–55 and the three investigated drugs 
suggest the particle charging during powder application to vary. Since 
the powder transfer behavior of EPA strongly depends on the respective 
particle charging, an electrostatic separation between polymer and the 
three investigated drugs may occur. 

However, this may be partially compensated by the fact that small- 
sized Eudragit particles with diameters of around 10 µm adhere to the 

Fig. 3. Dimensions of a) cylindrical and b) cuboidal mono-drug test samples; 
both printed using powder blend number 3 (85 wt% Eudragit L 100–55 and 
15 wt% paracetamol). 

Fig. 4. Dimensions of cylindrical multi-drug test sample; printed using powder 
blends number 5 (90 wt% Eudragit L 100–55 and 10 wt% nicotinamide) and 
number 8 (90 wt% Eudragit L 100–55 and 10 wt% caffeine). 

Table 3 
Calibration curves of drug standards.  

Drug Retention 
time / min 

Detection 
wavelength / 
nm 

Linear equation R2 

Nicotinamide  1.92 247 y =

6113.2 x −

2.3554 

1 

Paracetamol  4.70 247 y =

20725 x +

16.515 

0.9999 

Caffeine  5.45 275 y =

14714 x +

12.165 

0.9999  

Fig. 5. SEM images of a) pure Eudragit L 100–55 particles; SEM images of b) paracetamol, c) nicotinamide and d) caffeine taken from the respective drug particles 
after mixing 15 wt% of the drug with 85 wt% of Eudragit L 100–55. 
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surface of the respective drugs (cf. Fig. 5b), c) and d)). This is most likely 
due to van der Waals and electrostatic attraction forces, causing the 
smaller polymer particles to adhere to the larger drug particles [33]. 

Fig. 6. a) DSC curves of powder blends consisting of Eudragit L 100–55 and paracetamol; b) selected peak temperatures and normalized enthalpy values of powder 
blends consisting of Eudragit L 100–55 and paracetamol as a function of paracetamol content; number of measurements n = 3.. 

Fig. 7. a) DSC curves of powder blends consisting of Eudragit L 100–55 and nicotinamide; b) selected peak temperatures and normalized enthalpy values of powder 
blends consisting of Eudragit L 100–55 and nicotinamide as a function of nicotinamide content; number of measurements n = 3. 
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3.2. Thermal analysis of pure Eudragit L 100–55 and drug loaded powder 
blends 

The aim of this section was to determine a suitable PBF-LB processing 
window for preheating the powder blends used in this study. Selected 
thermal properties of Eudragit L 100–55 and the powder blends listed in 
Table 1 are visualized in Figs. 6, 7, and 8. Here, the most relevant 

thermal properties with respect to processability in PBF-LB were 
selected. For finding suitable PBF-LB process parameters, i.e., a suitable 
preheating temperature and appropriate laser parameters (laser power, 
hatching distance and scanning speed), the melting as well as recrys-
tallisation temperatures of the polymer or individual constituents of the 
polymer blend are crucial. 

The broad endothermic peak present in all DSC results around 80 – 
100 ◦C is attributed to the enthalpy relaxation of Eudragit L 100–55 as 
an amorphous polymer, which is described elaborately in [89,90]. As 
specified and validated via thermogravimetric analysis (TGA) in [91, 
92], methacrylic acids begin to form anhydrides at around 170 ◦C by 
structural rearrangement and water loss. Most probably, the peak tem-
perature at around 200 ◦C visible in Figs. 6, 7, and 8 can be attributed to 

Fig. 8. a) DSC curves of powder blends consisting of Eudragit L 100–55 and caffeine; b) selected peak temperatures and normalized enthalpy values of powder blends 
consisting of Eudragit L 100–55 and caffeine as function of caffeine content; number of measurements n = 3. 

Fig. 9. Exemplary powder layer (in this case consisting of 95 wt% Eudragit 
L100–55 and 5 wt% paracetamol (powder blend no. 1) deposited into the EPA- 
PBF-LB/P build chamber during measurement of the layer thickness. 

Fig. 10. Layer coverage, layer thickness and false print of powder blends 
consisting of Eudragit L 100–55 and different weight percentages of paraceta-
mol as a function of the drug loading; number of measurements n = 3 for layer 
coverage and layer thickness, and n = 4 for false print. 
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the degradation of Eudragit L 100–55 (according to [93,94] starting at 
around 176 ◦C determined by thermogravimetric analysis (TGA)). 
However, in [91] this temperature range is also predicted to be suitable 
for melt extrusion as it is at this temperature that the polymer exhibits a 
viscosity above 10000 Pa • s. However, Eudragit L 100–55 without the 
addition of excipients is evaluated as not processable by melt extrusion 
due to an overlap of a suitable extrusion temperature and degradation 
regime [91]. Nevertheless, as known from [95], the high laser-induced 
heating and cooling rates of several 1000 K/s [95–97] and the 
time-dependency of degradation processes allow degradation tempera-
tures of materials processed by PBF-LB to be exceeded. 

Based on the theory of quasi-isothermal PBF-LB (cf. 2.10 and [66]), 
the processing window for the powders analyzed in Figs. 6, 7 and 8 is 
defined between crystallization onset (cf. 2.10) at 123.44◦C ± 0.20◦C 
and the beginning of the degradation / melt extrudable region starting at 
around 170 ◦C [91,92] with its peak at around 200 ◦C (cf. Figs. 6, 7 and 

8). However, although a slight crystallization with its peak at around 
120 ◦C could be observed, the crystallization enthalpy of Eudragit L 
100–55 (crystallization enthalpy ΔHc ≈ 0.5Jg− 1) and the different 
powder blends is approximately 100 times lower than the crystallization 
enthalpy of a typical PBF-LB polymer such as polyamide 12 (PA12, 
crystallization enthalpy ΔHc ≈ 56Jg− 1) [98]. Nevertheless, curling (cf. 
2.10) occurred in this study during PBF-LB without preheating the 
powder materials above crystallization temperature. 

As can be seen from Figs. 6 and 7, the melting temperature of 
paracetamol is around 168 ◦C whereas that of nicotinamide is in the 
range of 125 ◦C. This fits well with data of the manufacturer as well as 
literature values [51,99]. In contrast, no melting peak occurred for 
caffeine, since according to literature, caffeine melts in the range of 
235 ◦C [100,101], which is above the temperature range of the present 
study. However, the reported transition of caffeine into a new poly-
morph at approximately 150 ◦C (α to β transition) [101] is also shown in 
Fig. 8 in the case of 10 wt% and 15 wt% drug loading. For a drug loading 
of 5 wt% caffeine, the transition could not be detected. Since no sig-
nificant shift of the crystallization temperature of Eudragit L 100–55 
could be observed as function of the respective drug loadings, the pre-
heating temperature for EPA-PBF-LB was set to 125 ◦C. This lies slightly 
above the crystallization onset of Eudragit L 100–55 
(123.44◦C ± 0.20◦C). 

3.3. Analysis of powder layers deposited into build chamber 

The electrophotographic powder application behavior of powder 
blends consisting of Eudragit L 100–55 as excipient and different weight 
percentages of three different drugs, paracetamol, nicotinamide, and 
caffeine was investigated. The goal was to deposit powder layers with 
preferably high coverage close to 100% as partially missing powder 
negatively influences part quality. Inadequate coverage would require a 
second, time consuming powder application step for compensating areas 
with missing powder. The layer thickness is an important value to es-
timate the laser energy required for properly fusing a powder layer with 
sufficient interlayer connection to the underlying part without thermally 
damaging the materials. The false print (cf. Fig. 1) also gives information 
about the accuracy of powder deposition and describes the powder 
contamination within a rectangular area with a width of 1 mm sur-
rounding the deposited powder pattern (cf. 2.9). In the case of phar-
maceutical EPA-PBF-LB, the false print needs to be considered when 
planning the printing process, for instance by slightly decreasing the size 
of the powder pattern to avoid drug cross-contamination. Moreover, 
according to [56] the residual surface potential of powder layers 
deposited by EPA plays an important role. Thus, a strategy for 
compensating the accumulation of charges needs to be applied in case of 
residual surface potential. However, in case of all pharmaceutical 
powders investigated in the present study, the surface potential after 
powder deposition was measured to be 0 V. This behavior can be 
attributed to the fact that Eudragit has an electric volume resistivity 
(EVR) in the range of 1010 Ωm - 1013 Ωm [102], which is comparable 
to the EVR of PA12 (around 1012 Ωm [56,103]). Also, in case of PA12, 
no residual surface potential is present after electrophotographic pow-
der application obviating the need for a compensation strategy against 
charge accumulation [56]. Fig. 9 shows an exemplary powder layer after 
deposition into the EPA-PBF-LB/P build chamber during measurement 
of the layer thickness. 

Table 4 
Particle size and density values of the powders used in this work; number of measurements n = 3.  

Powder Diameter x10,3 / µm Mass median diameter x50,3 / µm Diameter x90,3 / µm Density / g cm-3 

Eudragit L 100–55 18.1 ± 1.12 46.0 ± 1.19 88.5 ± 4.43 0.821 – 0.840[85] 
Caffeine 5.48 ± 0.33 35.4 ± 3.89 126 ± 17.6 1.23[86] 
Nicotinamide 30.2 ± 3.99 113 ± 6.72 203 ± 26.0 1.40[87] 
Paracetamol 6.76 ± 0.243 40.6 ± 3.46 175 ± 44.5 1.293[88]  

Fig. 11. Layer coverage, layer thickness and false print of powder blends 
consisting of Eudragit L 100–55 and different weight percentages of nicotin-
amide as a function of the drug loading; number of measurements n = 3 for 
layer coverage and layer thickness, and n = 4 for false print. 

Fig. 12. Layer coverage, layer thickness and false print of powder blends 
consisting of Eudragit L 100–55 and different weight percentages of caffeine as 
a function of the drug loading; number of measurements n = 3 for layer 
coverage and layer thickness, and n = 4 for false print. 
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For a powder blend consisting of Eudragit and paracetamol (Fig. 10), 
a theoretical drug loading of 5 wt%, and a layer coverage of 100% was 
achieved. 

At a paracetamol content of 5 wt% and 10 wt% the layer thickness is 
only about half that of pure Eudragit L 100–55. In case of 15 wt% 
paracetamol it even decreases to below 20 µm (cf. Fig. 10). Despite the 
layer thickness decreasing significantly, the layer coverage still remains 
above 90%. This can be explained by the fact that in this case only fine, i. 

e., very small sized particles, were deposited, forming the thinner 
powder layer with a high coverage above 90%. The chosen gas 
discharge-based powder charging method (cf. 2.10) generates ions, 
which are deposited into the powder layer and temporarily stored in 
traps, mostly defects in the polymer surface or boundaries between 
crystalline and amorphous regions [83,84]. Gas discharge-based powder 
charging is often referred to as corona charging. Comparing the smooth 
microstructure of Eudragit L 100–55 particles (Fig. 5a)) with the rather 

Fig. 13. Comparison of particle sizes between a) feedstock powder and b) powder layer deposited by EPA of powder blend consisting of 85 wt% Eudragit L 100–55 
and 15 wt% of paracetamol (powder blend no. 3). 

Fig. 14. a) actual drug loading measured by HPLC of a powder blend consisting of Eudragit L 100–55 and a theoretical drug loading of 15 wt% (powder blend no. 3); 
b) drug loading measured by HPLC of a deposited powder layer (powder blend no. 3); c) two pharmaceutical parts generated by EPA-PBF-LB and the corresponding 
actual drug loading of the parts measured by HPLC. 
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rough paracetamol (Fig. 5b)), it can be assumed that the probability of 
ions trapped on the surface of paracetamol is higher compared to 
Eudragit. Thus, the acicular paracetamol particles covered with small 
sized Eudragit particles (cf. 3.1) can be assumed to store more charges 
for a longer time period and hence are preferably transferred by EPA. 
Beyond that, as described in [104], transferability of a charged particle 
within an external electric field generally depends on the charge height 
of the particle, its aerodynamic diameter [105] and its mass. Although 
larger particles have more surface area for storing charge carriers as ions 
in case of gas discharge-based powder charging, particle mass also in-
creases with their size. However, depending on the specific growth of 
particle charge versus an increase in particle mass, a material-specific 
optimum particle diameter is obtained, which is preferably transferred 
in an external electric field [104]. In the case of paracetamol (cf. 

Table 5 
Comparison of theoretical drug loading versus drug loading measured by HPLC 
of powder blends used for generating single- and multi-drug 3D printed parts.  

Powder 
blend 
number 

Theoretical drug 
loading 

Measured drug 
loading / wt% 

Localization 

3 15 wt% 
paracetamol 

17.39 ± 2.80 Single-drug film (cf. 
Fig. 14) 

5 10 wt% 
nicotinamide 

7.76 ± 1.58 Middle (M) – Right 
(R) (cf.Fig. 15) 

8 10 wt% caffeine 11.13 ± 1.55 Middle (M) – Left (L) 
(cf.Fig. 15)  

Fig. 15. Position-dependent actual drug loading measured by HPLC of multi-drug 3D printed film.  

Fig. A1. Blank HPLC chromatogram; absorbance at 247 nm (upper chromatogram) and at 275 nm (lower chromatogram).  
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Fig. 10), predominantly the small sized particles are transferred within 
the development and deposition fields of EPA and deposited into the 
build chamber, which explains the decreasing layer thickness for higher 
paracetamol loadings. At this it is important to note that paracetamol 
has a diameter x10,3 = 6.76 ± 0.243 µm (cf. Table 4). 

The powder deposition results of a powder blend consisting of 
Eudragit L 100–55 and different weight percentages of nicotinamide are 
shown in Fig. 11. In contrast to the results of the powder blend loaded 
with paracetamol (Fig. 10), the layer thickness increases with increasing 
content of nicotinamide whereas coverage decreases at a drug loading of 
15 wt%. Analogous to paracetamol, the increase in layer thickness with 
increasing drug load suggests a predominant electrostatic transfer of 
nicotinamide instead of Eudragit. However, in this case, larger particles 
are deposited, which is attributed to the significantly larger particles of 
nicotinamide compared to paracetamol (cf. Table 4). This also explains 
the slightly decreased layer coverage, since especially fine particles can 
fill gaps between larger particles. Hence, EPA of powder blends con-
sisting of Eudragit, and paracetamol or caffeine show higher coverage 

values than the blend loaded with nicotinamide. 
EPA of a powder blend consisting of Eudragit L 100–55 and caffeine 

(Fig. 12) shows a similar behavior to the powder blend loaded with 
paracetamol. However, although the particle sizes of both drugs are 
comparable (cf. Table 4), the resulting layer thickness at 15 wt% drug 
loading is about two times higher for caffeine with almost similar layer 
coverage. This can be attributed to a larger material-specific optimum 
particle diameter of caffeine for electrophotographic powder transfer in 
the present study. 

The false print of around 20% for all three pharmaceutical powder 
blends is around two times higher than in case of PA12 or PP [55,56]. 
This means that the powder coverage within four rectangular areas with 
a width of 1 mm surrounding the actual deposited powder pattern (cf. 
Fig. 1) is at roughly 20%. This can mainly be attributed to the signifi-
cantly larger number of fine particles in the pharmaceutical powder 
blends used in the present study. While PA12 (PA2200, EOS GmbH, 
Krailling, Germany) has a diameter x10,3 = 53.66 ± 0.03 µm 
[106], all powders used in this work, have significantly smaller x10,3 

Fig. A2. HPLC chromatograms of reference substances; absorbance at 247 nm (upper chromatogram) and at 275 nm (lower chromatogram).  

Fig. A3. HPLC chromatograms of powder blend loaded with nicotinamide; absorbance at 247 nm (upper chromatogram) and at 275 nm (lower chromatogram).  
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values (cf. Table 4). Especially small particles are prone to deviations 
from their straight trajectory due to turbulences for instance [104]. 
Fig. 13 shows optical microscopy images of particles of the feedstock 
powder (a)) and of particles from different positions of the powder layer 
deposited by EPA (b)). When comparing the particle sizes in Fig. 13, the 
described tendency of smaller particles being deposited in the false print 
region is plausible. The slightly deceased false print in case of the 
powder blend loaded with nicotinamide (Fig. 11) compared to the 
powder blends loaded with paracetamol (Fig. 10) and caffeine (Fig. 12) 
also suggests that a larger amount of fine particles enhances false print. 

3.4. Drug loading of test samples printed using EPA-PBF-LB/P 

Before generating 3D printed samples, the individual drug loadings 
of the powder blends used for EPA-PBF-LB were analyzed by HPLC. As 
can be seen in Fig. 14 and Table 5, the calculated drug loadings of the 
prepared powder blends differ from the theoretical values, which were 
targeted by mixing the respective weight percentages (cf. 2.2). In case of 

paracetamol (Fig. 14 a) and Table 5 first row) and caffeine (Table 5 third 
row) the actual drug loading is higher than the theoretical loading and in 
case of nicotinamide the actual drug loading is lower (Table 5 second 
row). The deviations from the target values can be attributed to different 
physical properties of the powders, i.e., particle size and shape, and 
inaccuracies during powder handling, weighing, and mixing. By 
applying and fusing 50 layers using the parameters shown in Table 2, the 
films depicted in Fig. 14 were generated. 

The cylindrical part has a diameter of 23.01 ± 0.02 mm and a 
thickness of 0.98 ± 0.01 mm whereas the cuboidal part has a 
thickness of 0.98 ± 0.01 mm and an edge length of 
25.01 ± 0.01 mm. As already indicated by the layer deposition 
results in 3.3, a predominant electrostatic transfer of paracetamol is 
taking place. Hence, the drug loading of the pharmaceutical parts 
(Fig. 14 c)) increases compared to the drug loading of the powder 
(Fig. 14 a)). This effect is already visible when looking at the drug 
loading of the deposited layer (Fig. 14 b)), which is significantly higher 
than the drug loading of the powder before deposition (Fig. 14 a)). 

Fig. A4. HPLC chromatograms of powder blend loaded with caffeine; absorbance at 247 nm (upper chromatogram) and at 275 nm (lower chromatogram).  

Fig. A5. HPLC chromatograms of powder blend loaded with paracetamol; absorbance at 247 nm (upper chromatogram) and at 275 nm (lower chromatogram).  
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Interestingly, the drug loading slightly decreases in case of the generated 
parts (Fig. 14 c)) compared to the first deposited layer shown in Fig. 14 
b). This suggests that with an increasing number of layer depositions 
from the same powder reservoir (Fig. 14 a)) the amount of Eudragit L 
100–55 particles starts rising again. Furthermore, the standard deviation 
decreases for the generated parts, indicating that statistically distributed 
deviations of the drug loading within a deposited layer average out with 
increasing number of deposited and fused layers. The predominant 
electrostatic transfer of paracetamol, which is induced by differences of 
the microstructure and size of the drug particles compared to Eudragit L 
100–55 (cf. 3.3), may lead to inacceptable deviations of the achieved 
drug content compared to the required one within the final part. 
Although this effect seems to weaken with an increasing number of layer 
depositions from the same powder feedstock, the drug loading of the 
feedstock powder has to be carefully adjusted to the specific electrostatic 
separation effect of the respective powder blend. For avoiding the 
electrostatic separation, another approach for incorporating drug 

particles could be promising. Instead of using a dry blend of polymer and 
drug particles, so-called supraparticles [107] might solve this issue. 
Supraparticles offer the opportunity to incorporate drug particles 
directly into the polymer, which reduces the risk of being separated by 
EPA. However, this necessitates the generation of suitable supraparticles 
and furthermore an extensive study on EPA-PBF-LB/P using such 
particles. 

The multi-drug part shown in Fig. 15 has a diameter of 46.07 ±

0.09 mm and a thickness of 1.04 ± 0.03 mm. According to the 
different layer thickness values (cf. Figs. 11 and 12) it consists of 15 
layers of the powder blend loaded with nicotinamide and 25 layers of 
the caffeine loaded powder blend. The calculated drug loadings in three 
different areas, left (L), middle (M), and right (R) are given in Fig. 15. 
The individual drug contents of the respective regions of the multi-drug 
part correspond well to the drug loadings of the respective powder 
blends (cf. caffeine loading in Fig. 15 L and nicotinamide loading in 
Fig. 15 R compared to drug loadings of the powders given in Table 5. 

Fig. A6. HPLC chromatograms of multi-drug Printlet™ - nicotinamide loaded region; absorbance at 247 nm (upper chromatogram) and at 275 nm (lower 
chromatogram). 

Fig. A7. HPLC chromatograms of multi-drug Printlet™ - caffeine loaded region; absorbance at 247 nm (upper chromatogram) and at 275 nm (lower chromatogram).  
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However, especially in the middle region, a higher caffeine than nico-
tinamide loading is present, which can be explained by the higher actual 
drug loading of caffeine in the used powder blend compared to the 
nicotinamide blend. Furthermore, a slight inaccuracy in locating the 
exact transition area between caffeine and nicotinamide loaded regions 
for preparing the HPLC samples may also have caused the difference in 
drug loadings. 

While there is no significant content of nicotinamide within the left 
region of the multi-drug part, some contamination of the right region 
with caffeine is measured. This can be explained by the fact that each 
caffeine loaded powder portion adhering to the PCP had to pass across 
the right region of the 3D printed film during EPA-PBF-LB in order to 
reach the left region because the movement of the PCP was from right to 
left. All powder reservoirs are located to the right of the build chamber 
of the EPA-PBF-LB setup. Thus, it cannot be excluded that some particles 
of the caffeine loaded powder blend were lost during PCP movement and 
therefore increased the caffeine loading of the right region. The total 
mass of the multi-drug film shown in Fig. 15 was roughly 2 g. Thus, to 
obtain a contamination of around 1.45 wt% caffeine in the right region 
of the part after 25 depositions of caffeine loaded powder to the left 
region, roughly 500 µg of caffeine needed to fall off the PCP per depo-
sition during its movement. This corresponds to around 10% of the 
caffeine loaded powder adhering to the PCP. Since the axis is already 
slowing down while the caffeine loaded powder moves across the right 
region of the part, slight vibrations may occur, which are known to 
decrease interparticle attraction forces and thus increase the probability 
for particles falling off the PCP [55]. However, as described in detail in 
[56], mainly the van der Waals force and the electric field force are 
responsible for adhesion of the powder particles to the PCP. During 
movement a holding voltage of ± 100 V was applied to the PCP in order 
to establish an electric holding field similar to [64]. There are mainly 
two options for enhancing the electrostatic adhesion of the powder 
particles to the PCP and thus decrease the tendency for powder particles 
falling off the PCP during movement. Firstly, the holding voltage could 
be increased and secondly the powder charging could be enhanced by 
either applying a stronger electric charging field or choosing triboelec-
tric charging as powder charging method. This has been shown to be a 
promising approach for achieving a more efficient particle charging in 
the context of EPA-PBF-LB/P [33,59]. 

The printed samples did not show any evidence of degradation such 
as color change of the initially white powders. Additionally, no evidence 

of degradation could be found by the HPLC analysis of the films. The 
chromatograms of all HPLC measurements can be found in the appendix. 
As can be seen from the representative chromatograms of the powder 
blends and printed parts, no other peaks, which would indicate possible 
degradation products, except for the three drug-related peaks, were 
visible. 

4. Conclusion 

In the present study, electrophotographic powder application (EPA) 
for powder bed fusion – laser beam (PBF-LB) was applied for generating 
pharmaceutical parts loaded with three different model drugs. For this 
purpose, powder blends consisting of an excipient, Eudragit L 100–55, 
and different concentrations of paracetamol, nicotinamide, and caffeine, 
respectively, were prepared and successfully deposited into the build 
chamber by EPA. However, electrostatic separation of the drug particles 
from the polymer particles was observed, leading to a shift of the 
achievable layer thickness towards the mass median diameter of the 
respective drug powder. The reason for the electrostatic separation 
could be attributed to the microstructure of the individual drugs, which 
is more suitable for trapping charges from the gas discharge-based 
powder charging process applied in this work. When utilizing EPA, 
thin layers up to 5 times thinner than in the case of conventional doctor 
blade- or roller-based powder application methods for PBF-LB, could be 
successfully deposited into the build chamber. This allowed a CO2 laser 
to be employed for generating pharmaceutical test samples with no 
evidence of thermal degradation according to the performed high- 
performance liquid chromatography (HPLC) measurements. Finally, a 
multi-drug film was successfully printed via EPA-PBF-LB, opening the 
possibility of EPA to selectively as well as precisely apply different 
powders within one layer into the build chamber. 
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Appendix 

Determination of the linear equations given in Table 3: 
A calibration curve allows the correlation of an analyte signal ob-

tained from a HPLC measurement to the concentration of analyte pre-
sent in the sample. To produce a calibration curve, the analyte in 
question is measured at several known concentrations (serial dilution) 
and the chromatograms at a defined wavelength (detection wavelength) 
are analyzed. The area under curve (AUC) of the analyte peak (y-Axis) is 
then plotted against the applied concentration (x-Axis) for all applied 
concentrations. A linear trendline is fitted through the data points 
(calibration curve) and the linear equation is extracted. For quantifica-
tion, one can now insert the analyte AUC (y) into the linear equation to 
calculate the concentration (x). The retention time is unique for every 
analyte and is used to pair signals in the chromatogram with their 
respective analyte.Fig. A1,Fig. A2,Fig. A3,Fig. A4,Fig. A5,Fig. A6, 
Fig. A7,Fig. A8. 
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6 Conclusion 

In this work, the key aspects for enabling the complete substitution of con-
ventional powder application methods for PBF-LB/P by EPA have been sys-
tematically identified, investigated and finally applied. A bottom-up ap-
proach was used, covering all relevant levels from the charging of individual 
particles to the formation of layers consisting of charged particles, and fi-
nally to parts generated by laser-based fusion of charged powder layers. 

As discussed in section 2.1.3 and shown in Table 5, PBF-LB/P using EPA 
with contactless powder deposition has an MRL of 2 according to the state 
of the art. By applying the methods developed and investigated in this 
work, functional parts have been successfully manufactured with EPA-PBF-
LB/P. Following the MRL classification of [166]  summarized in Figure 7, 
EPA-PBF-LB/P has therefore been shown to perform at MRL 4 to MRL 5. 

The key findings of this thesis are summarized in the following: 

1. The natural bimodal charge distribution of triboelectrically charged 
polymer particles can be transformed into a monomodal distribu-
tion suitable for EPA-PBF-LB/P by functionalization of the polymer 
particles with CCAs in combination with the use of suitable ferritic 
carrier particles 

2. The incorporation of ions into the surface of the powder particles 
in the case of gas discharge-based powder charging is shown to de-
pend on the particle shape, resulting in different particle charging 
and consequently in a separation effect caused by EPA 

3. In the case of homogeneously charged powder particles, the layer 
thickness of the applied powder layer can be tailored between a sin-
gle particle diameter and several times the particle diameter by ad-
justing the electric deposition field strength 

4. The local distribution of the strength and direction of the electric 
deposition field is crucial for the coverage and geometric accuracy 
of the deposited powder layer and can be tailored by adapting the 
geometry of a transfer structure inserted into the gap between the 
photoconductor and the build platform 

5. By reducing the interparticle attraction forces of charged particles 
within an external electric field, e.g., by vibrational excitation, the 
motion of the mechanically excited charged particles is dominated 
by the electric field force, which can be used to increase the depo-
sition efficiency in EPA-PBF-LB/P 
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6. Accumulation of charges within a part manufactured by EPA-PBF-
LB/P: 

a. Increasing charge accumulation with each deposited and 
consolidated layer 

b. Charge accumulation is a function of the electrical volume 
resistivity of the material 

c. Direct increase of the surface potential on top of the manu-
factured part by charge accumulation, resulting in a de-
crease in powder deposition efficiency 

d. Alternating the polarity of the deposited powder layers as a 
suitable strategy to compensate for the charge accumula-
tion within a part manufactured with EPA-PBF-LB/P 

7. EPA with contactless powder deposition is shown to overcome the 
limitations of conventional powder application methods for PBF-
LB/P by: 

a. Significantly reducing the strong dependence on the pow-
der flowability and thus increasing the number of powder 
materials suitable for PBF-LB/P, in particular if triboelectric 
powder charging is used for EPA 

b. Enabling highly selective powder application, providing the 
flexibility to tailor the material composition and distribu-
tion within a layer and from layer to layer 

c. Enabling the deposition of multiple materials and thus the 
fabrication of multi-material parts by PBF-LB/P 

d. Minimizing powder waste by only applying the amount of 
powder to the build chamber required to produce the part 
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7 Zusammenfassung 

In der vorliegenden Arbeit wurden die Schlüsselaspekte, welche für den 
Einsatz des EPA anstelle konventioneller Pulverauftragsmethoden für das 
PBF-LB/P erforderlich sind, systematisch identifiziert, untersucht und an-
gewendet. Dabei wurde ein ganzheitlicher Ansatz verfolgt, der alle relevan-
ten Ebenen von der Aufladung einzelner Pulverpartikel über die Bildung 
von Schichten bestehend aus geladenen Pulverpartikeln, bis hin zu fertigen 
Bauteilen, welche mittels EPA-PBF-LB/P gefertigt wurden, umfasst. 

Wie in Abschnitt 2.1.3 erörtert und in Table 5 gezeigt, hat PBF-LB/P unter 
Verwendung von EPA als Pulverauftragsverfahren bisher einen MRL von 2. 
Mithilfe der in dieser Arbeit entwickelten Methoden konnten mittels EPA-
PBF-LB/P funktionale Bauteile hergestellt werden. Demnach kann – basie-
rend auf der MRL-Klassifizierung aus [166], welche in Figure 7 zusammen-
gefasst ist, ein MRL von 4 bis 5 geschlussfolgert werden. 

Die Schlüsselerkenntnisse dieser Arbeit werden im Folgenden zusammen-
gefasst: 

1. Die natürliche bimodale Ladungsverteilung von triboelektrisch ge-
ladenen Polymerpartikeln kann durch Funktionalisierung der Poly-
merpartikel mit CCAs in Kombination mit der Verwendung geeig-
neter ferritischer Carrierpartikel zu einer für EPA-PBF-LB/P geeig-
neten monomodalen Verteilung verschoben werden 

2. Die Einlagerung von Ionen in die Oberfläche der Pulverpartikel im 
Falle der gasentladungsbasierten Pulveraufladung hängt wesentlich 
von der Partikelform ab, was letztlich eine inhomogene Ladungs-
verteilung nach sich zieht und zu einem Separationseffekt beim 
EPA führt 

3. Bei homogen aufgeladenen Pulverpartikeln kann die Schichtdicke 
der aufgetragenen Pulverschicht durch Veränderung der elektri-
schen Feldstärke des Ablagefeldes zwischen der Dicke eines Parti-
keldurchmessers und einem Vielfachen des Partikeldurchmessers 
angepasst werden 

4. Die lokale Verteilung der Stärke und Richtung des elektrischen Ab-
lagefeldes ist entscheidend für den Bedeckungsgrad und die geo-
metrische Genauigkeit der abgelegten Pulverschicht und kann in 
Abhängigkeit der Geometrie einer sich zwischen Fotoleiter und 
Bauplattform eingebrachten Transferstruktur modifiziert werden 
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5. Durch Verringerung der Anziehungskräfte zwischen geladenen 
Teilchen in einem äußeren elektrischen Feld, z. B. durch Schwin-
gungsanregung, wird die Bewegung der mechanisch angeregten ge-
ladenen Teilchen durch die Kraft des elektrischen Feldes dominiert, 
was zur Erhöhung der Ablageeffizienz im Rahmen von EPA-PBF-
LB/P genutzt werden kann 

6. Ladungsakkumulation innerhalb eines mittels EPA-PBF-LB/P her-
gestellten Bauteils: 

a. Zunahme der Ladungsakkumulation mit jeder applizierten 
Schicht 

b. Abhängigkeit der Akkumulation vom elektrischen Volu-
menwiderstands des jeweiligen Materials 

c. Direkte Erhöhung des Oberflächenpotenzials des Bauteils, 
einhergehend mit einer verringerten Pulverablageeffizienz 

d. Kompensation der Ladungsakkumulation im Bauteil wäh-
rend des EPA-PBF-LB/P durch Alternierung der Polarität 
der abgelegten Pulverschichten 

7. Mithilfe von EPA mit berührungsloser Pulverablage können die 
Prozessgrenzen des konventionellen PBF-LB/P wie folgt erweitert 
werden: 

a. Deutliche Verringerung der Abhängigkeit von der Fließfä-
higkeit des Pulvers und damit Erhöhung der Anzahl der für 
PBF-LB/P geeigneten Pulvermaterialien, insbesondere 
wenn für EPA das Pulver triboelektrisch geladen wird 

b. Ermöglichung eines selektiven Pulverauftrags mit der Flexi-
bilität, die Materialzusammensetzung und -verteilung in-
nerhalb einer Schicht und von Schicht zu Schicht anzupas-
sen 

c. Ermöglichung von Multi-Material-Bauteilen mittels PBF-
LB/P 

d. Minimierung des Pulverabfalls, indem nur die für die Her-
stellung des Teils erforderliche Menge an Pulver in die Bau-
kammer eingebracht wird 
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Appendix 

 
Appendix 1: Developed and implemented operation plan for using EPA in a PBF-LB/P ma-
chine - part 1. 
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Appendix 2: Developed and implemented operation plan for using EPA in a PBF-LB/P ma-
chine - part 2. 
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Appendix 3: Developed and implemented operation plan for using EPA in a PBF-LB/P ma-
chine - part 3. 
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Appendix 4: Developed and implemented operation plan for using EPA in a PBF-LB/P ma-
chine - part 4. 
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Kurzzusammenfassung 

Additive Fertigungsverfahren wie das laserbasierte Pulverbettschmelzen 
von Polymeren (PBF-LB/P) zeichnen sich durch ihre hohe Flexibilität aus 
und sind aus der modernen Fertigungslandschaft nicht mehr wegzuden-
ken. Jedoch schränken herkömmliche Pulverauftragsverfahren diese Flexi-
bilität bedeutend ein. 

Aus diesem Grund wird in dieser Arbeit ein neuartiger Ansatz für den Pul-
verauftrag verfolgt, der im Wesentlichen auf dem seit Jahrzehnten bekann-
ten und dank des Laserdruckers weit verbreiteten Prinzip der Elektrofoto-
grafie beruht. Bisher ist der erfolgreiche Einsatz der Elektrofotografie in der 
laserbasierten additiven Fertigung jedoch noch nicht gelungen. 

Im Rahmen dieser Arbeit wird der elektrofotografische Pulverauftrag (EPA) 
im Kontext des PBF-LB/P systematisch untersucht, wobei ein ganzheitli-
cher Ansatz von der Aufladung einzelner Pulverpartikel über die Erzeu-
gung geladener Pulverschichten bis hin zu fertigen Bauteilen, die mittels 
PBF-LB/P mit EPA hergestellt wurden. Hierdurch können wesentliche Li-
mitationen herkömmlicher Pulverauftragsverfahren beseitigt werden. Ins-
besondere verringert der Einsatz des EPA die Abhängigkeit des Pulverauf-
trags von der Fließfähigkeit, was die bisher stark eingeschränkte Material-
vielfalt für das PBF-LB/P signifikant erweitert. Zudem können mithilfe von 
EPA Multi-Material-Bauteile mittels PBF-LB/P hergestellt werden. Nicht 
zuletzt wird die Pulvereffizienz und damit die Umweltbilanz des PBF-LB/P 
deutlich verbessert, da durch die Selektivität des Pulverauftrags lediglich 
so viel Pulvermaterial in den Bauraum eingebracht wird, wie zur Herstel-
lung des Bauteils tatsächlich erforderlich ist.    

 



 

 

Abstract 

Additive manufacturing processes such as laser-based powder bed fusion 
of polymers (PBF-LB/P) are characterized by their high flexibility and have 
become an indispensable part of the modern manufacturing landscape. 
Conventional powder application processes, however, limit this flexibility 
considerably. 

For this reason, a novel approach to powder application is pursued in this 
work, which is essentially based on the principle of electrophotography, 
which has been known for decades and is widely used due to the laser 
printer. However, the successful use of electrophotography in laser-based 
additive manufacturing has not yet been achieved. 
In this thesis, electrophotographic powder deposition (EPA) is systemati-
cally investigated in the context of PBF-LB/P, taking a holistic approach 
from the charging of individual powder particles, through the generation 
of charged powder layers, to finished components produced by PBF-LB/P 
with EPA. In this way, significant limitations of conventional powder appli-
cation processes can be eliminated. In particular, the use of EPA reduces 
the dependency of powder application on flowability, which significantly 
expands the previously severely limited material variety for PBF-LB/P. In 
addition, multi-material parts can be produced using PBF-LB/P with the 
aid of EPA. Last but not least, the powder efficiency and thus the environ-
mental balance of PBF-LB/P is significantly improved, since the selectivity 
of the powder application means that only as much powder material is ap-
plied to the build chamber as is actually required to produce the individual 
part. 
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