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Summary

Summary
Skeletal disorders caused by trauma or diseases such as tumors and osteoporosis are one of
the major health problems in our society. The repair of bone fractures due to these disorders is
traditionally treated by reconstruction of bone using metallic implants. In recent years a trend
from bone reconstruction to regeneration can be observed. While typically tissue engineering
aims at regenerating missing or damaged tissues by implanting a scaffold pre-incubated invitro with cells, a similar approach is found in synthetic bone replacement where unseeded
scaffolds are placed directly in the body, constituting a perfect bioreactor. For both
approaches scaffold properties mimicking the extracellular matrix are critical for cell seeding
and proliferation. Due to their excellent biological properties calcium phosphates (CaP) are
prone to be used for scaffolds. However, until recently scaffold design was limited by
conventional manufacturing methods starting from a bulk ceramic body and subtracting
material step by step to generate the scaffold’s final outer shape. Today, new technologies
enable adding up complex three-dimensional structures layer by layer. Powder based three
dimensional printing (3DP) is such a versatile method with unique flexibility in material and
geometry. Flexibility in material allows using established biomaterials such as CaP.
Geometrical flexibility of 3DP allows creation of open porous complex 3D structures even
with overhangs supported by the unbound powder. Due to the absence of typical restraints
theoretically any geometry that contains features within the range of resolution of 3DP is
feasible. However scaffolds produced by 3DP published in literature are mostly limited to
simple solids with rather simple porosity structures not reflecting the inherent geometrical
flexibility of the method.
Therefore, this thesis focuses on the following three specific aims: (i) To assess the state of
the art of 3DP for scaffold engineering focusing on CaP, (ii) to systematically optimize the
CaP material as well as the 3DP method and finally (iii) to perform a scaffold design
optimization for powder based 3DP.
In the first part a review of the state of knowledge concerning additive manufacturing
revealed that 3DP currently provided the best existing starting point for the synthesis of CaP
based tissue engineering scaffolds. 3DP allows processing of CaP powders to a 3D scaffold
by local acidic dissolution of the powder particle surface followed by a setting reaction and
finally precipitation of CaP crystals binding together the particles. Thus the building blocks of
the scaffold with an excellent biocompatibility due to the high specific surface, internal
micro- and macro-pore structure, and biocompatible phase composition can be created. While
from a material point of view 3DP was found to be very promising, from a structural point of
view major limitations were exposed. In spite of 3DP’s inherent great flexibility for almost
unlimited design features, the bottle neck was identified in methodical details. Layer thickness
was reported down to 50 µm limiting resolution and being responsible for stair-stepping
artifacts. However particle sizes required for printing with such thin layers result in challenges
approaching the physical limits of powder properties. For small powder particles (required for
thin layer thickness) interparticular forces will dominate gravitational forces leading to
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agglomeration and thus decreased flowability. Flowability on the other hand is required for
depowdering of excess powder from the printed structure. Furthermore wetting of powder
with binder drops is critical. The lack of understanding in the interplay between the powder
properties and the final printed scaffold properties raised the need for systematic investigation
of CaP powders for 3DP.
The second study thus focused on relevant powder properties such as powder particle size,
flowability, wettability and compaction rate. Optimal particle size was determined to be
between 20-35 µm. Furthermore promising results can be expected for a powder compaction
rate (ratio of tapped to bulk densities) in the range of 1.3–1.4, flowability (flow factor ffc >
10: free flowing, ffc < 1: non-flowing) in the range of 5–7 and powder bed surface roughness
of 10–25 µm. On one hand particle size smaller than 20 µm resulted in too high compaction
rate, too low flowability and too high surface roughness. On the other hand particle size larger
than 35 µm was found to be suboptimal due to low resolution (high layer thickness) and too
high flowability resulting in large surface roughness and low powder bed stability. These
insights have a predictive value and allow preprint selection or optimization of powder
properties for 3DP of CaP scaffolds.
In the third study the optimization of the 3DP method was investigated. Based on the previous
results a powder optimized for a given layer thickness was developed, and the interplay
between printing parameters and the final printing outcome was analyzed. The printing
parameters investigated consisted of low and high layer thickness (44 µm and 88 µm),
moisture application time (0, 5, 10, 20 s) and number of printed specimens per batch (6 vs.
12). Moisture was applied using a custom made device mounted on the slow axis linear stage
just prior to printing to stabilize the powder bed. Considering the final goal of printing and
depowdering of open porous scaffolds, high geometrical accuracy and low surfaces roughness
were aimed at. That turned out to be feasible only by a combination of high batch density,
moisture application and thin layer thickness. The best surface roughness of 25 µm was
measured with a moisture application time of 5 s and a layer thickness of 44 µm. Moisture
application improved powder bed stability and printing accuracy and enabled printing even
with suboptimal powders and printer settings.
Finally, in the last study a scaffold design taking into account the advantages but also the
limits of 3DP was targeted. In spite of all the great advantages of 3DP the so-called postprinting depowdering step (removal of all excess of loose powder from the printed part) still
was determined to be most critical for complex porous designs such as scaffolds. Therefore a
new scaffold design consisting of a cage with windows large enough to enable depowdering
while still trapping loose fillers placed inside the cage was demonstrated to be an effective
and simple way to realize open porous scaffolds. To demonstrate the potential of this new
approach, two filler geometries in different configurations (glued to the cage or free to move)
were investigated. Depowdering efficiency was quantified by microstructural analysis using
micro-computed tomography. The new design approach using preassembled mobile fillers
inside a cage was shown to significantly improve depowdering. Furthermore, this new design
allowed printing of large scaffolds which might be a step towards a broader clinical
application of 3D printed CaP scaffolds.

Summary

In conclusion, this thesis shed more light on the relation between powder properties printing
parameters and the final quality of 3DP specimens. Within the parameters investigated,
optimal ranges were defined that might serve for future research in the field of 3DP.
Furthermore a new depowdering-friendly design was established enabling printing of large
scaffolds with an open porous structure throughout the scaffold. In the future, this novel
approach could help tackle the transition of scaffold engineering into broader application
fields.
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Zusammenfassung

Zusammenfassung
Skeletale Beschwerden infolge Verletzungen oder Krankheiten wie Tumore oder Osteoporose
gehören zu den grossen Herausforderungen der Gesundheitsfürsorge unserer heutigen
Gesellschaft. Die Behandlung von Knochenfrakturen aufgrund dieser Beschwerden wird
traditionellerweise durch die Rekonstruktion mit Hilfe metallischer Implantate bewerkstelligt.
In den letzten Jahren hat sich ein Trend von der Rekonstruktion zur Regeneration des
Knochens abgezeichnet. Während bei der künstlichen Gewebezüchtung typischerweise eine
Trägerstruktur in-vitro mit Zellen besiedelt wird, hat sich ein ähnlicher Ansatz etabliert, bei
dem eine unbesiedelte Trägerstruktur direkt in den Körper platziert wird, welcher die
Funktion eines perfekten Bioreaktors einnimmt. Bei beiden Ansätzen wird durch die
Trägerstruktur die extrazelluläre Matrix imitiert, wobei deren Eigenschaften kritisch für die
Zellbesiedelung und Proliferation sind. Aufgrund der hervorragenden biologischen
Eigenschaften von Kalziumphosphaten (CaP) sind diese besonders geeignet zur Herstellung
der Trägerstrukturen. Bis vor kurzem war jedoch das Design dieser Trägerstrukturen durch
die konventionelle materialabtragende Fertigung stark eingeschränkt. Heute ermöglichen neue
additive Technologien den schichtweisen Aufbau komplexer 3D Strukturen. Das
pulverbasierte dreidimensionale Drucken (3DP) ist solch eine vielseitige Methode mit
einzigartiger Flexibilität bezüglich Material und Geometrie. Flexibilität im Material erlaubt
die Verwendung des etablierten CaP Biomaterials. Die geometrische Flexibilität des 3DP
ermöglicht den Aufbau von offenporigen komplexen Strukturen selbst mit Überhängen, die
durch das ungebundene Pulver gestützt werden. Durch das Fehlen typischer Einschränkungen
ist theoretisch jede Geometrie machbar, deren abzubildende geometrische Strukturen kleiner
als die Auflösung des 3DP sind. Die typischerweise in der Literatur anzutreffenden mit 3DP
erzeugten Trägerstrukturen weisen jedoch eher einfache Strukturen auf, welche die der 3DP
inhärenten geometrischen Flexibilität nicht wiederspiegeln.
Aus diesem Grund fokussiert die vorliegende Dissertation auf folgende drei spezifische Ziele:
(i) Die Beurteilung des Stands der Technik in Bezug auf 3DP für die Herstellung von CaP
Trägerstrukturen, (ii) die systematische Optimierung des CaP Materials sowie der 3DP
Methode und schliesslich (iii) die Designoptimierung von Trägerstrukturen für das
pulverbasierte 3DP.
In einem ersten Teil kristallisierte sich im Rahmen einer Literaturstudie bezüglich des Stands
der Technik in Sachen additive Technologien das 3DP Verfahren als bester Ausgangspunkt
für die Synthese von CaP basierten Trägerstrukturen heraus. 3DP ermöglicht den Aufbau von
CaP Strukturen durch eine lokale Auflösung der Oberfläche der Pulverpartikeloberfläche mit
anschliessender Ausfällungsreaktion und Bildung von Kristallen. Diese Kristalle verbinden
die vorher losen Pulverpartikel und erzeugen damit die entsprechenden Grundsteine der
Trägerstruktur mit einer hervorragenden Biokompatibilität aufgrund hoher spezifischer
Oberfläche. Während aus Materialsicht dieser Ansatz als sehr vielversprechend eingestuft
wurde, wurden aus Struktursicht grössere Limiten festgestellt. Trotz der einzigartigen
Geometriefreiheit des 3DP für scheinbar unbegrenzte Designs wurden methodische Details
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als Flaschenhals identifiziert. Schichtdicken bis zu 50 µm wurden veröffentlicht, welche die
Auflösung einschränken und für Treppenstufen Artefakte verantwortlich sind. Die für solch
dünne Schichten notwendigen Partikelgrössen führen zu Herausforderungen, die an die
Grenzen der physikalischen Machbarkeit in Sachen Pulvertechnologie stossen. Für kleine
Pulverpartikel (für dünne Schichtdicken) dominieren die interpartikulären Kräfte die
Gravitationskräfte, was schliesslich zu Agglomerationen und somit in reduzierter
Fliessfähigkeit resultiert. Fliessfähigkeit wiederum ist die Voraussetzung für das
„depowdering“, dem Entfernen des überschüssigen Pulvers von der gedruckten Struktur.
Weiter ist die Benetzung des Pulvers mit Bindertropfen kritisch. Das fehlende Verständnis des
Zusammenspiels zwischen Pulvereigenschaften und den finalen gedruckten Trägerstrukturen
zeigte die Notwendigkeit einer systematischen Untersuchung der CaP Pulvereigenschaften für
den 3DP.
Die zweite Studie fokussierte somit auf die relevanten Pulvereigenschaften wie
Fliessfähigkeit, Benetzung und Kompaktierung (Verhältnis zwischen Klopf- und
Schüttdichte). Als optimale Pulvergrösse erwies sich ein Bereich von 20-35 µm. Weiter
wurden verheissungsvolle Resultate für eine Kompaktierung im Bereich 1.3–1.4, eine
Fliessfähigkeit von 5–7 und eine Pulverbett-Oberflächenrauhigkeit im Bereich von 10–25 µm
gefunden. Pulver kleiner als 20 µm resultierten in einer zu hohen Kompaktierung, zu tiefer
Fliessfähigkeit und zu grosser Oberflächenrauhigkeit. Pulverpartikel grösser als 35 µm
wiederum stellten sich aufgrund der schlechten Auflösung (grosse Schichtdicke) und zu hoher
Fliessfähigkeit als suboptimal heraus, was zu grosser Oberflächenrauhigkeit und tiefer
Pulverbettstabilität führte. Diese Einsichten haben einen voraussagenden Wert, indem sie vor
dem Druck die Selektion und Optimierung der Pulvereigenschaften für den 3DP von CaP
Trägerstrukturen ermöglichen.
In der dritten Studie wurde die Optimierung der 3DP Methode untersucht. Basierend auf den
vorgängigen Resultaten bez. eines für eine gegebene Schichtdicke optimierten Pulvers wurden
die Zusammenhänge zwischen den Druckparametern und der finalen Druckqualität analysiert.
Die untersuchten Druckparameter beinhalteten kleine und grössere Schichtdicken (44 µm und
88 µm), eine Wasserbedampfung für unterschiedliche Zeiten (0, 5, 10, 20 s) und die Anzahl
gedruckter Teile pro Druck (6 vs. 12). Der Wasserdampf wurde mittels einer selbstgebauten
an der Linearführung adaptierten Erweiterung auf das Pulverbett kurz vor dem Bedrucken
appliziert. In Anbetracht des finalen Ziels des Drucks und des „depowderings“ von
offenporigen Trägerstrukturen, wurde eine hohe geometrische Genauigkeit und eine tiefe
Oberflächenrauhigkeit angestrebt. Dies erwies sich nur für eine Kombination aus hoher
Anzahl gedruckter Teile pro Druck, Bedampfung und dünner Schichtdicke als machbar. Die
beste Oberflächenrauhigkeit von 25 µm wurde bei einer Bedampfung von 5 s und einer
Schichtdicke von 44 µm gemessen. Bedampfung verbesserte die Pulverbettstabilität und die
Druckgenauigkeit und ermöglichte somit ein fehlertolerantes Drucken selbst mit suboptimalen
Pulvern und Drucker-Einstellungen.
Schliesslich wurde in der letzten Studie unter Berücksichtigung der Vor- und Nachteile des
3DP die Geometrie der Trägerstruktur in Angriff genommen. Trotz all der vielen Vorteile des
3DP wurde das „depowdering“ nach dem Druck als der kritischste Aspekt in Hinblick auf
komplexe Trägerstrukturen identifiziert. Deshalb wurde ein neues Design bestehend aus

Zusammenfassung

einem Käfig mit Fenstern und losen Füllkörpern entwickelt. Dabei sollten die Fenster klein
genug sein, damit die Füllkörper nicht entweichen können, jedoch gross genug, um das
„depowdering“ zu ermöglichen. Um das Potenzial dieses neuen Ansatzes zu demonstrieren
wurden zwei unterschiedliche Füllkörperdesigns in unterschiedlichen Konfigurationen (mit
dem Käfig verbunden oder frei beweglich) untersucht. Die „depowdering“ Effizienz wurde
mit Hilfe der Mikrostrukturanalyse basierend auf Mikrocomputertomographie untersucht. Das
neue Design mit gleichzeitig vorgefertigten frei beweglichen Füllkörpern innerhalb des
Käfigs erlaubte eine signifikant höhere „depowdering“ Effizienz. Weiter ermöglichte das neue
Design den Druck von grossen Trägerstrukturen, was einen Schritt in Richtung breiterer
klinischer Anwendung von 3D gedruckten CaP Trägerstrukturen ermöglichen könnte.
Zusammenfassend hat diese Arbeit mehr Licht auf das Zusammenspiel zwischen
Pulvereigenschaften, Druckparameter und der finalen Qualität des 3DP gedruckten Objektes
geworfen. Innerhalb der untersuchten Parameter wurden optimale Bereiche definiert, die der
zukünftigen Forschung in diesem Bereich dienen könnten. Weiter wurde ein neues Design
untersucht, welches das „depowdering“ von grossen Trägerstrukturen mit einem offenporigen
Innern ermöglicht. In Zukunft könnte dieser neuartige Ansatz helfen, die Umsetzung und den
Einsatz solcher Strukturen in einem breiteren klinischen Anwendungsfeld zu ermöglichen.
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1.Introduction
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2

Introduction

1.1 Thesis motivation and medical relevance
The repair of skeletal disorders is not only one of the most challenging goals for surgery and
related science but also a vital need for our society. Skeletal disorders can be caused by
trauma or diseases such as tumors or osteoporosis. Osteoporosis is a disease leading to a
decrease in bone mass and structural deterioration [1], which can lead to an increased fracture
risk and bone deformations. Osteoporosis is one of the major public health problems [2]. The
repair of bone fractures due to these skeletal disorders is traditionally treated by
reconstruction of bone using temporary and permanent implants such as screws and plates.
The materials and the mechanical properties of these implants are critical aspects. Most
implants consist of metallic materials resulting in biocompatibility issues such as allergies and
biomechanical discontinuities resulting in “stress-shielding”. Therefore in recent years a trend
from reconstruction using implant to regeneration can be observed [3]. Regeneration aims at
supporting self-healing capacities of our body. However the bodies self-healing capacities are
limited. Mechanical stabilization of the fracture site is one of the requirements for healing. In
case of large bone defects, so called critical size defects, bone is not able to regenerate even if
mechanically stabilized resulting in a non-union [4]. These defects need to be filled with a
scaffold or bone graft to enable regeneration.
Autologous bone grafting still is the gold standard to improve self-healing, however it has
some drawbacks such as the need of a second surgical site with associated additional pain and
even increased morbidity [3]. Moreover limited availability of autologous grafts make this
treatment suitable only for small bone defects [5].
Alternatively, calcium orthophosphates have been studied as bone repair materials for more
than 80 years [6]. The first in vivo use of tricalcium phosphate was performed by Albee et al.
in 1920 [7]. Due to their excellent biological properties [8] calcium phosphates (CaP) are
prone to be used as scaffolds in the field of bone tissue engineering.
Two main approaches are found in bone tissue engineering. Classical tissue engineering aims
at regenerating missing or damaged tissues by implanting a scaffold pre-incubated in-vitro
with cells. A similar approach is found in synthetic bone replacement where unseeded
scaffolds are placed directly in the body as the perfect bioreactor. For both approaches the
scaffold is mimicking the extracellular matrix enhancing cell ingrowth and scaffold design is
one of the most critical factors of tissue engineering.
In the past porous scaffolds were limited by production processes. New solid free-form (SFF)
techniques lead to a paradigm shift in the generation of structurally and mechanically
controllable scaffolds [3]. Powder based 3D printing (3DP) is a SFF technique based on
inkjet-printing with an unique structural and geometrical flexibility and thus also allowing
creation of CaP scaffold [9]. The printhead jets a solution onto a powder bed to solidify it in
predetermined locations. This procedure is repeated layer after layer, leading finally to a rigid
3D structure.

3
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Specific aims

Research with these new methods is believed to establish scaffolds tailored according to
specific structural and design needs. These insights may finally result in better understanding
of regeneration in the sense of an optimal support of the self-healing capacity.

1.2 Specific aims
This thesis therefore aims at systematic scaffold optimization in order to meet the high
demands of bone tissue engineering focusing on a given SFF method (powder based 3DP) and
given materials (calcium phosphates).
In more detail, the project is specified with the following 3 aims:
Specific aim 1: Structural and material approaches for synthetic tissue engineering
scaffolds by means of solid free-form fabrication focusing on 3DP.
In this first aim structural and design requirements for scaffold engineering and synthetic bone
replacement will be analyzed by reviewing relevant literature in the field of SFF. Special
attention will be given to accuracy and precisions of published 3D printed scaffolds. Critical
aspects, limitations and potential in the field of 3D printing with regard to scaffold
engineering will be discussed.
Specific aim 2: Analysis and improvement of 3DP resolution for calcium phosphate
scaffold engineering.
This second aim consists of the following two parts:
i.

Specific aim 2a: Powder optimization for 3DP
In this aim the CaP powder used for 3DP of scaffolds will be optimised systematically
in order to improve resolution for scaffold engineering purposes. The different
powders will be analysed, compared and ranked concerning printability of CaP
powder for bone tissue engineering scaffolds.

ii.

Specific aim 2b: 3DP method optimization
While powder properties are vital for 3DP other aspects such as layer thickness and
powder bed stability are of critical importance. In this part of the study we aim at
better understanding the interplay between different printing parameters for a given
powder. A method of moisture application is analyzed and optimized for enhancing
the geometrical accuracy of 3DP of calcium phosphate structures for scaffold
engineering.

Introduction

Specific aim 3: Improved scaffold design for 3DP of calcium phosphate bone substitutes
A new scaffold design approach will be used that is adapted to the capabilities and limitations
of the powder based 3DP technique. This will be done using µCT (micro-computed
tomography) imaging to assess the inside of the scaffolds allowing systematic design
optimization.

1.3 Outline of the thesis
This thesis consists of the following 5 chapters and 1 appendix:


Chapter 1 presents the motivation and clinical relevance as well as the specific aims and
outline of this thesis.



Chapter 2 provides the background of this thesis. First a short introduction into the roots
and origins of SFF and the 3DP method used in this study is given. After that a
comprehensive summary of current state of the art of SFF focusing on powder based 3DP
is presented based on a literature review.



Chapter 3 deals with the feasibility and optimization of powder based 3DP.



i.

In the first study critical powder properties required for successful 3DP are
investigated. These requirements are applied to a given CaP powder that is well
known for its unique biocompatibility. Different powder size classes are
systematically compared and analyzed, optimal powder properties for the given
3DP set-up are defined.

ii.

In the second study the focus is not on the powder but on the printing method
itself. The commercial printer used in this thesis does not allow a full variation of
printing parameters. Especially critical parameters such as layer thickness cannot
be varied in the desired range. Therefore custom-made extensions are integrated in
the given device to control layer thickness and a moisture application. The impact
of moisture application for printing with reduced layer thickness is analyzed and
discussed in this study.

Chapter 4 deals with scaffold design. In a first part the field of scaffold design is
introduced. In a second part and based on the findings of Chapter 3, optimal scaffold
designs for 3DP are investigated. For this purpose especially feasibility of every single
manufacturing steps are taken into account. When using SFF techniques such as 3DP
critical aspects such as depowdering after powder based 3DP are often neglected resulting
in designs not applicable for commercialization. Therefore in this study simple bulk
geometries such as cylinders are designed in a new inner structure. This new design
approach enables creation of small features also in the very inside of the scaffold that

5
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normally are not feasible due to failure of post printing steps such as depowdering. The
key of this new design principle lies in the great advantage of printing “pre-assembled”
parts in one manufacturing cycle via 3DP. Different design features are systematically
compared using µCT imaging. This allows the quantification of the key parameters such
as pore size and porosity.


Chapter 5 finally gives an overall synthesis of this thesis. Furthermore limitations and
potential future steps in this research field are discussed.



Appendix contains the curriculum vitae of the author and a patent application concerning
CaP scaffold engineering. This patent was written based on insights described in detail in
Chapter 4 of this thesis.
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Background

2.1 Introduction in powder based three-dimensional printing
Conventional manufacturing methods start from a large and simple bulky solid to a smaller
and complex part. The machining steps to reach the final desired part are labor and time
consuming, using many different tools. Furthermore subtracting the unnecessary features is a
very material consuming manufacturing way. In contrast to the conventional subtractive
approach, the bottom-up approach used in additive manufacturing (or SFF) starts from simple
and small building units such as powders that are arranged and piled up to eventually obtain
the desired geometry [1]. Thus a large and complex structure without loss of material due to
processing steps can finally be build up. Major structural limitations of SFF are not set
primarily by the method (except its resolution) itself but rather by the designer, his
imagination and the ability to translate ideas into a 3D model. However modeling of complex
freeform design also referred to Bio-CAD modeling [2] may include major reverse
engineering hurdles [3, 4]. Modeling for SFF may be done with conventional CAD software
however it may require a change of mind concerning traditional construction process.
SFF might to some extend be compared to the history of printing. For a long time handwriting
was the state of the art which could be compared to conventional mechanical production using
tools and hands. Then the printing press changed the world allowing mass production of
books using automation while still using predefined setting of characters. This step is
somehow comparable to CNC (computer numerical controlled) production that replaced
conventional with numerically controlled manufacturing systems, while still using the same
tools. Finally classical printing presses were largely replaced by smaller and wider spread
computer controlled printers using versatile printheads printing single dots. In this very point
the paradigm shift took place comparable to SFF. While during first years the resolution of
these printheads was so low that single dots could be seen be eye and printers were very
expensive. Nowadays high resolution color printers cover most of the personal need for
printing of text and photo work in a way that some decades ago would have seemed unreal.
For SFF similar tendency can be expected. While today 3D printers are large, expensive and
low-resolution technology new generations can be expected entering the consumer market
resulting in corresponding consequences similar to 2D paper printer. Since this field is highly
technology driven, major impulses are expected from new generations of printheads [5], new
printing materials [6-8] and adapted printers allowing smaller layer thickness [9].
The capabilities of these new SFF methods are beyond imagination and their application
today spread to very different application such as medical field, e.g. preoperative planning
[10], architecture [11] and gastronomy [12].
In this thesis we focus on powder based three-dimensional printing (3DP). This is done due to
its unique flexibility that allows working with well-established biomaterials such as calcium
phosphates [13]. 3DP was invented and patented at MIT by Sachs et al in 1993[14]. Diverse
companies such as ZCorp in the consumer and Therics in the medical field have licensed 3DP
technology for particular fields of use [15]. First application of this technique in the medical
field was published from the inventors of 3DP in 1996. In thesis a commercial printer from
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ZCorp (Zprinter 310plus, Z Corporation, Burlington,USA) was used. The principle of 3DP is
explained in detail in the following chapter. Furthermore advantages and disadvantage of
other SFF compared to 3DP are summarized in this comprehensive review.
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Abstract
This article aims at reviewing the current state of knowledge concerning the use of powderbased three-dimensional printing (3DP) for the synthesis of bone tissue engineering scaffolds.
3DP is a solid free-form (SFF) technique building up complex open porous 3D structures
layer by layer (bottom-up approach). In contrast to traditional fabrication techniques generally
subtracting material step by step (top-down approach), SFF approaches allow nearly
unlimited designs and large varieties of materials suitable for scaffold engineering.
The today’s state of the art materials’ as well as mechanical and structural requirements for
bone scaffolds are summarized and discussed in relation with technical feasibility within 3DP.
Advances in the field of 3DP are presented and compared to other SFF methods. Existing
strategies on material and design control of scaffolds are reviewed. Finally possibilities and
limiting factors are addressed and potential strategies to improve 3DP for scaffold engineering
are proposed.

Keywords
Tissue engineering, scaffold, bone substitute, calcium phosphate, rapid prototyping, Solid
Free-form Fabrication (SFF), 3D Printing (3DP).
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1. Introduction
Broad awareness of the term “tissue engineering” started with the publication of a paper by
Robert Langer and Joseph P. Vacanti in 1993 [1]. This review paper stated a now commonly
used definition of tissue engineering as “an interdisciplinary field that applies the principles of
engineering and life sciences toward the development of biological substitutes that restore,
maintain or improve tissue function or a whole organ”.
Whereas in the late nineties tissue engineering envisioned whole replacement of tissues or
even organs, today a tendency towards preventive medicine can be noticed. Therefore it is
speculated that the greatest impact of tissue engineering in the next decade might be in vitro
physiological models to study disease pathogenesis and thus allowing to find drugs that can
eliminate or reduce the need for tissue replacement [2].
The standard approach in bone tissue engineering is to seed and grow cells on scaffolds in
vitro. Typical scaffolds are three-dimensional (3D) porous structures trying to temporarily
mimic the natural extra cellular matrix of bone. Porous structures seem to play a significant
role in nature, nicely described in the following statement by M. F. Ashby [3]:
“When modern man builds large load bearing structures, he uses dense solids: steel, concrete,
glass. When nature does the same, she generally uses cellular materials: cork, wood, coral.
There must be good reason for it”.
Following this principle the “art of structure is where to put the holes” or the “art of
scaffolding is where to put the holes, biofactors and cells” [4]. Scaffold design properties are a
key factor in bone tissue engineering and represent more than just a passive component.
Scaffold design will control cell and ultimately tissue growth by balancing mechanical
function with drug delivery as well as degradation of the scaffold adjusted to the tissue
regeneration [4].
Conventional manufacturing methods used in traditional engineering fields are top-down
approaches, starting from simple, large solids and fabricating those into smaller and complex
products. Complex porous 3D structures are particularly demanding concerning design and
often not feasible to produce with conventional approaches. Therefore random processes such
as foaming [5], salt leaching technique [6] and emulsification [7] are widely spread, however
they can only partially fulfill the requirements set by tissue engineering approaches. One
major drawback is the fact that porous scaffolds cannot be produced with a full control of
geometrical parameters, such as pore size, pore interconnection size and porosity.
In contrast to top-down, the bottom-up approach of solid free-form fabrication (SFF) typically
starts with small building units (e.g. powders) that are arranged and piled up to eventually
obtain the desired geometry. This iterative method is based on well defined “sliced” 3D CAD
models [8] resulting in nearly unlimited geometries by adding up small layers of the final
structure. This is the crucial advantage of SFF making it suitable for the “art of scaffolding”.
Despite such a unique freedom of designing complex geometries, SFF approaches have hardly
been used to manufacture commercial tissue engineering scaffolds (except e.g. Curasan AG,
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Germany; Integra Spine, USA). There are several reasons for this. For example, SFF
approaches are still more expensive than presently-used approaches. Also, the gain in
biological performance due to an improvement of geometry has not been quantified.
Furthermore, SFF approaches are all facing technical difficulties, such as limited accuracy,
low mechanical properties, and poor raw material availability. In past years, the prices for
SFF machines have dropped and solutions have been proposed to limit or even solve SFF
drawbacks, but many challenges remain.
There are several approaches in SFF. One approach of particular interest is the so-called 3D
printing (3DP). In this approach, the solid is created by the reaction of a liquid selectively
sprayed onto a powder bed [9]. This liquid can either act as a binder or provoke a reaction that
will bind the powder particles together for example through a crystallization reaction. In the
literature the term binder is used for both ways and so it will in this manuscript. Once
hardened, a layer is covered with a new powder layer, which is itself again locally bound to
form a new solid layer. In other words, the powder bed acts not only as reagent, but also as
physical support for the printed solid. This approach is very simple and versatile because
many powdered materials can be used. In particular, this method can be adapted for the
production of ceramic-based tissue engineering scaffolds [10].
Bone is able to self-regenerate however, regeneration is limited to a distance of a few
millimeters from healthy bone. So, to enhance bone regeneration bone defects must be filled
with a porous spacer allowing ingrowth of blood vessel and bone, but restricting soft tissue
ingrowth. In general, it is agreed that the porous network should consist of interconnected
pores with a diameter in the range of 50 to 1000 µm [7]. Since millions of bone defects must
be healed each year, SFF techniques and in particular 3DP are of great interest for the
manufacturing of bone scaffolds. Therefore, the aim of this manuscript is to review the use of
SFF techniques, in particular 3DP, for manufacturing bone scaffolds.
For this purpose, the manuscript is divided into 4 parts. In the first part some of the most
relevant structural properties of bone and the present knowledge in the field of scaffold design
are summarized. In the second part, common methods of SFF used for scaffold engineering
are compared and 3DP is described in detail. The third part is devoted to the technical aspects
of 3DP, with an emphasis on the raw materials (powders) and the physico-chemical properties
of the scaffolds. Moreover, technical possibilities and limitations using 3DP in the field of
tissue engineering are discussed and set into relation with the biological requirements. Finally,
the fourth part gives an outlook of the field and a conclusion.

2. Bone and scaffold engineering
2.1. Structural properties of bone
Following the approach of scaffolding as a way of temporary mimicking the extracellular
matrix of bone, it is necessary to have a look at chemical, mechanical and structural properties
of bone.
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Bone is a sophisticated composite on different hierarchical levels. From a structural
perspective, bone tissue consists of two main parts, a compact shell called cortical bone
(“compacta”) and a porous core called spongiosa or trabecular bone (“trabecular” meaning
“little beam” in Latin [11]). The combination of a dense shear stress resisting shell and
cellular structure with a typical relative density between 0.05 and 0.3 [12] prevents buckling
and results in a lightweight core analogous to a sandwich structure with excellent bending
resistance. In contrast to most man-made sandwich cores, trabecular bone has an optimized
structural anisotropy due to the trabecular orientation along principal stress trajectories [13].
At a nanometer scale, bone can be basically described as a composite between 70% calcium
phosphate crystals, 20-30% collagen matrix and some water [14]. This geometrically complex
combination of an elastic collagen matrix (elastic modulus E=1-2GPa, ultimate tensile
strength UTS=50-1000MPa) with a hard and brittle calcium phosphate mineral (E=130GPa,
UTS=100MPa) [15] leads to high mechanical bulk properties with ductile and thus failure
tolerant characteristics. According to a literature review compressive strength for cortical and
cancellous bone is in the range of 100-230MPa and 2-12MPa, whereas the Young’s modulus
is in the range 7-30GPa and 0.5-0.005GPa, respectively [15]. While macro mechanical
parameters are well described in the scientific literature, the mechanical properties of the
micro- (osteons, haversian canals), submicron- (lamella) and nano-structural (collagen fibers)
level, remain poorly understood [16] and are still a matter of extensive research [17].

2.2. Scaffold requirements
In light of the complexity of the bone properties, the goal of an ideal synthetic scaffold needs
to be broken down into small and achievable steps.
A first step is to find a biocompatible material that also suits the mechanical properties needed
for scaffolding. Fig. 1 highlights the extraordinary mechanical properties of bone in contrast
to technical bulk materials used for medical purpose. In detail Youngs modulus is plotted
against fracture toughness which is a measure of resistance of a material to crack propagation.
Fracture toughness KIc (mode I fracture means the crack plane is normal to the direction of
tensile loading) has the units of MPa m1/2. The graph depicts the relation between the
elasticity of a material versus its toughness (brittle materials like ceramics typically have a
low toughness value). It reveals that up to now no artificial bulk material is able to mimic
bone and serve as an ideal material for scaffold engineering. Bone seems to be the perfect
lightweight optimum between elasticity, strength and fracture toughness. Instead of using bulk
materials cellular materials open up promising approaches.
Provided, the material complies with the requirement of the selected SFF method a second
step is to build up the complex 3D (e.g. cellular) structures by means of SFF using building
units small enough to reach the required resolution. An ultimate step is to improve the
mechanical properties by e.g. a bioinspired composite approach, which is a matter of present
and future research [18].

Background

Figure 1: Mechanical properties of natural materials in comparison to bulk materials for
medical purpose (graph constructed with CES Selector 5.1.0)

According to Hutmacher et al. [19] a scaffold should have the following main characteristics:
(i) biocompatible and bioresorbable with a controllable degradation and resorption rate to
match cell/tissue growth in vitro and/or in vivo; (ii) suitable surface chemistry for cell
attachment, proliferation, and differentiation; (iii) three-dimensional and highly porous with
an interconnected porous network for cell growth, flow transport of nutrients and metabolic
waste and finally (iv) mechanical properties to match those of the tissues at the site of
implantation. Unfortunately, it is presently obscure how this is applied into practice and in
particular if a material fulfilling these criteria would really perform better than existing
materials. Furthermore the distinction of requirements for tissue engineering and bone graft
substitution scaffolds is still far from being clear. Nevertheless, there is a general consensus
that 3D bone scaffolds should be highly open porous structures (>40-60%) to favor rapid
diffusion or flow of cell nutrition and to allow cell migration [20]. Pore size necessary to
achieve suitable porosities are suggested to be in the range of 50-1000 μm [7, 21, 22] for in
vivo bone regeneration. In contrast osteogenesis in vitro requires pore dimensions one order
of magnitude lower than in vivo [22]. The size of the interconnection is still a matter of debate
with values between 15 and 50 μm [23, 24]. Taking into account the assumptions and
simplifications in all methods (gravimetry, mercury intrusion, liquid displacement, scanning
electron microscopy (SEM) and computed tomograpy (CT)) [22] to determine pore
parameters, an additional uncertainty arises. In this light it becomes obvious that instead of
the “ideal” tissue engineering scaffold different structures are needed for various applications.
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Table 1: Overview of main solid free-form (SFF) fabrication methods (If not stated differently
smallest feature refers to smallest possible channel or pore size, for details check references)

Principle

Technique

Parameters

Three-Dimensional Printing
(3DP)

Layer thickness:
slurry method:
20-100 μm [96]
dry powder method:
50μm [20]

Using adhesive:
The inkjet head prints droplets of a
binder fluid on a powder bed. This
fluid binds the powder and thus
builds up part of the solid’s cross
section. This process is repeated for
every layer until the 3D structure is
printed and the remaining powder
is removed.

Smallest feature:
350- 500 μm [47], [32]

Features

+
+
+
-

-

Selective Laser Sintering
(SLS)

Layer thickness:
76-100 μm [25, 97, 98]

Using Heat:
Laser beam selectively initiates
melting in a thin layer of powdered
material. Iterative repetition for
every layer. Unmelted powder
serves as support structures and
remaining powder is removed.

Smallest feature:
45-100 μm [25]

+
+

Stereolithography
(SLA)
Using Light:
Laser beam selectively initiates
solidification in a thin layer of
liquid photopolymer. Iterative
repetition for every layer. Requires
support structures for unconnected
parts.

-

Layer thickness:
1μm for specimen volume
smaller than 35 mm3 [99,
100]

Small green strength
Depowdering difficult
due to weak bonding
between particles
Powder can be trapped
inside the body
High mechanical
properties
No support structure
needed
High processing
temperature
Powder can be trapped
inside the body

+

High accuracy

-

Photopolymer needed
Support structure
needed

High accuracy
No support structure
needed
Combination of
materials with 2
nozzles

Smallest feature:
Indirect:
366 μm [101]
Direct:
1-5 μm [102]
10-70 μm [99, 103]

Robocasting
(RC)

Layer thickness:
225-750 μm [104-106]

+
+

Using Slurry:
Robot controlled nozzle writes a
cast or slurry directly layer by
layer.
Before the next layer is added the
slurry must turn from a viscous
paste to a solid structure by drying
in order to bear the weight of the
next layers.
Fused-Deposition-Modelling
(FDM)

Smallest feature:
rod diameter:
200-400 μm [107, 108]

+

Layer thickness:
250-370 μm [109-112]

-

Material limitations
Large build time
Expensive process
Geometry restricted

+

No support structure
needed
No powder trapped

+
Using Mold:
Thermoplastic fibre is heated and
selectively extruded via a nozzle
layer by layer. Small feature size of
scaffolds allows the fibre to bridge
across unconnected parts without
support structures.

Broad material range
No support structure
needed
Cost efficient

Smallest feature:
rod diameter:
260-700 μm [110]

-

Thermoplast polymers
required
Mechanical anisotropy
High temperatures
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2.3. Scaffold engineering
Scaffold engineering is always a trade-off between biological requirements versus technical
feasibility. This paragraph focuses on the technical possibilities and limitations. Table 1 gives
a short overview of most commonly used SFF techniques used in the field of scaffold
engineering. More details can be found in general reviews [4, 25]. The table reveals the key
advantages of 3DP such as a broad range of materials as well as simplicity when compared to
the other SFF methods.
The term Solid Freeform Fabrication (SFF) is also often referred to as Rapid Prototyping
(RP). However this term is misleading in two aspects: Firstly, this process can also be slow
compared to conventional production methods. The focus is not on speed but on the freedom
of geometry. Secondly, the term prototyping implies a limited application for pilot series.
Therefore SFF instead of RP is used in this paper.

3. Powder- based three-dimensional printing (3DP)
Three-dimensional printing (3DP) was invented and patented by Michal J. Cima and coworkers [US Patent USOO5340656A] in 1993 and is based on conventional inkjet printing
technology [9]. The single steps of 3DP are symbolically depicted in Figure 2 in more details.
The flexibility 3DP offers is outstanding in many aspects. From a material point of view
almost any powder can be used provided it is combined with the adequate binder.
Theoretically there is also no limit concerning the combination of different powders that can
be selectively solidified using various binders. The scalability of the 3DP technique enables
manufacturing of large specimens in the meter range [26] as well as small specimens of a few
mm [27]. The freedom to build up any geometry is limited only by the precision of the
method and the surface quality of the parts. Importantly, the powder bed acts simultaneously
as reagent and as physical support for printed parts.
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3

4

Figure 2: Iterative steps in powder based 3DP principle. The roller places a thin layer of
powder in the build area (Step 1&2). The inkjet head prints droplets of a binder fluid on a
powder bed and thus locally solidifies part of the solid’s cross section (step 3). This process is
repeated for every layer until the 3D structure is printed and the remaining powder is
removed (step 4).

3.1. Basic requirements for 3DP in scaffold engineering
Until now it is not clear what requirements powders and binders used in 3DP should fulfill.
The aim of this section is to discuss these requirements and review the present knowledge. To
do so, the printing procedure is divided into the single steps and explained in more detail
(Figure 3). In a first step, the counter clock rotating roller is spreading and slightly
compressing a thin and homogenous powder layer. Secondly, the print head locally sprays
binder droplets on the powder bed resulting in small craters due to the ballistic impact.
Thirdly, the surrounding powder particles are wetted by the binder drop. Fourthly, the binder
drops continue wetting the adjacent powder particles and spread within the powder bed.
Fifthly, a reaction between the binder and the powder particles results in local hardening and
thus building up a small piece of the final solid. Step six is analogous to the first step. These
steps are iteratively repeated until the final layer of the solid is printed. In the two last steps,
the green specimen is extracted from the powder bed including the removal of excessive
powder (depowdering). In the following, critical properties and requirements involved in
these single steps are presented and discussed.
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Figure 3: Schematic illustration on the main stages of single binder drop powder interaction
during 3DP: build-up a homogeneous thin powder layer (step 1); binder droplet delivery on
the powder bed while maintaining its integrity (step 2); wetting of the powder by the binder
(step 3); spreading of the drop within the powder (step 4); binder/powder reaction and
hardening (step 5); recoating with a new powder layer (step 6); extraction of the green
specimen from the powder bed (step 7, not depicted); removal of loose powder within the
green specimen (step 8, not depicted).

Flowability of the powdered material is an essential requirement for building up thin
powder layers (Step 1 & 6) and also for removing the powder from the printed part (Step 8).
Flowability can be quantified by the flowability factor coefficient (ffc) defined as the ratio of
the consolidation stress σ1 and the compression strength σc which can be reproducibly
measured with the so called Ring Shear Tester [28]. Flowability is mainly influenced by
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particle size and shape and can be measured quantitatively according to a standardized
method [29]. High flowability allows the roller to build up thin and homogenous layers and
thus enables higher resolutions in the printed solid, which is one of the scaffold requirements
as described earlier. Since resolution is generally at least twice the dimension of the powder
size [30], a high resolution can only be reached by using a fine powder. However dry and fine
particles tend to agglomerate since interparticular forces dominate gravitational forces
resulting in poor flowability [31]. Therefore a trade-off between flowability and resolution is
inevitable. Flowability is also essential for depowdering, the last step in the printing process
(Step 8). Low flowability hinders the powder inside the pores and cavities of the printed green
specimen and makes depowdering a difficult and sometimes not achievable goal.
Depowdering of simple cavities demands a minimum cavity diameter of 5 times the average
powder size [32]. This value might even be higher for complex cavity systems and irregular
cellular structures.
Stability of the powder is required for binder spraying and recoating. During spraying
binder drops with a volume of around 30 pl hit the loose powder bed with an approximate
velocity of 6 m/s [33]. This impact leads to a crater-like hole with the binder drop at its base
(Step 3). The powder binder drop interaction is nicely illustrated in Figure 4. Increasing the
velocity increases the impact diameter at a rate of approximately 5-10 μm per 1 m/s increase
in velocity over the range used in 3DP [34]. During recoating, shear forces are applied on the
top layer of the powder bed. As a result, the thin printed structures may be displaced, hence
jeopardizing the integrity and accuracy of the printer object. Beside a lateral displacement,
there is also a risk of having a vertical displacement due to compressive loads resulting from
gravitational forces. For example, Lee et al [35] measured a downwards displacement ranging
from 23 up to 260 μm in a 76.2 mm deep powder bed. These negative effects can be reduced
by increasing the cohesive strength of the powder bed, for example by adding a small amount
of moisture to the powder bed [36], or by increasing the packing density of the powder bed.

Figure 4: High-speed frame (left) of the drop impact on powder bed. Detail of a line (right)
lying in the wide groove formed within the bed
Reprint from Rapid Prototyping Journal, 2003, © Emerald Group Publishing Limited all
rights reserved
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Wettability of the powder by the binder drop (Step 4) is another crucial requirement
influencing the printing accuracy and the green strength of the printed object [37].
Specifically, too much wetting would lead to extensive binder spreading (Step 5), hence
limiting the printing resolution. Contrarily, a poor wetting due to a large contact angle or due
to a high viscosity of the binder [9] would result in a poor interdigitation between neighboring
printed layers and thus result in a low mechanical integrity of the green body. Powder wetting
depends on many parameters such as the contact angle between binder and powder, the binder
viscosity, the topography of the powder bed surface (depending on powder shape and size)
and the chemical reactions occurring between binder and powder. These reactions can lead to
swelling or partial dissolution of the particles constituting the powder bed. Thus the distance
over which fluid can migrate depends not only on binder and powder properties and packing
but also on the curing rate of the binder [9].
Obtaining reliable quantitative results for the contact angle of solids is challenging and highly
depends on surface characteristics [38]. For powders it is even more difficult. Many
sophisticated methods such as dynamical drop shape analysis, capillary rise method, floating
particle method are available to describe the interaction between the binder and the particles
[39-41]. However, these studies also reveal that there is still a poor understanding in this field
of research. So far, investigations on binder drop impact and spreading suggest that surface
tension forces are generally stronger than the cohesive strength of the powder bed, thus
causing particle rearrangement and powder bed densification [42]. Capillary pressure not only
draws the binder selectively into the interparticle necks but also pull adjacent particles
together to form a nearly spherical binder-particle agglomerate, hence minimizing the total
surface energy of the system [36]. Time scale for imbibition and drainage have been
determined to be on the order of 10 to 100 milliseconds [43]. In-depth understanding of
multiple binder droplet powder interaction and its implication on 3DP will be a matter of
future research.
Reactivity of the powder with the binder [44, 45] also plays a very important role for
3DP because binder spreading (step 5) would be prevented by a reactivity that is too high
whereas a very low reactivity might favor intensive binder spreading. So, the timing and
reactivity of the binder reaction are crucial for the final printing accuracy, and for the
consolidation of two consecutive layers [46]. For 3DP scaffolds that are meant to be sintered
after completion, there is an additional hurdle, which is that the presence of too high amounts
of binder might be damaging the green body during binder burning. Therefore, the binder
concentration must be minimized [37] while still providing enough mechanical stability of the
printed structure. Binding mechanism can be very different. In hydraulic cements, such as
plaster of Paris or calcium phosphate cements the powder is dissolved by the binder and
powder particles are bonded via subsequent re-crystallization, as depicted in Figure 5. In
another approach, hardening occurs by gluing of the powder particles using a polymer-based
binder [47].
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Figure 5: 3DP surface structure of a reaction between TCP and acid binder. Four
enlargements of 3D printed surface are shown.

Green strength is referred to the initial strength after printing and before post
processing steps, e.g. sintering. Obviously, this is a very important property of the printed
scaffold and describes the mechanical characteristics right after extraction from the powder
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bed and subsequent depowdering (Step 7&8). Insufficient green strength may result in shape
changes or ultimately in the mechanical failure of the green body. Even the weight of the
unbound powder might be critical for weak scaffold structures [35]. The green strength of the
printed part relies mainly on two factors: (i) the strength between adjacent powder particles
and (ii) the strength between adjacent layers after bonding, respectively. The mechanical
properties of the green body are dictated by two binding mechanisms: binder adsorption and
mechanical interlocking [37]. As previously described, binder absorption can either lead to a
chemical reaction and subsequent interparticular crystallization or can be a result of a glue
effect between the particles. Green parts finally need to be post-processed to improve their
mechanical properties, for example by dipping them in the binding solution [48] or by
sintering them [49]. In both cases, the shape of the printed solid may change.
Optimal green strength is required to meet the demands of mechanical scaffold properties,
since the green strength will affect the final strength [50]. In general, a higher apparent
density results in higher mechanical properties [51]. Rapid vascularisation of scaffolds is
however favored by more porous and therefore weaker structures [20]. With random
arrangement of large monosized spherical particles, an apparent density of no more than 64%
can be achieved [52]. This results in high porosity and low mechanical integrity of the printed
green parts. Bimodal powder mixtures are used to tailor apparent density and to optimize the
conflicting requirements of high porosity and mechanical integrity [20].

3.2. Materials used in powder based 3DP for bone scaffold tissue engineering
A crucial advantage of 3DP is the wide range of materials that can be used, from synthetic
and natural polymers, to ceramics as well as any composites of the aforementioned [53]. The
sole condition is to have the material available in powder form. Table 2 summarizes different
material approaches (polymeric, ceramic and composites) used in the field of bone scaffold
engineering. This table is ordered by particle size due to the importance of particle size for
high resolution 3DP.
Polymeric materials can be subdivided into synthetic polymers and natural polymers. Natural
polymers such as polysaccharides are generally extracted from plants (e.g. starch, dextrose,
cellulose, etc.) and animals (e.g. sodium hyaluronate, collagen, etc.), even though most
polymers can now be synthesized chemically or biotechnologically (e.g. microbial production
of sodium hyaruronate). These polymers are generally hydrophilic and can be used in
combination with water-based and solvent-free binders. Thus various blends of powdered
natural polymers are adequate for printing scaffolds used in medical applications [54, 55].
Synthetic polymers on the other hand can be customized to the actual need. However,
synthetic polymers are often poorly soluble in aqueous media, meaning that organic solvents
e.g. chloroform must be used raising biocompatibility issues. These toxic solvents evaporate
rather fast while dissolving some of the polymer particles. Great efforts have been invested
into this approach [6, 56], After one week of drying, there still remained 0.5%wt (5000ppm)
chloroform on samples made by 3DP. Chloroform extraction techniques reduced the level of
chloroform below 50ppm [57], however there is always a risk to find toxic solvent residues in
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the printed scaffold [58]. Furthermore, the use of a solvent represents a burden when
considering large-scale commercial production of medical grade biomaterials.
Table 2: Materials in powder based 3DP ordered by particle size according to literature.
Abbreviations: I: Impregnation; d50: mean particle size; α/β-TCP: alpha/beta-Tricalcium
Phosphate; TTCP: Tetracalcium phosphate; CPP: Calcium Polyphosphate; HA: HydroxyApatite; PE: Polyethylene; PCL: Polycaprolactone; PLLA: Poly-L-Lactic Acid;
PVA:Polyvinyl alcohol
Powder

Binder

References

Particle size
[µm]
20-150

100% water

[54, 55]

PCL/ PE oxide

45-150

5&20% chloroform

[96]

PLLA

75-150

100% chloroform

[56, 97]

UHMWPE /
Maltodextrin

100-150

100% water

[98]

β-TCP

16 (d50)

25% oxalic and tartaric acid

[99]

10-20

10-20% phosphoric acid

[62]

30

5-10% phosphoric acid

[48]

< 100

25% citric acid

[46]

10 (d50)

5% sodium chondroitin sulphate
12% disodium succinate
83% distilled water
10-20% phosphoric acid
Polymer solutions of dichloromethane 10-50w% (I)

[63]

Material

Polymers

Natural polymers

Ceramics

TCP/TTCP

β-TCP
TTCP/β-TCP

α-TCP

TCP/TTCP / Polymer
(I)

Composites

28

10-20

[71]

β-TCP/Bioglass

7 & 41 (d50)

Orthophosporic &
pyrophosporic acid

[100]

HA / Starch

4 & 50 (d50)

94.5% distilled water
2.5% glycerin
3% rest
14% schelofix64
5% polyvinyl alcohol

[20]

HA

69 (d50)

CPP / PVA

75-150

Zb 58
10 wt% PVA

[84]

HA / Maltrodextrin

38-83

Water-based

[50]

3–5 & 90–100
/ 88 (d50)

Water-based

[69]

HA & Maltrodextrin /
apatite–wollastonite
glass

[29]
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With ceramic powders two main approaches can be considered. In the first approach, the
ceramic powders remain passive and green body strength results from the binder properties
[29, 59]. Since this approach implies the use of polymeric binder such scaffolds are classified
as composite material and will be discussed in more detail in the composite section. In the
second approach, hydraulic cements can be used [60, 61]. In other words, the binder dissolves
the powder particles and new crystals form and interdigitate to form a stiff ceramic network.
One of the most intensively studied materials is calcium sulfate hemihydrate, also called
plaster of Paris. Upon reaction, gypsum is formed (Reaction 1). Several calcium phosphate
cement formulations have also been considered [62, 63]. Since these formulations must react
fast, highly reactive compounds such as α-tricalcium phosphate (α-TCP, α-Ca3(PO4)2),
tetracalcium phosphate (TetCP; Ca4(PO4)2O), monocalcium phosphate monohydrate (MCPM;
Ca(H2PO4)2·H2O), and phosphoric acid as binder are used. Here, some examples of setting
reactions are provided:
CaSO4·1/2H2O + 3/2H2O = CaSO4·2H2O

(1)

β-Ca3(PO4)2 + Ca(H2PO4)2·H2O + 7H2O = 4CaHPO4 ·2H2O

(2)

α-Ca3(PO4)2 + H3PO4 + 6H2O = 3 CaHPO4·2H2O

(3)

Reactions (2) and (3) are often referred as brushite cement reaction [64]. Brushite is also
referred to as dicalcium hydrogenphosphate dihydrate (DCPD, 4CaHPO4 ·2H2O).
In 3DP with ceramic powders usually acid binders such as phosphoric acid and citric acid are
used. These binders initiate a setting reaction as described above. Small amounts of unreacted
binder residuals are generally not critical. Some of them (citric, phosphoric, oxalic) are
present in our body and can be easily removed [65]. Tartaric acid is metabolically inert in the
human body. The use of these acids with calcium phosphates is widely spread in literature
[66, 67]
The fragile green stability based on this cement reaction can be improved by either a post
hardening regime (e.g. immersing samples in phosphoric acid) or by sintering leading to a
thermal decomposition of the brushite phase and forming a pyrophosphate [48]. The use of αTCP, TetCP and DCPD mixtures has also been suggested to form printed apatite scaffolds
[61, 68].
Composite materials used for 3DP can be found in the literature using various combinations
of ceramic, bioglass or polymeric components. Two main approaches can be distinguished:
composites that are formed during and those that are formed after the printing process. First,
composites can be formed during the 3DP process. A solution of a soluble polymeric binder
[29, 59] is used to locally wet ceramic particles and glue them together through drying. After
the printing process the part is depowdered and the organic binder can be removed during
sintering by pyrolysis [59]. Another option is the use of an initial blend of a ceramic and a
polymer powder. The binder sprayed onto the particles dissolves the polymer and hardening is
caused by the precipitation of the polymer during binder drying [20, 50, 69]. The mechanical
properties of the green body can be improved by adding an additional phase. One example is
apatite–wollastonite (A-W) bioglass that contains crystalline oxyfluoroapatite
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(Ca10(PO4)6(O,F2)) and β-wollastonite (CaO·SiO2) in a MgO-CaO-SiO2 glassy matrix [70].
3D printed ceramic A-W bioglass composites reveal promising mechanical properties and
were shown to be non-toxic and more prone to form hydroxyapatite at their surface when
soaked in simulated body fluid [69]. Second, composites can be formed after the printing
process. This approach relies on the infiltration or impregnation of a monomer solution (e.g.
dianhydro-D-glucitol [bis(dilactoylmethacrylate)] DLM-1 [46]) into the printed solid.
Hardening is achieved by curing the monomer into a polymer. A polymer solution can also be
used. For example, Gbureck et al. impregnated their printed solids into a dichloromethane –
PLA/PGA polymer solution [71]). An interesting aspect of this approach is that the polymer
matrix can be drug loaded and the release kinetics can be tailored with the degradation rate of
the polymer [71]. It remains however a challenge to fully impregnate the samples and at the
same time keep a suitable porous network. Additionally impregnation using toxic solvents
raises the issues mentioned in 3.2. For the first approach the polymeric binders are removed
by pyrolysis during sintering. However remaining residuals from this process can also be
critical for the biocompatibility of the final scaffold.

3.3. Structural & mechanical properties of 3D printed ceramic scaffolds
Calcium phosphate based ceramics have a long history and are widely used in synthetic bone
replacement due to their chemical similarity with bone mineral [72, 73]. Calcium
orthophosphates have been studied as bone repair materials for more than 80 years [60]. In
contrast to metals and polymers, several calcium phosphates spontaneously bind to living
bone [74] and therefore their use for 3DP of bone scaffolds is self-evident. Calcium
phosphates differ in their Ca/P molar ratio (HA: 1.67, α/β-TCP: 1.5) and basicity (TetCP is
basic, MCPM is acidic), hence resulting in different solubility and resorption rate [60]. Due to
the importance of calcium phosphates for bone scaffold engineering Table 3 summarizes the
current state of structural and mechanical parameters for 3DP.
As previously discussed the ideal scaffold is mimicking not only the structure but also the
load bearing capacity of the extracellular matrix of bone. Therefore the mechanical properties
of calcium phosphates are of major importance and are discussed in detail as compared to
bone.
The mechanical properties of calcium phosphates strongly depend on their porosity and
structure. Dense HA has a compressive and flexural/tensile strength reported to be in the
range of 430–920MPa and 17–110MPa, respectively [75]. For comparison, cortical and
cancellous bone present lower values in the range of 100–230MPa and 2–12MPa for the
compressive strength, and 50–150MPa and 10-20MPa for the flexural/tensile strength,
respectively [75]. However, HA is much less resilient than bone: the fracture toughness of HA
is close to 1 MPam1/2 compared to 2-12 MPam1/2 for cortical bone [15, 75]. Due to the
brittleness of calcium phosphates their use is limited to non-load bearing applications [76].
The mechanical properties for powder based 3DP of ceramic scaffolds are even more critical
since typically the initial green strength of the printed part is provided by interdigitation of
calcium phosphate crystals only. While the intercrystalline space provides a high specific
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Table 3: Comparison of structural and mechanical parameters concerning 3DP of calcium
phosphate scaffolds. The list is ordered by the achievable layer thickness of the 3DP process.
Resolution is either defined by diameter of macropores (MP), indicated manufacturing
tolerance (MT) or smallest feature size (FS).
Architecture

Structural

Mechanical
Compressive
green strength
[MPa]
-

Compressive
sintered strength
[MPa]
31

-

77-79%

±200 (MT)

100

Cylindrical P

Design /
MP

Layer thickness
[µm]

Resolution
[µm]

Porosity/Pore size
[%/µm]

Custom

50

1000 (MP)

CT based /
Cylindrical

88

±50 (MT)
750 (MP)

30-64 %
0.3-0.4µm
10-20µm
35-40%

Custom

89

-

Cylindrical P

100

CT based /
Cylindrical P

Ref.

Posttreatment
-

[20]

3-4

-

[85,
99]

0.1-0.2

0.2-0.4

-

[101,
102]

27-39% (green)
3-7% (sintered)

2.8

61%
10 µm

18.6

3x30s in
20% H3PO4
(hardening)
-

[48]

±100 (MT)

0.8-4
25-45 (hardening
via immersion)
-

100

500 (MP)

36-50%

0.6-0.7
76.1 (Infiltrated)

4.3

[46]

Custom

100

-

52%
(TSint:1.2k°C)
3-30%
(TSint:1.3k°C)

1.3
(Flexural
strength)

77
(Flexural
strength)

DLM-1
(Infiltration
Polymer)
-

Solid Cylinder

150

±100 (MT)

-

34

-

[84]

Solid Block

175

-

35%
53 µm
59-65µm

ca.0.2-0.7

ca.1.45

-

[50]

Quadratic
channels

200-300

330-450 (FS)

10-30µm

-

22

-

[59]

surface and excellent osteoconductivity [60] the weak bond within the green body might
result in damage of filigree design features during depowdering. However post-print
hardening or aqueous conversion may be used to increase the compressive strength three- to
fourfold resulting in strengths higher than values reported for a commercial sintered bonegraft substitutes [62]. Depending on the post treatment of the 3DP structure, compression
strength may vary significantly between 1-77 MPa (Table 3). A trade off between mechanical
and structural parameters is inevitable.
At the same time, the structural properties are vital factors for the scaffold cell interaction.
The turning point of scaffold seeding in-vivo is the transition from an inert structural
backbone to a vascularized construct [20]. Classical scaffold designs take this concept into
account with highly open porous designs relying on neovascularization of scaffolds from
surrounding tissues. However, this approach is critical due to limited cell penetration depth. It
remains a challenge to seed scaffolds with cells and maintain cell viability for prolonged
periods. Mineralization of seeded osteoblasts are reported up to a depth of 100-300 µm into a
scaffold [77]. Cell seeding on the scaffold periphery might not only act as a barrier for
nutrient diffusion but also hinder further cell migration [57].

[63]

[69]
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Several in-vitro investigations of 3D printed parts with human cells (osteblasts, periosteal)
show good biocompatibility of calcium phosphate based scaffolds [10, 78]. A recent study
analyzed if and how 3D printed calcium phosphate surfaces can be resorbed by osteclast-like
cells [79]. Measured cell proliferation and cell viability indicate good in vitro
biocompatibility. Osteclast-like cells were able to resorb calcium phosphate surfaces even
showing large resorption lacunae on biphasic HA/TCP specimens. In numerous animal (rats
and goats) studies various 3D printed ceramic scaffolds were implanted intramuscular as well
as on and in bone showing good biocompatibility and osteoinductivity in-vivo [20, 78, 80,
81]. Comparison to xeno- and autograft show promising results for 3D printed scaffolds.
The interior part of 3DP scaffolds requires pores on two different scales. According to
Karageorgiou [22] macroporosity (pore size > 50 µm) has a strong impact on osteogenic
outcomes. Conversely, microporosity (pore size < 10 µm) is also a key factor leading to
higher specific surface area and thus higher bone-inducing protein adsorption as well as to ion
exchange and bone-like apatite formation by dissolution and reprecipitation [22].
The exterior part of the scaffold is limited by the layer thickness of the 3DP process
(determining the 3DP resolution in vertical direction) and by the powder grain size
(determining the surface roughness of the final part). The scaffold architecture can vary from
simple cylinders to complex irregular shaped bone grafts depending on the application. Figure
6 depicts a calcium phosphate 3D printed structure. Layer thickness used for this example was
89 µm and can be clearly identified as a limiting factor for high resolution.
Postprocessing can also have a major effect on structural properties of the printed scaffolds.
While certain postprocessing steps as infiltration or post-print hardening will not have a
critical impact on structural properties, sintering certainly will. Sintering is a complex process
dependent on many factors such as time, temperature, particle size and material properties of
the powders. Sintering impacts the composition (e.g. phase changes), mechanical (e.g.
hardening) and structural (e.g. shrinkage) properties of the materials. Due to large voids
between the particles in the green state large sintering shrinkage up to 32% [82, 83] can occur.
Since shrinkage is highly reproducible it can be compensated by scaling the initial CAD
model prior to printing. Dimensional changes in the green and sintered stage are used to
determine correction factor. Registering CT images with their 3D-printing matrices yields the
almost isotropic shrinking [83]. Applying these correction dimensional accuracy in the range
of 100µm are feasible in spite of sintering shrinkage [84].
Freedom of geometry inherent to 3DP allows also sophisticated macro design of scaffolds
fitting in complex bony defects based on CT scans. A common approach is the volumetric
subtraction of CT based solids (Figure 7) with a cylindrical lattice structure resulting in a
porous structure with the appropriate initially determined outer dimensions [63, 85]. Details
for this sophisticated method are well described in literature [8, 86, 87] and can be
summarized as follows. First step consist of non-invasive imaging data acquisition typically
via CT or MRI. Different tissues of this dataset are then differentiated through contrast
segmentation followed by a reconstruction of the segmented slices into a 3D model. An
accurate voxel based 3D model can represent the scanned anatomy. However it cannot be
effectively used for further modelling since the direct conversion of medical imaging data into
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its solid CAD model is not a simple task [8]. In the CAD model the defect can be filled and
exported in a special stl data format common in SFF.

Figure 6: 3D printed calcium phosphate scaffold

Figure 7: Virtual construction steps of 3D printed skull scaffold
Reprint from Mat.-wiss. u. Werkstofftech., copyright 2006, permission from Wiley )
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4. Outlook
3DP is a highly versatile method allowing nearly unlimited designs and large varieties of
materials suitable for scaffold engineering. Apart from these promising possibilities, major
challenges and limiting factors are addressed and potential strategies to improve 3DP for
scaffold engineering are proposed in the following. Recalling the long-term goal in scaffold
engineering of temporarily mimic the structural and mechanical properties of the natural
extracellular matrix of bone as closely as possible the following challenges and limits are
uncovered. From engineering point of view low resolution and insufficient mechanical
properties of the 3DP method need to be mentioned. From biological perspective the
conventional tissue engineering approach of seeding the scaffold with cells raises critical
issues concerning long-term viability of the cells inside the scaffolds.
On a biological level, some novel approaches coin the term of intrinsic vascularisation
meaning vascular induction from the core of the scaffold to the periphery due to bioactive
matrix and vessel driving angiongenesis [20, 88]. This goal could be reached with inorganic
(copper II) and organic angiogenic factors (e.g. vascular endothelial growth factor VEGF)
deposited specifically at the end of a closed pore [62, 89]. Both approaches show great
potential concerning neovascularization in animal models and will enhance future research in
3DP of scaffold engineering.
On the engineering level, the composite approach seems to be promising for the generation of
less brittle ceramic bone scaffolds capable of bearing load and inducing physiological strains
to cells. Scientific achievements in the field of bioinspired materials [18] give rise for new
approaches of more ductile ceramic-based composite bone scaffolds. Nature’s highly
organized structures (e.g. teeth, nacreous layer of mollusk shells) reveal mechanical properties
that until today are unachieved in scaffold engineering. A step into this direction lies in
realizing functional graded materials with local variation of material composition [90, 91].
Another key factor needed to achieve this goal is high spatial resolution, allowing a high level
of detail. This implies fine powder particles (thin layer thickness) with high flowability
(enabling the recoating step). Especially for polymeric particles this is a nontrivial aspect. Due
to ductile behavior, milling with reasonable yield of polymers is hard to achieve. Though
powdered ceramics of desirable particles sizes are available, there is still a lack of systematic
knowledge about optimal size and geometry of particles for 3DP.
Plasma treatment of the powder particles [92] can enhance the flowability of fine particles
opening a new path to thin powder layers and thus high level resolution currently not achieved
by traditional 3DP. Figure 8 illustrates the high flowability of a 5 µm β-TCP powder.
Apart from powder characteristics high resolution is mainly determined by the binder drop
size. Whereas in the past SFF was limited to high-end research applications, today SFF and
printing technology is experiencing massive spreading. This leads to great technology
innovations e.g. in the development of fast and reliable print heads. Today, commercially
available print heads are able to print binder drops in the range of a few picoliters. This
innovation explosion will open new research opportunities in the field of 3DP for scaffold
engineering.
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Figure 8: High flowability of plasma treated 5µm powder (left) and homogenous powder bed
with the same powder (right)

Critical engineering assessment of 3DP accuracy and precision with sophisticated,
quantitative imaging techniques and adequate statistical assessment of precision and
reproducibility are essential for further improvement. High resolution CT [17, 93] scans will
allow local quantitative analysis of scaffolds and with that monitoring of the mineralization
process. For further understanding of micro- and macro mechanical properties, image-guided
failure assessment [94, 95] will give further insights in the mechanical behavior of these
materials under stress.

5. Conclusion
In this paper the current state of knowledge in the field of powder based 3DP for bone
scaffold engineering was reviewed. 3DP features advantages like broad field of materials,
provided in powdered form, and freedom of geometry, restricted by resolution of the method
only. The process is easily scalable and has a reasonable speed making it valuable for
systematic research and industrial scaffold applications. In particular the field of powdered
materials and binders used for 3DP was reviewed and discussed. Furthermore a
comprehensive review of powder-based 3DP of ceramics was summarized. Finally, an
outlook and possible developments in the rapidly growing field of solid free form fabrication
for tissue engineering was described.
The principle of successive layer-by-layer manufacturing goes in-line with the engineering
approach of dividing a complex issue into simple manageable pieces. In this spirit the solid
part of one layer is likewise broken into small pieces – the powder particles. Only if single
powder particles are bound together a new solid can be created. In this sense only an
interdisciplinary approach between “tissue-related fields” like biology and biochemistry and
“engineering-related fields” of biomaterials and biomechanics will bring further insights and
progress in “tissue engineering”. Even though such an interactive collaboration will inspire
major steps in the field of tissue engineering, the comparison with nature’s underlying

35

36

Review of additive fabrication methods for scaffold engineering
perfection will hopefully arise in a humble attitude. In the words of Isaac Newton: “I do not
know what I may appear to the world; but to myself I seem to have been only like a boy
playing on the sea-shore, and diverting myself in now and then finding a smoother pebble or
a prettier shell than ordinary, whilst the great ocean of truth lay all undiscovered before me”.
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Abstract
One versatile method to produce scaffolds for tissue engineering is the so-called threedimensional printing (3DP). In 3DP the solid is created by the reaction of a liquid selectively
sprayed onto a powder bed. Despite the importance of the powder properties, there is up to
now a relatively poor understanding of the link between the powder properties and the
printing outcome. This article aims at improving this understanding by looking at the relation
between key powder parameters (particle size, flowability, roughness, wettability) and
printing accuracy. These powder parameters are determined as key factors with predictive
value for final 3DP outcome. Promising results can be expected for mean particle size in the
range of 20-35 µm, compaction rate ρTapped / ρBulk in the range of 1.3-1.4, flowability ffc in the
range of 5-7 and powder bed surface roughness Sa of 10-25 µm. Finally, possible steps and
strategies in pushing the physical limits concerning improved quality in 3DP are addressed
and discussed.

Keywords
3D printing (3DP), Tissue engineering, Calcium phosphates (CaP), Ceramic powder, Powder
flowability, Powder wettability

1. Introduction
A paradigm shift is taking place in medicine from using synthetic implants and tissue grafts to
a tissue engineering approach that uses degradable porous material scaffolds integrated with
biological cells or molecules to regenerate tissues [1]. Tissue engineering is commonly
defined as an interdisciplinary field that applies the principles of engineering and life sciences
toward the development of biological substitutes that restore, maintain or improve tissue
function or a whole organ [2]. The standard approach in bone tissue engineering is based on
scaffolds seeded and cultivated with bone cells in vitro or in vivo. Scaffolds typically consist
of highly porous three dimensional structures that aim at temporarily mimicking the natural
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extra cellular matrix of bone. In this sense scaffold engineering sets high demands on design
and material.
From a material point of view, timing between resorption and tissue growth rate is critical for
the choice of an adequate material. In that respect, calcium phosphate (CaP) ceramics are
promising candidates because they have a long history and are widely used in synthetic bone
replacement due to their chemical similarity with bone minerals [3, 4]. More importantly,
some calcium phosphates, such as β-tricalcium phosphate (β-TCP; Ca3(PO4)2), are known to
provide a smooth transition between a bone defect and mature bone [5].
From a design point of view conventional production techniques fail to meet the high
demands of highly porous and interconnected porous network for cell growth, flow transport
of nutrients and metabolic waste [6]. Therefore layer based solid free form fabrication also
referred as rapid prototyping is a serious alternative [1]. 3D printing (3DP) is a versatile solid
free form technique characterized by a high flexibility in material and geometry [7]. A broad
range of powdered materials can be synthesized by 3DP to simple solid or complex shaped
scaffolds. Powder based 3DP is also capable of generating well defined open porous cellular
solids out of bioactive calcium phosphate powder [8-11]. Using calcium phosphate powders
local solidification can be achieved by ejecting a liquid (binder) out of a printhead onto the
powder. In this case binding results from formation of crystals between the powder particles.
More details on 3DP can be found in a recently-published review article [7].
One of the drawbacks of 3DP is its relatively limited spatial resolution, typically close to 0.10.2 mm [12, 13]. Also, as printed scaffolds lay in a powder bed and as it is difficult to remove
powders from small cavities, porous scaffolds can only be printed with pores larger than about
0.5 mm [14-17]. Unfortunately, this value is at the upper limit of the pore sizes that are
supposed to be adequate for tissue engineering (TE) [18]. Therefore, there is a great need to
improve printing resolution and accuracy in order to produce more relevant scaffold
architectures. There are several process factors limiting the 3DP accuracy. There are printing
system factors such as positioning and resolution of the printhead as well as its smallest
binder drop size. The binder drop size is highly critical due to its ballistic impact on the
powder bed. Powder bed stability is defined in this paper as the capacity of the powder bed to
withstand ballistic impact or deposition of a new powder layer. However printhead
technology in most cases is a black box for applied 3DP research in the area of tissue
engineering. Therefore focusing on powder and binder solution properties is reasonable. One
approach to reach higher accuracy is to improve the powder properties. Unfortunately, the
relation between the initial powder properties and the final quality of printed scaffolds is
poorly understood [7]. In literature suggestions for particle size minima can be found between
10 and 50 µm in order to overcome critical spreading issues of dry powder particles [12, 19,
20]. Particles are also suggested to be less than 40 µm in order to obtain acceptable resolution,
while resolution is at least twice the powder size [20]. However these suggestions are just
rough guidelines. They do not take into consideration the particle morphology and surface
roughness (affecting the flowability) or the surface free energy (affecting the wettability with
the binder solution) both crucial factors for 3DP. Therefore this study aims at better
understanding the interplay between powder properties and 3DP printability. In printing and
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thick film technology [21-23], the term printability generally refers to rheology and thixotropy
(shear stress dependant viscosity) of suspensions or gels. In this paper printability is defined
by powder characteristics essential for the 3DP process such as reactivity, flowability and
wettability. This paper focuses on the flowability and wettability as basic preconditions for
powder based 3DP.
Flowability of powdered material is an essential parameter for the layer-based additive
process of 3DP. High flowability of adequate powders allows the roller to build up thin layers
(recoating) and thus high 3DP resolution. A too low flowability reduces the printing
resolution due to insufficient recoating. A too high flowability does not provide a powder bed
stability large enough for 3DP. Another crucial factor for 3DP is the wettability of the powder
bed particles by the binder solution. The amount of binder solution absorbed and the volume
distributed within the powder bed determines resolution (voxel size) and mechanical
properties (strenght of chemical bonding). However, the wetting mechanism of a powder by
binder droplets is very complex [24]. A too low wetting of fine powder particles can result in
powder bed rearrangement possibly detrimental for further 3DP [25]. A too high wetting and
slow powder reaction will reduce the smallest feature size.

The above mentioned principles suggest that a relation between powder properties and the
final 3DP scaffold properties must exist. However, there is a lack of knowledge in this
relation, partly due to limited methods to determine powder flowability and wettability. In
spite of the given theoretical and technical limitations, this study aims at a better
understanding of the interplay between relevant powder properties and printability for
currently available methods. This allows systematic comparison of powders and sets a
foundation for further improvement in 3DP for scaffold engineering applications.

2. Material and Methods
2.1. Powders
Five custom-made β-tricalcium phosphate (β-TCP, β-Ca3(PO4)2) powders (Medicoat AG, CH)
were used in this study (Table 1). These powders had different particle size distributions
(small-S, medium-M, large-L, extra large-XL, and extra-extra large-XXL). Moreover, a part
of the smallest fraction was plasma-treated (SPlasma) to enhance its flowability (see details
hereafter). Additionally, two control powders were included in this study. The first one (ZP
130, Z Corporation, Burlington, MA, USA) is sold by the company manufacturing the 3D
printer used in this work. The second powder is an α-TCP produced according to a procedure
described in detail in [26]. The only differences are the use of a lower Ca/P ratio (1.45) and
slightly higher sintering temperatures (1400 °C). This α-TCP powder is more reactive than βTCP, but availability and cost justify the use of β-TCP as the main test material.
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A 0.45:1 M ratio blend of calcium carbonate powder (CC, CaCO3; Merck, Germany, Art. No.
102076) and dicalcium phosphate powder (DCP, CaHPO4; GFS Chemical, USA, Art. No.
1548) was mixed end-over-end for 1 h using a Turbula mixer (Bachofen, Switzerland). It was
then calcined at 900 °C for 1 h in an LHT 02/16 furnace (Nabertherm, Germany), cooled to
room temperature and ground in a mortar with a pestle until all could pass through a 0.125
mm sieve. The calcined and sieved blend was then placed on calcium stabilized ZrO 2 plates
(S-3406, Zircoa, USA), sintered at 1400 °C for 4 h and then removed from the furnace to
quench the powder in air. The sintered powder was then broken in a jaw crusher (BB51,
Retsch, Germany) milled and sieved to get the desired particle range.
The plasma treatment was conducted in a plasma downstream reactor according to a patented
procedure [27] described in detail in the literature [28-30]. In this process the flowability can
be enhanced by plasma enhanced chemical vapour deposition of SiO x nanoparticles on the
surface of the substrate powder. The nanoparticles emerge from the monomer
hexamethyldisiloxane (HMDSO) and act as spacers between the substrate powder particles,
thus increasing the distance between their surfaces and reducing the predominant van der
Waals forces [31].
Table 1: Percentiles of particle size distribution (d10/d50/d90), specific surface area (SSA), bulk
and tapped densities, compaction (ratio of bulk and tapped densities).
Powder

d10/d50/d90
[μm]
2/7/14

SSA
[m2/g]
1.01 ± 0.01

2/7/14

1.01 ± 0.01

M

11/18/28

0.34 ± 0.02

L

16/27/39

0.30 ± 0.02

XL

15/35/54

0.32 ± 0.01

XXL

20/51/75

0.29 ± 0.01

ZP 130

8/32/79

0.62 ± 0.02

S
SPlasma

ρBulk
[kg/m3]

ρTapped
[kg/m3]

ρTapped / ρBulk
[-]

662 ± 13

1299 ± 22

1.96

955 ± 8

1505 ± 5

1.58

1055 ± 2

1440 ± 3

1.36

1108 ± 7

1428 ± 3

1.29

1061 ± 1

1346 ± 14

1.27

1065 ± 4

1297 ± 6

1.22

1169 ± 2

1579 ± 6

1.35

2.2. Powder characterizations
Various characterizations techniques were applied on the tested powders, including X-ray
photoelectron spectroscopy (XPS) to determine the surface composition of plasma-coated
particles, laser diffractometry to determine the particle size distribution (PSD) of the powders,
scanning electron microscopy (SEM) to visualize particle morphology, x-ray diffraction
(XRD) to check the crystalline composition, nitrogen adsorption to quantify the specific
surface area (SSA) of the powders, a ring-shear tester and custom made funnels to determine
the powder flowability, and finally a tensiometer to measure powder wettability. Details of
these various techniques are given hereafter.
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2.2.1. XPS: The amount of SiOx nanoparticle deposition on the surface of the substrate TCP
powder was investigated using XPS analysis (Axis NOVA, Kratos Analytical, Manchester,
UK). The photoelectrons were excited using monochromatic Al Kα radiation with a power of
225W (15 kV, 15 mA), an area of 700×300 μm2 was analysed. The analyzer ran in the fixedanalyzer-transmission mode with a pass energy of 40 eV for the detailed and 80 eV for the
survey spectra (full width at half-maximum for Ag 3d5/2 = 0.6 eV and 0.9 eV, respectively) at
a take-off angle of 90 °. The residual pressure was below 1 × 10−6 Pa. The system was
calibrated according to ISO 15472:2010 with an accuracy of ±0.05 eV or better.
The data processing was performed using CasaXPS software (V2.3.15, Casa Software Ltd,
UK). Charging of the sample was corrected by referencing aliphatic carbon to 285.0 eV [32].
Prior to the peak fitting an iterated Shirley background was subtracted [33]. For the
calculation of the quantitative composition the peak areas were corrected by the transmission
function and the sensitivity factors given by Kratos assuming a homogeneous compound.

2.2.2. PSD: The particle size distribution of the dry powder was measured by laser diffraction
(Helos & Rodos, Sympatec, Germany). For this purpose the powder was reproducibly
dispersed by a vibratory chute feeding the powder into an air stream prior to laser diffraction
measurement.

2.2.3. SEM: Scanning electron microscopy (Zeiss EVO MA 25, Zeiss, Germany) was used to
assess the particle morphology of the different powder fractions. The samples were sputtered
(SCD 050 Sputter Coater, Baltec, Switzerland) with a thin layer of gold (approx 10nm, sputter
time 40 s at 40 mA) and carbon (two-ply carbon yarn, 8x10-6 mbar vacuum). For high
resolution (magnification of 40’000) SEM pictures, the samples were only sputtered with a
very thin gold layer (approx. 7nm, 25 s at 40 mA).

2.2.4. XRD: X-ray diffraction (XRD) patterns were measured on a Philips PW1800
diffractometer with graphite-monochromated CuKα1 radiation in the range from 4–60° 2θ.
The quantitative phase composition was determined by Rietveld refinement using the
software FullProf.2k version 4.40 [34]. Structural models were taken from Dickens et al. [35]
for β-TCP, Sudarsanan et al. [36] for hydroxyapatite, Boudin et al. [37] for β-calcium
pyrophosphate and Mathew et al. [38] for α-TCP. No other phases were identified in the
diffraction patterns. Crystallite sizes of the main phases were calculated from isotropic peak
broadening using the Scherrer equation [39]. Since the different β-TCP powder fractions were
all produced from the same raw material, X-ray diffraction data was determined for samples
of the powder fractions S, SPlasma, M, XL only. Additionally for comparison reasons XRD
patterns were also recorded for the ZP 130 and α-TCP powder samples.
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2.2.5. SSA: The specific surface area (SSA) was determined by nitrogen adsorption (Gemini
2360, Micromeritics, USA), applying the Brunauer Emmet Teller (BET) equations. The TCP
powders were dried at 130 °C for 3 hours in order to remove moisture residuals prior to the
SSA characterisation. The ZP 130 powder was heated up to a temperature of 100 °C only, due
to thermal decomposition at approximately 130 °C.

2.2.6. Bulks and tapped density: Bulk and tapped densities were determined according to
standardized test methods [40, 41]. While for the bulk density a given powder volume was
weighed without tapping, the powder specimen for the tapped density was first tapped with
150 taps and then weighed.

2.2.7. Flowability:
2.2.7.1.: Ring Shear Tester
According to Schulze [42] powder flowability can be reproducibly measured with a Ring
Shear Tester (RST-XS, Schulze Schüttgutmesstechnik, Germany).
The ring shear cell was filled with a volume of 30 ml powder, the pre-shear stress was set to
1500 Pa, and shear stresses of 300/750/1200/300 N were applied. The measurement was
repeated three times for each sample. Flowability was expressed by the so called flow factor
(ffc). According to [43] ffc is defined as the ratio of the consolidation stress σ1 and the
compression strength σc:
ff c 

1
c

Schulze proposed the following classification as a measure for the following qualitative
flowabilty ranges: ffc > 10: free flowing, 4 < ffc < 10: easy flowing, 2 < ffc < 4: cohesive, 1 <
ffc < 2: very cohesive, ffc < 1: non-flowing.

2.2.7.2.: Custom made glass funnel method
A simple alternative based on funnels was used to assess flowability. For that purpose, glass
funnels (diameter: 46 mm, angle: 35 °) with different orifices (diameter of 8/12/18/24/30/36
mm) were filled in a reproducible manner and lifted up by hand (Fig 1). If the powder flew
out, the procedure was repeated with the next smaller diameter. The outcome was a simple but
reliable pass/nonpass powder ranking for different cylinder orifices.
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Fig. 1: Custom made glass funnels with different orifices (here diameter 8 mm) used for
simple glass funnel flowability measurement.

2.2.8. Wettability
Wettability of the powder was quantified by measuring the contact angle between the
fluid/gas and the fluid/solid interface. As the powder surface was not dense and smooth, the
contact angle between the baseline of the drop and the tangent at the drop boundary had to be
measured dynamically, using a high speed camera and automated drop positioning system. An
attempt was made to use the Drop Shape Analysis DSA 100 (Krüss, Germany) but
unfortunately this method delivered irreproducible results. Specifically, positioning of small
binder drops was difficult. Additionally the reproducibility of the powder bulk and surface
preparation was poor and highly impacted the results. Therefore this approach was replaced
by the more robust capillary penetration method described in detail in literature [24, 44]. A
schematic illustration of this method can be found in Fig.2 [45]. Each powder was filled and
compacted in a glass cylinder with a permeable bottom. The capillary force is mainly
determined by the void dimensions between the particles and their surface properties. The
measurements were performed with a Tensiometer K100 (Krüss, Germany). The contact
angle Θ was derived from the Washburn equation [46, 47]:

m 2 c   L   L cos 

t
L
2

where m is the mass of absorbed liquid, t the absorption time, c the capillary constant, ρL the
liquid density, σL, the surface tension of the liquid, and finally ηL the dynamic viscosity of the
liquid. The penetration rate (m2/t) is determined by linear regression in the linear part after
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initial wetting and before the fluid reaches the top of the wetted powder specimen. The
capillary constant c was determined in a pre-test using a perfectly wetting liquid (n-Hexane
with a contact angle of nearly Θ=0 ° (cosΘ=1), Fluka No. 52770). Since this constant depends
on the powder and its degree of compaction, it was determined for each investigated powder.
Furthermore, powder compaction was performed in a reproducible manner described in detail
in supplementary data.
Ideally, the contact angle measurements should be performed with the liquid used for 3DP.
But since the 10 wt% phosphoric acid solution would react with the tested powder, a 0.2M
Na2HPO4 solution was used for the wetting experiments. More details concerning the
wettablity measurement can be found in the paragraph “supplementary data”.

Fig.2 Schematic illustration of the contact angle measurement according to Washburn (with
approval by Dr. C. Arpagaus)

2.3. 3D Printer
A commercial 3D printer (Zprinter 310plus, Z Corporation, Burlington, USA) was used in
this study. However custom made feed and build reservoirs were installed to reduce the build
volume to about 10% of the ZCorp original setup to allow 3DP with smaller powder amounts.
Printing parameters were adjusted to a layer thickness of 88 µm and a binder/volume ratio of
0.28 for the shell and 0.14 for the core of the 3DP part. Printing parameters were chosen
according to literature [48] and kept constant for all printing tests. After printhead (HP 10
black printhead, C4800A, ink drop size 35 pl according to HP) purging with water, diluted 10
wt% phosphoric acid was used as binder solution. Phosphoric acid solution partially dissolves
the calcium phosphate powder subsequently leading to precipitation of new calcium
phosphate crystals bridging the powder particles together.
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3D models were generated with the CAD software NX 7.5 and imported to the 3D printing
software in the “.stl” (stereolitography) file format. In this study a pyramid geometry (step
size 2 mm, overall length/width/height 20 mm) was used for comparison of 3DP of the
different powder fractions.

2.4. Powder bed and scaffold characterisations
2.4.1. Roughness of the powder bed
Surface roughness analysis of 3D printed parts can be found in literature [49]. In this study the
roughness of the powder bed prior to binder deposition was quantified with a new method
described in more details in the paragraph “supplementary data”. In summary, the 3D printer
was used to staple 5 powder layers, and the resulting bed surface was photographed from two
different angles using SEM. A surface reconstruction algorithm was then applied to quantify
the surface roughness.

2.4.2. Characterization of the printed scaffolds
For all the powder fractions pyramid structures were printed if feasible three times, cleaned
with compressed air and finally photographed in a reproducible manner. This procedure
served to qualitatively assess the 3DP outcome taking into account the whole 3DP process
chain. Since the quality of the printed parts differed drastically with a change of raw
materials, no further characterization was performed.

2.5. Statistics
Statistical analysis was done using a two-way ANOVA and student t-test.

3. Results
In Fig. 3 an overview and a close up of the particle morphology of every powder class is
presented. The SEM images show that the β-TCP particles have an irregular shape, with
mostly sharp edges. Whereas the largest particle fractions consist of single particles, the
smallest fraction seems to consist of agglomerates. Nevertheless, the PSD (Fig 4) of the βTCP powders was monomodal. The PSD of the small particles was broader than that of the
other powders. The SEM photos also showed a clear variation of the particle size between the
various β-TCP powders, in agreement with the particle size distribution measurements. The
ZP 130 powder contained hexagonal prisms and a broad PSD. The mean particle sizes of the
β-TCP powders determined by laser diffractometry were in the range of 6.6 ± 0.1 μm (S) to
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50.7 ± 0.1 μm (XXL). The value for the XL fraction (35.13 ± 0.04 μm) was close to the mean
particle size of the ZP130 powder (31.9 ± 0.2 μm). Detailed results of the density distributions
of the different powder fractions are summarized in Table 1. Fractions are classified
according to their median particle size d50 of 8 μm (S), 6 μm (SPlasma), 18 μm (M), 29 μm (L),
40 μm (XL) and 40 μm (XXL). Further characterizations of the different powders are
summarized in Table 1. Besides the powder size, specific surface area (SSA) and bulk/tapped
densities are presented.
The XRD measurement revealed a high β-TCP phase quantity (>95%) as well as small
amounts of HA (<1%) and β-CPP (4%). The α-TCP sample was highly pure (99%), despite
the fact that a nominal Ca/P ratio of 1.45 was selected to achieve higher sinterability. The ZP
130 consisted mostly of calcium sulfate hemihydrate (CSH, CaSO4 ·0.5H2O) as well as small
amounts of calcium sulfate anhydrate (CSA; CaSO4). Crystallite sizes were determined in the
range of 110-155 nm and 45-65 nm for β-TCP and α-TCP respectively. The α-TCP revealed
about 3 times smaller crystallite size leading to even higher reactivity and improved
crystallisation rate.
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ZP130

Fig. 3: Particle size and morphology of different powder fractions overview (left, 100µm
bar) and close up (right, 20µm bar)

The XPS analysis revealed further insights in the chemical composition of the plasma
deposited nanostructures. Fig. 5 shows the survey and detailed spectra of plasma treated and
untreated powder with prominent signals of oxygen, calcium, carbon, phosphorus and silicon.
The binding energies of calcium, phosphorus and oxygen (Table 2) were as expected for a
calcium phosphate compound [50]. On the untreated powder, a Si2p signal was found at 102.6
eV, which corresponded to silicates or silicones [50]. On the plasma treated powder, the Si2p
signal was with 103.3 eV at a much higher binding energy. Similar binding energies were
found for plasma generated SiOxCy compounds [51]. Carbon was due to organic
contamination on the sample and in the case of the plasma treated powder partially due to
carbon incorporated into the SiOxCy coating. The ratio of calcium to phosphorus was
1.4±0.1:1, which is close to the theoretical ratio of 1.5 for β-TCP (β-Ca3(PO4)2).
The interplay between particle size, flowability and roughness of the β-TCP powder fractions
are graphically illustrated in Fig. 6. These results revealed a linear correlation (R2 = 0.96)
between the median particle size (d50) and flowability. The statistical model detected
significant differences between the different ffc values (p<0.05).
Qualitative results of printed surface roughness analysis can be found in supplementary data
(Fig. S2) while quantitative results are depicted in Fig. 7. No correlation (R 2 < 0.1) was found
for the surface roughness. The statistical model revealed significant differences for the overall
dataset (p<0.05). Comparison of the M fraction to all other fractions resulted in significant
differences (p<0.05).
Contact angle measurement results with 0.2M Na2HPO4 are depicted in Fig. 8. For this setup
and specimen used in this investigation the contact angle values were small (good wettability)
for large particles and large (poor wettability) for small particles. For the plasma coated
powder, no phosphate solution could be sucked up suggesting a contact angle > 90 °. As a
result, it was not possible to determine the contact angle according to Washburn. A similar
outcome was noticed with the ZP 130 powder due to immediate hydraulic reaction.
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Quantitative results of particle size distribution (PSD), flowability, surface roughness (Sa) and
contact angle measurements are summarized in Table 3.
Printing tests (Fig. 9 and complete results in supplementary data Fig. S3) revealed that 3DP
was not feasible with particles either too small (S) or too large (XXL). Not feasible in the
sense, that the pyramid steps either were distorted (XXL) or partially not build at all (S).
For fractions S and SPlasma printing was stopped after one trial due to unacceptable powder
bed recoating. For comparison the same pyramids were also printed with the standard ZCorp
powder ZP 130 with the ZCorp binder Zb 58 as well as custom made α-TCP powder with the
same 10 wt% phosphoric binder solution as used for the β-TCP fractions.
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Fig 4. Particle size distributions of the β-TCP fractions (S, SPlasma, M, L, XL, XXL) and the
reference powder from ZCorp (ZP 130)
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Figure 5: XPS survey and detailed spectra of plasma treated and untreated powder

Table 2: Binding energies and atomic ratios (normalized by phosphorus) of the untreated and
plasma treated powder according to the XPS analysis. The accuracy of the binding energies is
±0.1 eV.

Atomic ratio (normalized by phosphorus)
Ca2p3/2

P2p3/2

Si2p

Si2p

O1s

C1s

347.7

133.4

102.6

103.3

531.5

285.0

Untreated sample

1.4

1.0

0.2

4.7

0.9

Plasma treated sample

1.3

1.0

6.2

1.7

Binding Energies [eV]

1.1
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Fig. 6: Dependency of flowability (ffc) on median particle size. The symbols (○) correspond to
the mean values and the error bars to the standard deviation. The linear fit is based on the ffc
values of S, SPlasma, M, L and XXL. The diamonds (◊) correspond to the adjusted values
according to the statistical model.
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Fig. 8: Dependency of contact angle (with 0.2M Na2HPO4 as wetting liquid) on median
particle size (β-TCP powder fractions). The error bars correspond to the standard deviation.

Table 3: Flowability ffc and funnel ranking, surface roughness Sa, contact angle α (values
after ± indicate standard deviation).
Powder
S
SPlasma
M
L
XL
XXL
ZP 130

ffc
[-]
1.84 ± 0.07
3.59 ± 0.03
5.34 ± 0.23
7.31 ± 0.18
7.72 ± 0.29
11.21 ± 0.44
6.44 ± 0.04

Funnel
[mm]
36
8
30
30
24
8
36

Sa
[μm]
40.2 ± 16.4
20.9 ± 11.7
10.8 ± 0.9
24.4 ± 1.9
32.7 ± 4.1
24.3 ± 1.7
22.3 ± 3.3

α
[°]
55.2 ± 2.3
>90°
26.0 ± 0.4
19.3 ± 1.4
13.9 ± 7.9
4.8 ± 1.4
-
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4. Discussion
The goal of this study was to relate powder properties and printability in a 3DP printer. For
that purpose, a systematic approach was used where powders of the same composition (βTCP) but different particle size distributions were used for 3D printing. In all tests, the same
binder solution (10 wt% phosphoric acid) and printing parameters were used. For simplicity
the saturation was kept constant for all powders. It is believed that this is justified since the
bulk density varied in a small range except for the S fraction (Table 1). However, the poor
printing adequacy of the fraction S was not due to a lack of binding but rather an issue of
flowability.
To assess the quality of the printed parts, two control groups were used; one consisting of
samples produced with the commercial standard ZCorp powder ZP 130 and one consisting of
samples produced with home made α-TCP powder.
Specific surface area (SSA) results (Table 1) show relatively constant outcome except for the
S fractions (approximately 3 times higher) and the ZP 130 powder (approximately 2 times
higher). High specific surface is beneficial due to higher reactivity with the binder solution. In
this regard, the small powder fraction is superior to the other powder fractions. However for
successful 3DP, flowability and wettability needs to be taken into account. Small particles
tend to agglomerate, which can also be identified on the SEM pictures (Fig. 3). In fine and dry
powders, the attractive interactions between particles are mainly determined by van-derWaals-forces [31] which are proportional to the particle size for two spheres of equal size. For
very fine or porous particles these forces can even dominate gravitational forces and thus
dramatically reduce flowability. Therefore particle size and density are critical flowability
factors. Additionally, irregular shapes of single and agglomerated particles induce poor
flowability [52].
Flowability properties are difficult to estimate experimentally [53] despite their importance in
early civilization times, for example for the storage of large quantities of bulk goods [54]. As
a result, flowability analysis is still a matter of current research [29, 55, 56]. The term
flowability summarizes all information about the ability of a bulk solid to flow under loads
and arrange itself in its static state [53]. In other words, particles are assumed to behave like a
fluid and are modelled as a homogenous continuum. However this analogy has limitations.
For example, when a vertical pressure is applied to a Newtonian fluid, the stresses are the
same at every single point of the continuum and in all directions. In contrast, resulting
horizontal stresses for a powder are lower than vertical stresses, with typical values for this
relation in the range of 0.3-0.6 [57]. Therefore, conclusion drawn from fluid mechanics might
deceive and therefore this aspect needs special attention. This fact is especially critical taking
into account that the vertical stresses vary in every powder specimen even for non compacted
specimens due to gravitational forces. Therefore, reproducible measurement of powder
flowability is facilitated by systematic compaction prior to testing.
Flowability is usually measured with simple funnel methods. Two approaches are widespread.
First, In ISO 6186 [58] the time is recorded for a certain amount of powder to exit a well
defined funnel. Second, in ISO 4324 [59] the angle of repose is calculated by height
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measurement of a powder pyramid, where low angles indicate a high flowability. However,
these methods can be applied to powders with easy flowing characteristics only. Especially
Powder
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Fig. 9: 3DP of the same pyramid using different powder fractions
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Figure 10: Powder specimen SPlasma (above) and S (below)
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Figure 11: Plasma coated powder SPlasma bed with (upper) and without (lower) moisture
application prior to 3DP

for the powder sizes used in 3DP, these methods have major limitations and reproducibility is
not optimal. Therefore a custom made funnel method was adapted and used to serve as a first
and simple indicator for the flowability and thus feasibility for 3DP. A more sophisticated
method according to Schulze [43] allows very reproducible powder flowability measurement.
According to the results of this study (Table 3), ff c values between 5-7 (reference powder ZP
130: 6.4 ± 0.04) seem to be optimal. While smaller values inhibit proper recoating, larger
values result in powder bed instability. When comparing ff c values with compaction results
the following interesting relationship can be found for the powder size range relevant for
3DP: large compaction (relation of tapped over bulk density) seem to indicate poor
flowability and vice versa (Table 1), because the powder compacts already more under the
influence of gravity only if the flowability is high and the interparticle forces are low. During
recoating the new powder bed is also compacted to a certain degree. This compaction
mechanism taking place while distributing and compacting a new layer with the counter
rotating roller and its influence on flowability is not trivial [60]. The amount of compaction
during 3DP will be higher than during bulk and lower than during tapped density
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measurement. Therefore measurement of both density values provides valuable predictive
information concerning flowability and compaction rate for 3DP.
High powder flowability only is not sufficient for 3DP. Large powder particles (XXL, d 50=51
µm) exhibit a very high flowability (ffc=11.2). However 3DP of pyramids (Fig. 9) with XXL
powder demonstrates layer displacements due to low powder bed stability and thus inadequate
outcome. Additionally resulting powder bed surface with such large particles results in low
accuracy since the largest particles determine minimal layer thickness and resolution.
Resolution is generally at least twice the dimension of the particle size [61] while minimal
layer thickness of at least three particles is suggested to facilitate powder flow [62]. Last but
not least, postprinting depowdering with large particles and high surface roughness is very
difficult and often not feasible. Minimum cavity diameter of five times the average powder
size [63] is recommended for simple cavities while for complex cavities and structures this
value should be higher. Therefore small particles are mandatory for high resolution. However,
small particles typically exhibit low flowability and high surface roughness. On the other
hand, a smooth surface quality of the top powder surface is required for 3DP [20]. Powder
bed surface roughness (Table 3) exhibits a minimum in the range of the M powder. It can
therefore be concluded that powders providing a surface roughness in the range of 10-30 µm
(reference powder ZP 130: 22.3 µm) are adequate. Minimised powder bed surface roughness
does however not imply minimised final surface roughness of 3DP solids. Another crucial
requirement for 3DP is the wettability of the powder bed by the binder solution. Powder
wetting depends on many parameters, such as the contact angle between binder solution and
powder, the binder solution viscosity, the topography of the powder bed surface (depending
on particle shape and size) and the chemical reactions occurring between binder solution and
powder . In more detail microscopic and macroscopic contact angles need to be analyzed
separately [64]. Microscopic contact angle is independent of the surface geometry. It only
depends on the physical properties of the liquid phase of the binder drop, the solid phase of
the substrate and the surrounding air phase. However, the contact angle is typically not
measured locally on a microscopic but on macroscopic scale, which in our case is consisting
of many powder particles. So, the measurement is made referencing a macroscopic surface
tangent consisting of mountains and valleys, and gaps between particles are filled with air.
This observation reveals the crucial importance of powder bed roughness and binder drop size
in 3DP determining whether micro or macroscopic effects will dominate the wetting
behaviour [64, 65]. Taking into account the ballistic impact of binder drops with powder bed
particles makes this task even more complex.
According to the present study the Washburn method is currently the only method allowing to
assess wettability with reasonable empiric effort. Applying this method confirmed the relation
that exists between particle size and contact angle, however an optimal contact angle range
could not be determined due to several limitations. The Washburn method is inadequate for
hydrophobic particles with a contact angle of 90 ° and above. Furthermore, tests could not be
made with the binder solution because of the reaction occurring between the binder solution
and the powder. Therefore direct wetting quantification of the powder binder solution
combination used in 3DP was not feasible and substitutions for the binder solution needed to
be found. Additionally, dynamic impact of binder drops in the picoliter range with high speed
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on a dry powder bed seems very difficult to analyze and understand. Typically, binder drops
with a diameter of tens of micrometers impinge at a speed ca. 10 ms -1 on a loosely laid-out
powder bed resulting in powder bed deformation and powder ejection highly affecting the
quality of the final printed parts [66]. It is speculated that printhead technology allowing small
binder drops in the order of a few picoliter will open new possibilities and challenges for high
resolution in 3DP. Since the droplet powder interaction is a key factor within 3DP this will be
a challenging goal for future studies. Until now the only way to try to understand this process
is to observe empirically the 3DP process and determine the final integrity of the printed
specimen. The use of small binder droplet will allow the use of small powder particles and
hence open the way to lower layer thickness and better depowdering characteristics. Until
now the small particle approach was limited due to agglomeration tendency. This effect can
however be reduced with a plasma coating.
XPS and SEM results indicate the feasibility of plasma surface modification of CaP powder
particle surfaces. While the uncoated powder surface apart from larger CaP particles exhibits
a relatively smooth surface, the plasma coated surface shows a surface roughness induced by
tiny point-like plasma depositions (Fig. 10). This point-like morphology of the deposited
nanostructures is of high importance since they act as spacer between the powder particles.
Due to the increase in the interparticle distance the attractive van-der-Waals forces are
reduced and the flowability of dry powder in the micrometer range is improved [56]. Even
though the plasma treatment induces also a reduction of the surface free energy, the main
effect of flowability improvement is attributed to the created additional surface roughness as
shown in a previous study [28]. In this way during our investigations, it was possible for the
first time to build up smooth powder layers with the powder S Plasma. However, wettability and
powder bed stability of these powder layers was poor (Fig. 11). XPS analysis revealed that the
binding energy of the Si2p signal increased from 102.6 eV to 103.3 eV. This shows that the
powder was previously contaminated by silicones or silicates and that with the plasma
treatment, a SiOxCy compound was formed on the surface. For a plasma coating of flat
polymeric substrates produced with an O2:HMDSO ratio of 5:1, Körner et al. [51] found the
Si2p peak at a binding energy of 103.4 eV, which correlated to a Si:O 1.6:C0.4 compound. Since
that binding energy was 0.1eV higher, the estimated ratio of the atomic composition for this
study is roughly Si:O1.5:C0.5, which means that each silicon atom was bound to three oxygen
atoms and one carbon atom. The carbon content in these structures might be an explanation
for the hydrophobic characteristics of the plasma treated powder. In our investigation, an
O2:HMDSO ratio of approximately 10 was used. According to [51] an increase of this ratio to
30:1 results in a nearly pure SiO2 compound indicating an improvement in hydrophilic
behaviour. This might be a reasonable step for future studies aiming at flowability and
wettability optimisation of CaP powder.
A strategy to enhance wettability during 3DP and overcome powder bed damage due to
ballistic impact of binder solution in a small powder particle bed has been proposed earlier
[67]. Specifically, spraying the powder bed surface with water vapour stabilizes the top layer
surface and allows particle rearrangement and wetting instead of particle ejection out of the
powder bed. The effect of the powder bed stabilisation with the powder SPlasma is illustrated in
Fig. 11 (upper) and might open new approaches for high resolution powder based 3DP.
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A relatively simple way to account for the interplay of all the powder parameters is 3DP of
simple structures such as pyramids illustrated in Fig. 9. Since the focus of this study was on
powder parameters the outcome of the printing were only compared qualitatively. The
pyramids of the different powder fractions showed clear differences. While 3DP was not
feasible for the smallest fractions S/SPlasma (critical wetting and powder bed stability) and
largest fractions XXL (critical layer displacement), fractions M, L and XL resulted in
reasonable outcome. Resolution of the M powder was very promising and comparable to the
standard powder ZP 130. However mechanical integrity was so weak that even depowdering
was very challenging. Therefore 3DP was repeated with α-TCP powder having similar
morphological powder characteristics. The 3DP outcome of this α-TCP fraction revealed
optimal results concerning mechanical integrity and geometrical accuracy. In literature α-TCP
is described as reactive alternative to β-TCP [26, 68]. Only few studies using α-TCP for 3DP
printing were published [69, 70] probably because of availability and cost. Due to its higher
reactivity, α-TCP might also be an interesting alternative with respect to the mechanical
properties of 3DP constructs, which is still a matter of current and future research [71-73].

5. Conclusion and Outlook
In conclusion, this investigation quantifies the 3DP relevant powder characteristics which in
turn set a basis for systematic optimization. Promising results can be expected for mean
particle size in the range of 20-35 µm, compaction rate ρTapped / ρBulk in the range of 1.3-1.4,
flowability ffc in the range of 5-7 and powder bed surface roughness Sa of 10-25 µm.
The insights discussed allow preprint selection of powders especially relevant for highly pure
and costly powders for scaffold engineering. A prestudy with α-TCP showed very promising
results concerning precision and geometrical accuracy (Fig 9, α-TCP).
In powder based 3DP, minimum feature size depends on the powder particle size and the
binder drop size. While printhead technology is advancing towards smaller binder drops,
handling of fine powders suitable for 3DP is very challenging. A promising way to tailor the
wettability and flowability of fine powders for 3DP is plasma deposition. 3DP - a relatively
young technique with as high the obstacles currently seem, as great the chances are and will
be.
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Supplementary data
Wettability measurement method:
Related constants needed for the Washburn method such as surface tension, density and
viscosity of a 0.2M Na2HPO4 solution were determined to be 71.9mN/m, 1.04g/cm3 and
1.002mPas respectively. While the density was calculated, surface tension and viscosity were
determined with a tensiometer (Krüss, K100, Germany) and a viscosimeter (Haake, VT 550,
Germany), respectively. The surface tension was determined by the plate method using a
roughened platinum plate that had a contact angle of approximately 0 ° according to Krüss
standard procedure. Secondly, a powder quantity of approximately 2mg was filled in the
specimen holder. A brass cylinder was carefully inserted in the specimen holder and used to
compress the powder. Thirdly, a jolting volumeter (Engelsmann, STAV II, Germany) was
used to compact the powder specimen 50 times. This compaction was required for better
reproducibility. Specimen holder and contacting parts were grounded on a metallic plate
connected to the ground to prevent electrostatic artefacts. Finally, the contact angle
measurement was carried out on the tensiometer. The specimen was connected to a sensitive
balance measuring the mass increase over time, needed for the Washburn equation.

Surface Roughness Measurement Method:
The surface roughness was quantified using a 3D surface reconstruction analysis (MeX V5.1,
Alicona Imaging, Austria) applied on low vacuum SEM images of the powder bed surface
(Zeiss EVO MA 25, 20kV acc. voltage, VPSE detector, VP target, 45Pa N2 partial pressure).
Since powder specimen preparation was critical concerning reproducibility the steps are
described in more detail in the following. Firstly, glass specimen holder (MikroskopObjektträger, Stärke 1.0-1.2mm, 76x50mm, glatt, Menzel Gläser L4223, Germany) was
covered with a special double-sided adhesive carbon tape (Art. Nr. G3939C, Plano GmbH,
Germany). This tape was typically used for fixation of SEM specimens and does not lead to
gas release during SEM measurement. Secondly, in the feed chamber of the 3D printer a
reproducible amount of powder was prepared. Thirdly, the specimen holder was placed in the
build chamber of the 3DP and five 88μm-thick powder layers were places on top of it without
any binder deposition (Fig. S1). Less than five layers yields too inhomogenous powder layers,
while too many powder layers makes handling for postprocessing very delicate. Fourthly,
SEM images of the prepared powder specimen were taken at angles of 0 ° and 10 ° for stereo
reconstruction. Three positions each representing an area of 1.67x2.16mm were recorded for
every specimen at the same positions according to Fig. S1. Two specimens were prepared and
analysed for every powder fraction. Finally, the 0 ° and 10 ° SEM images for every position
were imported into the Alicona software MeX and stereo surface reconstruction was
performed. After adjustment of a reference plane, the primary surface profile was analysed
and the arithmetic average surface roughness (Sa) was calculated and used as roughness
measure for further analysis.
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Fig. S1: Position of SEM pictures recorded from angle 0 ° and 10 ° for 3D reconstruction.
Red squares indicate the location of roughness measurement.

Qualitative Surface Roughness Measurement Result:
Qualitative results of the reconstructed 3D surfaces for all different powder fractions are
depicted in Fig. S2. Hereby the differences in the surface topography are nicely illustrated and
the dimensions of the surrounding boxes give an estimate for the differences. For the powders
investigated there is a minimum in surface roughness is found for the M fraction.
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Fig. S2: Qualitative powder surface results (S, SPlasma, M, L, XL, XXL, ZP 130)
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Fig. S3: Complete comparison of all 3DP pyramids using different powder fractions
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Abstract
Powder based three-dimensional printing (3DP) allows great versatility in material and
geometry. These characteristics make 3DP an interesting method for the production of tissue
engineering scaffolds. However, 3DP has major limitations such as limited resolution and
accuracy, hence preventing this method from wide-spread application within scaffold
engineering. In order to reduce these limitations, deeper understanding of the complex
interactions between powder, binder and roller during 3DP is needed. In the past, a lot of
work has been invested to optimize the powder properties for 3DP for a certain layer
thickness. Using a powder optimized for an 88 µm layer thickness, this study quantifies
systematically surface roughness and geometrical accuracy in printed specimens and assesses
their variation upon changes of different critical parameters such as moisture time (0, 5, 10,
20 s), layer thickness (44 & 88 µm) and number of specimens printed per batch (6 & 12). Best
surface roughness value of 25 µm was measured with a water moisture application (using a
custom made moisture device mounted on the linear stage carrying the printhead) of 5 s and a
layer thickness of 44 μm. Geometrical accuracy generally was higher for 88 µm, due to less
critical powder bed stability. Moisture application enabled 3DP for 44 µm and improved its
accuracy even for a powder initially optimized for 88 µm. Moreover, recycling of humidified
powder was not only possible but in terms of reactivity even beneficial. In conclusion,
moisture-based three-dimensional printing is a promising approach for high resolution 3DP of
scaffolds.

Keywords
Three-dimensional printing (3DP), Calcium phosphate (CaP), Tissue engineering, synthetic
bone substitute
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1. Introduction
Three-dimensional printing (3DP) is a versatile solid free-form fabrication (SFF) technique
with high potential for scaffold engineering. The flexibility that 3DP offers is outstanding not
only in terms of geometrical flexibility (free-form) but also in terms of the broad materials
choice [1]. Provided the desired material exists in powdered form and appropriate size, almost
any material can be synthesised by 3DP. This flexibility opens doors to totally new
approaches within regenerative medicine such as 3D printed patient-specific models based on
Calcium Phosphate (CaP) powders for maxillofacial bone regeneration [2-4]. While CaP is
well established as synthetic bone substitute biomaterial [5-8], scaffolds built up with 3DP of
CaP powders provide a unique geometrical flexibility that cannot be achieved by traditional
manufacturing processes. Furthermore the 3DP inherent rough powder surface is reported to
enhance cell adhesion [9-12].
However, as high the potential of 3DP is, as large the challenges are and will be. The
geometrical flexibility is restricted by the limited resolution (a typical layer thickness is close
to 100 µm). While for certain industrial 3DP applications this resolution might be sufficient, it
is certainly critical when building up tiny and complex geometries for scaffold engineering.
The definition of an adequate pore size is still a matter of debate [13]. However, it is generally
reported to be in the range of 50-1000 µm [14-16]. While high resolution free-from
fabrication methods (e.g. stereolithography) allow the production of pores in the lower size
range, only macropores larger than 500 µm can be currently achieved using 3DP [1].
Resolution and accuracy of 3DP are determined by multiple factors such as print head
resolution, precision of the linear stage positioning, binder drop volume, binder-powder
interaction, particle size and last but not least layer thickness. Unfortunately efforts to
determine these effects are often hampered by the limitations set by commercial printers.
Nevertheless, even if a printed specimen meets the required accuracy, depowdering (removing
loose particles around and within the printed body) is most critical.
In order to achieve a breakthrough of 3DP for scaffold engineering, accuracy (mismatch
between model and 3DP specimen) and resolution (smallest feature size) need to be
substantially improved [17]. In our previous work the interplay between powder properties
and final printing outcome was investigated in detail [18]. It was demonstrated that particle
properties such as particle size, flowability, wettability and compaction rate could be
optimised and thus determine the best possible 3DP outcome for a certain layer thickness. In
particular, it was shown that there was an optimum range of powder flowability related to the
powder mean particle size. When the powder was too fine, flowability was too low, thus
resulting in smearing and poor resolution. When the powder was too coarse, flowability was
too high, leading to powder bed instability and again poor resolution.
Currently, resolution of 3DP is mainly limited by a too large layer thickness, typically in the
range of 100 µm. This provokes the so-called stair-stepping effect [19] that is highly
impacting the surface texture of printed solids. While stair-stepping is predominant for curved
surfaces, a similar effect is detected on vertical surfaces due to small lateral shifts occurring
between superimposed layers. A smaller layer thickness is thus mandatory. However, the
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ideal 3DP powder should have a mean diameter greater than 20 µm because below this value
[20] interparticular forces dominate gravitational forces. Furthermore, the layer thickness
should be at least three particles thick due to issues of powder flow and spreadability [21]. In
other words, there is a conflict between higher accuracy on one side and 3D printer and
powder requirements on the other side.
In the literature a few studies have shown that powders smaller than 20 µm can be controlled
to a certain degree by plasma coating [22] or lubricants [23]. However, these changes – in
connection with a change of particle size [24] – impact the wetting characteristics of the
powder. Other studies have shown that layer thicknesses down to 25 µm are possible [25, 26],
however without focusing on the link between layer thickness and printing accuracy. Powder
bed stability during deposition of a new layer becomes also a very important issue at low
layer thickness and small particle sizes. Indeed, since shear forces of the powder bed increase
with a decrease of layer thickness, recoating of a new powder layer is not only a complex but
critical factor [27, 28]. Furthermore, the binder droplets jetted onto the powder bed are more
likely to displace small particles than big particles. In order to improve the powder bed
stability method of local moisture application of the build powder bed was chosen. This
method was already mentioned in a few articles of the inventors of 3DP [29, 30], however in
depth understanding of this approach is lacking.
This study aims at systematically analyzing the interplay between layer thickness, layer
stability and final quality of printed specimens. In order to approach resolution and pore sizes
relevant for scaffold engineering, layer thicknesses of 88 and 44 µm were selected and
compared. Moreover tests were done without and with local moisture application on the top
powder layer in order to enable and improve 3DP with fine powders necessary for 44 um
layers.
Based on the gained insights, it is hoped that 3DP resolution and accuracy could be improved,
which in return would lead to the synthesis of more accurate CaP scaffolds.

2. Materials and Methods
2.1. Powders
A home-made α-tricalcium phosphate (α-TCP, α-Ca3(PO4)2) powder was used. α-TCP is a
more reactive phase than β-TCP and leads to better 3DP results [18]. Furthermore α-TCP has
an excellent in vivo behavior [31]. In our approach α-TCP particles undergo a cement reaction
described in detail in [1]. Briefly, the α-TCP particles are dissolved by the phosphoric acid
jetted by the printhead and brushite crystals precipitate in the resulting solution. Hardening (or
particle “binding”) occurs via the entanglement of these brushite crystals. Accordingly and for
convenience, the phosphoric acid solution is called “binder” in this manuscript. Further
densification of the reacted powder can be realized using either heat treatment or improved in
a post-hardening regime after printing improving also the biological stability in-vivo [32].
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The powder was produced according to a previously-published procedure [26] differing only
in the use of a lower Ca/P molar ratio (1.45) and slightly higher sintering temperatures (1400
°C). Briefly, a 0.45:1 molar ratio blend of calcium carbonate powder (CC, CaCO 3; Merck,
Germany, Art. No. 102076) and dicalcium phosphate powder (DCP, CaHPO 4; GFS Chemical,
USA, Art. No. 1548) was mixed in a Turbula mixer (Bachofen, Switzerland) for one hour.
After being calcined at 900 °C for one hour in an LHT 02/16 furnace (Nabertherm, Germany)
the powder was cooled down to room temperature. The calcined powder was then sieved
(Retsch AS 200, Switzerland) through a 0.125 mm sieve, sintered at 1400 °C for 4 h, and then
removed from the furnace to quench the powder in air. Finally, the sintered powder was
broken in a jaw crusher (BB51, Retsch, Germany), milled and separated to get the desired
particle fraction (according to [18]).

2.2. 3D Printer
A commercial 3D printer (Zprinter 310plus, Z Corporation, Burlington, USA) was used.
However the printer was adapted to meet the requirements of this study. Firstly, the feed and
build reservoir were reduced to an area of 60x90mm and 50x80mm respectively to enable
3DP with smaller powder amounts and thus reduce time per print and powder material cost.
The smallest layer thickness of 88 µm and a binder/volume ratio of 0.28 for the shell and 0.14
for the core of the 3DP using a pure 10% phosphoric acid as binder fluid (or reaction fluid)
were assumed to be standard parameters. Unfortunately printing a layer thickness smaller than
88 µm was not possible with the commercial version of the printer used in this study.
Therefore a relatively simple mechanical approach was used to halve the layer thickness. For
this purpose, the linear actuators used to control the vertical position of the feed and build
volume were disassembled and the original lead screws with an outer diameter of 9.525 mm
(3/8 inch) and a thread lead of 2.54 mm (0.1 inch) were replaced by an equivalent lead screw
and matching threaded sleeve with half thread lead. For printing with a layer thickness of 44
µm the binder/volume ratio was kept the same as mentioned above. The exact layer thickness
was determined using a digital displacement gauge (S229 dial gauge, Sylvac, Switzerland) for
at least 6 steps and repeated 3 times.
Furthermore a custom made moisture unit was mounted on the linear stage (Fig 1a). This
moisture unit allowed application of moisture via a magnetic inlet valve just before the
printhead jetted the binder on the powder bed. The pure water moisture was produced by an
oscillating piezo inside a nebuliser (USV 3002, Schulte, Germany) normally used for
inhalation therapy. The moisture was applied from the top of the moisture chamber and was
sucked away via channels inside the walls of the moisture unit by a ventilation system (Fig
1b). A custom made control system allowed automated positioning and timing of the moisture
unit within the 3DP process.
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Fig. 1a: Custom-made moisture unit mounted on the linear stage

Fig. 1b: Ventilation system removes moisture via channels inside the walls of the moisture
unit
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In order to quantify the effect of different moisture regimes and layer thickness simple solids
of spheres, cubes, cylinders (Fig 2a) and pyramids (described later) were generated with the
CAD software NX 7.5 (PLM Software, Siemens, Germany) and imported into the 3D printing
software in the “.stl” (stereolithography) file format. Since the printer was unaware of the
hardware changes the models had to be scaled according to the change in linear travel of the
actuator. While a sphere represented a critical case concerning powder bed stability, a cube
and cylinder, which are less critical, were also included. The printed specimens were then
analysed macroscopically.
Pyramids with an overall length/width of 20 mm and four 2 mm steps (Fig 2b) were printed to
quantify surface roughness microscopically by a procedure described below. The same two
defined areas on the X side of the pyramid were always investigated. The X side was always
placed parallel to the powder roller axis in order to account for shear powder bed stability.
Roughness was not measured on the Y side of the pyramid because the powder roller moved
along the Y direction and as a result, the Y side should be less critical than the X side.
Experimentally, three factors were varied and looked at: the moisture regime (0 s, 5 s, 10 s
and 20 s humidification time), the layer thickness (88 and 44 µm), and the number of printed
parts (6-part and 12-part model) (Fig. 3). However, the 20 s humidification time had to be
excluded from statistical analysis as explained in detail later.

Fig. 2a: Simple solids used as input for accuracy quantification: sphere, cube and disc
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Fig. 2b: Pyramids with four 2mm steps used to quantify surface roughness in two defined
areas (marked with a green rectangle)

Fig. 3: Visualisation of two batch densities used for printing: 6 part (left) and 12 part (right)

2.3. Powder characterization
The powder used in this study was characterized using different methods: (i) laser diffraction
to determine the particle size distribution (PSD), (ii) scanning electron microscopy (SEM) to
analyze the morphology of the powders, (iii) X-ray diffraction (XRD) to determine the
crystalline composition, (iv) isothermal calorimetry to assess the powder reactivity
(particularly after humidification) and finally (v) quantification of flowability using a ring
shear tester and a custom method based on funnels of various dimensions.
The PSD of the dry powder was measured by laser diffraction (Helos & Rodos, Sympatec,
Germany). Powder dispersion into the air stream prior to laser diffraction measurement was
achieved with a vibratory chute.
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For SEM (Zeiss EVO MA 25, Zeiss, Germany) the samples were placed on a sticky carbon
tape (SCD 050 Sputter Coater, Baltec, Switzerland) and then sputtered with two thin layers of
platinum (approx. 10 nm, sputter time 60 s at 40 mA).
XRD were recorded using a diffractometer (cubiX, Panalytical, Netherlands) with graphitemonochromated CuKα1 radiation in the range from 4–60° 2θ. The quantitative phase
composition was determined by Rietveld refinement using the software FullProf.2k
(http://www.ill.eu/sites/fullprof/) version 5.0 [33]. Structural models were taken from
Dickens et al. [34] for β-TCP, Sudarsanan et al. [35] for hydroxyapatite, Boudin et al. [36] for
β-calcium pyrophosphate and Mathew et al. [37] for α-TCP. No other phases were identified
in the diffraction patterns.
For calorimetry measurements, an eight-station isothermal calorimeter (TAM AirCement,
Thermometric AB, Sweden) was used. For this purpose in every station 2 g of α-TCP powder
and 1 mL of 0.2 M sodium phosphate (Na2HPO4, Fluka, Switzerland) solution were placed in
sealed 20 mL admix ampoules of the mixing cell and a connected syringe, respectively. When
a constant (zero) heat signal was reached (1-2 h after insertion of the mixing cells into the
calorimeter), the solution was injected on to the powder and mixed for 15 s with an in situ
stirring bar. The measurement continued until a constant thermal signal was reached. For
every moisture regime (0, 5, 10, and 20 s of moisture application see hereafter) 4 samples
were tested. Since it was not possible to fully reproduce the reactions taking place during 3DP
due to corrosion of metallic parts in the mixing cell when using phosphoric acid, two
approaches were used to measure the potential change of reactivity due to α-TCP
humidification: (i) mixing α-TCP with a sodium phosphate solution and (ii) mixing α-TCP
and MCPM powder with water. The second approach was chosen by replacing the sodium
phosphate solution with water and the α-TCP by a mixture of 0.2 g MCPM (monocalcium
calcium phosphate monohydrate) and 0.3 g α-TCP to account for the acidic reaction during
3DP. Furthermore, potential surface changes provoked by the interaction between humid air
and α-TCP powder were assessed by SEM.
To achieve reproducible flowability measurements of powders is not a trivial matter [38-40].
Here, the two approaches described in [24] were used. In the first method, a ring shear cell
(RST-XS, Schulze Schüttgutmesstechnik, Germany) [41] was filled with a volume of 30 ml
powder, the pre-shear stress was set to 1500 Pa, and shear stresses of 300/750/1200/300 N
were applied. The measurement was repeated three times for each sample. Flowability was
expressed by the so called flow factor (ffc) [38] defined as the ratio of the consolidation stress
σ1 and the compression strength σc:
ff c 

1
c

Schulze [41] proposed the following classification as a measure for the following qualitative
flowability ranges: ffc > 10: free flowing, 4 < ffc < 10: easy flowing, 2 < ffc < 4: cohesive, 1 <
ffc < 2: very cohesive, ffc < 1: non-flowing.
The second approach to measure flowability was based on the use of funnels [42]. As
described in a previous publication [24], custom made glass funnels (diameter: 46 mm, angle:
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35 °) with different orifices (diameter of 8/12/18/24/30/36 mm) were filled in a reproducible
manner and lifted up by hand. If the powder flew out, the procedure was repeated with the
next smaller diameter. The outcome was a simple but reliable pass/nonpass powder ranking
for different cylinder orifices.
The specific surface area (SSA) was determined by nitrogen adsorption (Gemini 2360,
Micromeritics, USA), applying the Brunauer Emmet Teller (BET) equations. The powder was
dried at 130 °C for 3 h in order to remove moisture residuals prior to the SSA
characterization.
Bulk and tapped densities were determined according to standardized test methods [43,44].
While for the bulk density a given powder volume was weighed without tapping, the powder
specimen for the tapped density was first tapped with 150 taps and then weighed.

2.4. 3DP sample characterisation
The surface roughness of two different pre-defined areas on the X side of the pyramids (Fig
2b) was analysed. In order to achieve reproducible results, all specimens were cleaned with
compressed air (2.5 bars with a 0.45 micron sterile filter Øinlet = 4.0 mm, Øoutlet = 2.8 mm,
Acrodisc CR PTFE, Pall Gelman, USA) for about 5 s and a distance of 10 cm prior to
analysis. Special care was taken for specimen handling, where touching of the X side of the
pyramid was avoided. Later, each surface was imaged from two different angles (0 and 7°)
using SEM in VP mode (60Pa N2 partial pressure, VPSE detector). Imaging software (MeX
V5.1, Alicona Imaging, Austria) was then applied for three-dimensional surface
reconstruction. For that purpose, a reference plane was adjusted on the primary profile.
Finally, the arithmetic average surface roughness (Sa) was calculated serving as simple value
for roughness quantification.
Complementary to the microscopic roughness analysis, the macroscopic outcome of the 3DP
specimens was documented using imaging software (Image Access 11 Premium, Release
11.3, Imagic, Switzerland). This was used to account for macroscopic effects due to moisture
application and layer thickness neglected by the local roughness measurement. For this
purpose the deviations of printed specimens from the original model were compared and if
possible quantified. More precisely, minimal and maximal diameters of the printed spheres
were determined. This deviation from the real diameter served as a measure for the aspheric
volume and thus the shear powder bed stability. For the cubes and the cylinders a similar
approach was taken. To account for shear movements errors due to the recoating of a new
powder layer, all solids were analyzed perpendicularly to this shear movement (Fig. 4).
Parameters measured for the cylinders and cubes included cylinder height and angle. The
height was defined as the maximal distance between the baseline (bottom horizontal reference
line) and the highest point while angle was measured between the bottom baseline and the top
boundary line of the cube or the cylinder (Fig. 4).
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Fig. 4: Image analysis for geometrical determination of geometrical accuracy of printed
solids: sphere (above) measuring inner and outer diameter, cube & cylinder (middle &
below) measuring height, length and angle.

2.5. Statistics
Statistical analysis was done using a multifactorial (ANOVA) analysis. We have set the
significance level at p < 0.01. This analysis was performed using a software written by J.
Lemaître [45].

3. Results
An overview and close up of the particle morphology of the α-TCP reference powder (no
humidification) and the same powder after a humidification time of 20 s are presented in Fig
5. At low resolution the particles exhibited an irregular shape with predominantly sharp edges.
Since smallest particles were separated from the powder, only a low degree of agglomeration
could be observed. No morphologically relevant differences could be seen between the
different moisture regimes. At high resolution however, fine crystalline structures were seen
on humidified samples, particularly after 20 s (Fig. 5). For the α-TCP reference powder (no
humidification) this effect could not be identified.
Powder PSD was monomodal and in good agreement with the SEM images. The mean
particle size was 21.20 ± 0.09 μm. XRD analysis revealed a high α-TCP phase quantity
(>95%). Further relevant powder characterisations such as SSA and bulk/tapped densities are
presented in Table 1.
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Fig. 5: Particle morphology of the α-TCP powder particles without treatment (above) and 20s
humidification (middle and below). White bar indicates a distance of 100 μm (left) and 20 μm
(right) for above and middle, while for the close up below the bar indicates 2 μm (left & right).
Table 1: Powder characterisation: Percentiles of particle size distribution (d10/d50/d90),
flowability results, specific surface area (SSA), bulk and tapped densities, and compaction
(ratio of bulk and tapped densities).
Powder

α -TCP

d10/d50/d90

ffc

Funnel

SSA

ρBulk

ρTapped

ρTapped /ρBulk

[μm]

[-]

[mm]

[m2/g]

[kg/m3]

[kg/m3]

[-]

9/21/37

5.3 ± 0.1

24 0.28 ± 0.04

974 ± 11

1399 ± 4

1.44
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Calorimetry measurements are presented in Fig 6. When α-TCP reacted with sodium
phosphate solution, a bimodal or even trimodal curve was measured (Fig 6a). Interestingly,
the intermediate peak (between 0.1 and 1 h) was shifted to shorter times at longer
humidification times (Fig 6b). However, the total amount of heat released during the reaction
was not significantly decreased. When α-TCP was reacted with MCPM and water, the
reaction was much faster (Fig 7a). The reaction was completed within an hour whereas
mixtures of α-TCP and sodium phosphate solution took several days to react. A significant
increase of the exothermic peak height was observed with prolonged humidification times
(Fig 7b).
The layer thickness with the original lead screw was determined to be 87.2 ± 2.0 μm while the
reduced layer thickness was determined to be 43.7 ± 2.7 μm.
Prior to presenting the statistical analysis of the various results gathered in this study, it must
be underlined that results of samples printed with powders humidified for 20 s were
intentionally excluded from the statistical analysis. Indeed, some of the 3DP specimens could
not be extracted individually out of the powder bed because most of the powder bed was
glued together in one single mass. This observation was made for all series combining the 20
s moisture regime and 12 printed samples. This glueing effect was never found in the absence
of humidification or at a low moisture time of 5 s. For 10 s humidification, it occurred only
once (12 printed samples and 88 µm layer thickness).
Apart from two exceptions (inner circle & cube length), the layer thickness played a
significant role for all aspects investigated here. In particular, the surface roughness was
significantly increased with an increase of the layer thickness (p < 0.01; mean roughness of all
results = 45 μm; effect of layer thickness: 8.5 μm; Table 2). Similarly, the statistical analysis
revealed a significant effect (p<0.01) of a change of layer thickness on the size of the sphere
outer circle (mean 10.93 mm; effect of -0.18 mm), cylinder length (mean = 10.92 mm; effect
of -0.16 mm), cylinder height (mean = 5.60 mm; effect of -0.18 mm) and cylinder angle
(mean = 0.79°; effect of -0.56°; Table 2). More complex and numerous effects were seen for
the cube height and cube angle, as presented in Fig 8. For the cube height, a significant
interaction (p < 0.01) between layer thickness, number of printed specimens and
humidification time was detected. Specifically, it was observed that the printing accuracy was
poor with the combination “small layer thickness – low humidification time – low number of
printed samples”. All other conditions led to dimensions slightly larger than 10 mm, the
nominal value.
Similar observations were made for the cube angle results. Large cube angles resulted from
powder bed displacements due to recoating with the counter-rotating roller. In general, the
absolute angle value was decreased with an increase of humidification time at a layer
thickness of 44 μm. Almost perfect accuracies (= angle values close to zero) were obtained
for scaffolds printed with 88 μm layer thicknesses.
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Fig. 6a: Released heat of humidified α-TCP with sodium phosphate solution
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Fig. 7b: Maximal peak height for humidified α-TCP with water and MCPM (R2 = 0.6)
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In the present study, only few results were affected simultaneously by the factors “layer
thickness” and “humidification”. However, the use of humidification did not provoke any
significant improvement, because the significance level was set very low (p < 0.01). The
interaction between layer thickness and humidification time was however significant at a level
of p = 0.021. Specifically, the surface roughness of samples printed with 44 μm layers was
constantly reduced from 43 to 29 μm with an increase of humidification time, whereas the
opposite was measured with 88 μm layers from 46 to 60 μm (Fig S1 supplementary data).
In this study, the printing accuracy of the machine corresponded to the nominal value of
300x450 DPI (85x65 µm). But in fact, the height difference between peaks and valleys
measured with the surface roughness analysis system was often larger than 200 μm even for a
layer thickness of 88 µm (Fig 9). Determination of dynamic printhead positioning errors
during 3DP was not feasible with reasonable efforts since the nozzle used might change for
every layer. However using ZCorp low level commands the printhead can be controlled to
approach a given pair of coordinate. Quantification of the (static) positioning accuracy
resulted to be fairly high (around 4 µm) using an external laser sensor (Micro Laser Sensor
LM10, NAiS, Matsushita, Japan).
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Table 2: Significant (p<0.01) effects of factors & interactions of factors (e.g. “AC”
designates the interaction between factors “A” and “C”). The three investigated factors
were: factor A (layer thickness: 44 & 88 µm), factor B (part number: 6 and 12 parts) and
factor C (humidification time: 0, 5 and 10 s). The “mean” corresponds to the mean value of
all results for the given response (e.g. mean length of all cylinders = 10.92mm). The “Effect”
is the effect of the factor considered in the table.
Measure

Significant
factor (p value)

Mean

Target value

Effect

Sphere outer circle

A (0.0041

10.93 mm

10 mm

-0.18

Cylinder length

A (0.0029)

10.92 mm

10 mm

-0.16

Cylinder height

A (0.0016)

5.60 mm

5 mm

-0.18

Cylinder angle

A (0.0009)

0.79 °

0°

- 0.56

Cube height

A (0.0001)

10.00 mm

10 mm

0.54

Cube angle [ ° ]

Surface roughness

B (< 0.0001)

-0.69

AB (< 0.0001)

0.60

C (0.0005)

0.54

AC (0.0016)

-0.47

BC (0.0001)

0.65

ABC (0.0003)

-0.58

A (0.0003)

3.74 °

0°

- 3.37

B (0.0070)

2.18

AB ( 0.0072)

-2.17

C (0.0057)

2.76

AC (0.0040)

2.92

A (0.0021)

44.9 μm

-

8.5
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Fig. 8: Dependency of cube height (above) and angle (below) on layer thickness (44 & 88 μm)
and number of printed samples (6 vs. 12 samples). The symbols (x) correspond to the mean
values of the measured data. The columns correspond to the adjusted values according to the
statistical model and the error bars to the 99% confidence intervals.
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Fig. 9: Surface roughness profile of 3DP specimen with a layer thickness of 88 μm

4. Discussion
In this study, the relation between different 3DP parameters and the final printing outcome
was assessed. For that purpose the same powder and 3DP settings were used in order to
elaborate on the effect of three selected parameters: (i) layer thickness: 44 vs. 88 µm; (ii)
number of printed pieces: 6 vs. 12 (iii) humidification time: 0, 5, 10, and 20 s.
According to our previous study [18], promising 3DP results for a layer thickness of 88 µm
can be expected for mean particle size in the range of 20–35 µm, compaction rate ρTapped /ρBulk
in the range of 1.3–1.4, flowability (ffc value) in the range of 5–7 and powder bed surface
roughness (Sa) of 10–25 µm. The characteristics of the powder used in this study (mean
particle size in the range of 21 µm, compaction rate of 1.44, flowability 5) were very close;
the compaction rate was only slightly higher than the target range.
Instead of focusing on powder bed surface as done in our previous study [18], the surface
roughness and the geometrical accuracy of the final printed samples were investigated here.
These parameters are less difficult to measure than the powder bed surface roughness and are
more relevant to assess the final 3DP outcome. Nevertheless, one single surface roughness of
the powder bed with the powder used in this study resulted in a value of 10.99 +/-1.15 µm.
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This value is at the lower limit of the values obtained in [18] (10–25 µm) and thus promising
3DP results can be expected.
In this study, the focus was set on the relationship between layer thickness and printing
accuracy while using the same powder. Since it is known that the powder properties must be
optimized for a given layer thickness, the choice of the powder used here had to be considered
critically. The selected powder was chosen for two reasons. Firstly, good printing results had
been obtained with this powder using a layer thickness of 88 µm [18]. Secondly, it was not
clear what parameters the powder should have to be optimal for a layer thickness of 44 µm.
There are indeed conflicting requirements between good flowability (particles > 20 µm) on
the one hand and the need for a limited particle size due to a given layer thickness on the other
hand.
Printing thinner layers implies the use of higher shear forces during recoating. To stabilize the
powder bed, an approach mentioned by the inventors of 3DP was used [30]. The use of pure
water-based moisture is believed to stabilise the top powder bed layer through the formation
of liquid bridges between particles. It is known that capillary effects can lead to powder
rearrangement of powder fines [46]. Thus the amount of moisture must be carefully tailored.
Since our results showed that a 20 s humidification time was too long, the selected
humidification times (0, 5, 10 and 20’’) were in a relevant range.
Water moisture application or humidification has the advantage of leaving no residues.
However α-TCP is known to react with water [47, 48]. For this reason, immediately after
printing the final layers, the build volume was always placed for one hour in a furnace at
200°C to minimise the water interaction. Reduced reactivity was expected after reaction of αTCP with water droplets. Calorimetry results revealed even higher and faster reactivity of αTCP after humidification (and drying at 200°C for 1h) compared to the untreated powder
(Figs 6-7). The higher initial reactivity might be related to the formation of fine crystalline
structures on the surface (apatite nuclei), while leaving most of the powder particles unreacted
(Fig 5). Therefore, 3DP with recycled powder is not only possible but beneficial since a high
reactivity promotes the early mechanical stability of the printed parts.
The statistical analysis of the effects of the three investigated factors on the geometrical
accuracy of printed samples (cubes, cylinders, spheres) is summarized in Table 2. Based on
published data [49] it is assumed that geometrical changes of the printed samples are not due
to setting reaction related dimensional change but rather a result of 3DP factors discussed in
the following. In general, an increase of the layer thickness from 44 to 88 μm led to a
decrease of the investigated response. Since the mean values of the tested responses were too
high (e.g. the projected outer circle of the sphere had a mean size of 10.93 mm whereas the
nominal value was 10.00 mm), increasing the layer thickness had a positive effect on the
printing accuracy. These results can be explained by the fact that it was often more difficult to
obtain good printing results with thinner layer thicknesses due to the occurrence of stronger
shear forces.
More complex results were obtained for the cube height and cube angle. In both cases,
multiple interactions were observed between the three investigated factors. Despite the
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multiple interactions, the outcome was fairly clear: the values for cube height and cube angle
were far from the nominal values (10 mm and 0 degree) with 44 μm layer thickness, 6 printed
parts, and an absence of humidification. This result implies two important conclusions: First,
printing 12 pieces instead of 6 stabilized the printing bed and enhanced printing accuracy.
Second, the use of a short humidification time was an effective approach to print pieces with a
thinner layer thickness.
Regarding the positive effect of an increase of the number of printed pieces on the printing
accuracy, it is interesting to note that the last cube layers were especially critical. Since the
cubes were the highest printed specimen (= no neighbouring printed layers), this result
underlines again the link between printing accuracy / powder bed stability and number of
printed specimens. Printing 6 specimens with a layer thickness of 44 µm and no
humidification always resulted in damaged printed parts due to displacement in the direction
of the roller movement. Some of these damaged parts resulted in extreme geometrical values.
This is of course not acceptable and might result in major damages when printing more
porous scaffolds. While for 5 s moisture application, this effect was lower but still existent,
for higher (10 s) moisture time no displacements could be detected, thus stabilizing the
powder bed. To sum up, it can be stated that the combination of a large layer thickness and a
high printing density (12 printed parts) yielded the best geometrical accuracy, while
humidification had no relevant effect. For thin layer thickness, humidification enhanced
geometrical accuracy especially when no neighbouring support of other specimen were
available, which might be of special relevance for complex architectural features of scaffolds.
Looking at the surface roughness results (Table 2), it appears that significantly lower
roughness values were obtained with a 44 μm layer thickness. Theoretically the thinner the
powder layers, the higher the resolution gets. The difference of surface roughness provoked
by a change of layer thickness was small (8.5 μm) compared to the change of layer thickness
(44 μm). The benefit of small stairs was negligible or not relevant if these small stairs were
inaccurate. This inaccuracy could be related to i.) printhead positioning ii.) binder deposition
errors iii.) binder wicking and iv.) powder bed instability. Printhead positioning errors are
inevitable due to positioning errors of the linear stages carrying the printhead. Even if
printhead positioning is perfect, binder drops may deviate during their flight path from their
optimal target and possibly also form small satellite droplets. Based on the good results
concerning printhead positioning, it is expected that binder wicking as well as powder bed
instability during 3DP play a dominant role for printing accuracy. The impact of binder
wicking or bleeding into neighboring powder particles due to capillary effects is difficult to
quantify [1]. The effect of powder bed stability and resulting accuracy errors due to shear
forces during recoating are discussed in this paper. An enhancement in analysis and
understanding of all these non-trivial error sources as well as their interactions might enable
substantially higher printing accuracy.
Considering the final goal of printing macroporous scaffolds, depowdering needs to be taken
into account. To enable depowdering it appears beneficial to have the combination of a high
geometrical accuracy and smallest surface roughness, which in the present study is possible
only for the combination of thin layer thickness, high batch density and humidification. The
stabilizing effect of high printing density in the build volume suggests that printing auxiliary
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support structures around specimens of critical shape could further enhance the geometric
accuracy.

5. Conclusion and outlook
In conclusion, this study looked at the interplay between layer thickness, moisture application
and final printing outcome in 3DP using a powder optimized for an 88 μm layer thickness. A
reduction of the layer thickness to 44 μm was shown to be the most critical factor for the
powder bed stability but allowed lowest surface roughness. A lack of powder bed stability
resulted in partly or fully damaged specimens. Humidification was found to improve the
powder bed stability and printing accuracy enabling 3DP with 44 μm layer thickness even
with a powder not specifically optimized for 44 μm. In light of the time intensive preparation
of the very narrow-distributed powder fractions necessary for 3DP, this is a promising insight
for 3DP research. Furthermore, the benefit of humidification was not detrimental concerning
reactivity. Surprisingly, the recycled humidified α-TCP powder was more reactive than the
non-humidified counterpart. Taking into account the labour intensive and costly preparation
of powder for 3DP this fact becomes even more relevant.
While accuracy and surface roughness are critical factors for the simple solids analysed in this
study they are even more critical for complex and porous scaffolds. Therefore moisture based
3DP is believed to be a promising approach for high resolution 3DP based scaffold
engineering.
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Fig. S1: Dependency of surface roughness (Sa) on layer thickness (44 & 88 μm) and number
of printed samples (6 vs. 12 samples). The symbols (x) correspond to the mean values. The
columns correspond to the adjusted values according to the statistical model and the error
bars to the 95% confidence intervals.
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4.1 Introduction
The term tissue engineering was first coined by Langer and Vacanti [1] as “an interdisciplinary field that applies the principles of engineering and life sciences toward the
development of biological substitutes that restore, maintain or improve tissue function or a
whole organ”.
According to Hollister [2] scaffolds must satisfy four fundamental needs also referred to as 4F
requirements: form, function, formation and fixation. Form means that the scaffold must
initially fill complex 3D defects, subsequently guiding the tissue shape to match the original
3D anatomy. Function means that the scaffold must temporarily support everyday functional
demands, typically mechanical, within a defect until sufficient tissue has formed to take over
these demands. Formation means that the scaffold must enhance tissue regeneration through
the delivery of appropriate biologics and by providing an appropriate mass-transport
environment. Fixation means that the scaffold should provide all of this within a package that
the end user, the surgeon, can readily implant and attach to tissues surrounding the defect.
In this chapter we are focusing on the form or the design aspects of scaffolding. In a nutshell
the “art of structure” is where to put the holes or the “art of scaffolding” is where to put the
holes, biofactors and cells [3]. Scaffold design concerns definitely more than the 3D defect
filling. Scaffold design will control cell and ultimately tissue growth by balancing mechanical
function with drug delivery, as well as degradation of the scaffold adjusted to tissue
regeneration [3]. The wide range of design requirements for scaffolds may be an indication of
the lack of knowledge in this field. Nevertheless, porosity is proposed to be highly open in a
range of >40–60% and pore sizes are suggested to be in the range 50–1000 µm while the size
of the interconnections is estimated with values between 15 and 50 µm [4]. The design
features highly impact the mechanical properties of the scaffold. The mechanical properties of
an ideal bone scaffold should match the host bone properties and allow a proper load transfer.
However mechanical properties of bone vary widely which along with complex geometry
makes it difficult to design an “ideal bone scaffold” [5]. Reviewing the literature, it can be
concluded that it is by no means clear what defines an ideal scaffold-cell or scaffold-neotissue
construct, even for a specific tissue type [6].
Structural parameters can be used to fine tune the mechanical properties of scaffolds. For a
given apparent density structural changes such as pore size and architecture [7-9] impact the
mechanical properties substantially. Furthermore design aspects control diffusion of nutrients
and vascularization. Since tissue cannot grow beyond 100–200 µm due to the diffusion limit
of oxygen, new blood-vessel formation is required. However, this spontaneous vascular
ingrowth is often limited to several tenths of micrometres per day [10]. In situ, the distance
between blood vessels and mesenchymal cells are not larger than 100 µm and thus timing for
the capillary system to distribute through larger scaffold volume is critical [11]. Therefore in
addition to local scaffold design aspects spatial pores and interconnectivity distribution is
critical for angiogenesis since cell-scaffold interactions always start from the surface to the
center of the scaffold.
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Even though 3DP is unique in terms of geometrical flexibility typical printed scaffolds are
limited to small scaffolds with simple and regular inner porosity. This can be attributed to the
difficulty of the depowdering step after printing. In the light of these aspects the need for new
3DP based design approaches in scaffold design concerning size and porosity becomes
evident. Therefore the following study aims at a new design principle that is tailored to the
capabilities and limits of powder based 3DP. The final goal is to allow 3DP of large macroporous scaffolds while at the same time enabling an acceptable porosity and interconnectivity
range even, especially at the center of the scaffold.
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Abstract
Powder-based three-dimensional printing (3DP) is a versatile method that allows creating
synthetic calcium phosphate (CaP) scaffolds of complex shapes and structures. However, one
major drawback is the difficulty to remove all remnants of loose powder from the printed
scaffolds, the so-called depowdering step. In this study, a new design approach was proposed
to solve this problem. Specifically, the design of the printed scaffolds consisted of a cage with
windows large enough to enable depowdering while still trapping loose fillers placed inside
the cage. To demonstrate the potential of this new approach, two filler geometries were used:
sandglass (SG) and cheese segment (CS). The distance between the fillers was varied and they
were either glued to the cage or free to move (for the green specimen, while post-processing
allowed stabilizing the fillers again). Depowdering efficiency was quantified by
microstructural morphometry. The results showed that the use of mobile fillers significantly
improved depowdering. Based on this study, large 3DP scaffolds can be realised, which might
be a step towards a broader clinical use of 3D printed CaP scaffolds.

Keywords
Three-dimensional printing (3DP), Calcium phosphates (CaP), Ceramic powder, Synthetic
bone substitute, Scaffold

1. Introduction
Powder based three-dimensional printing (3DP) is a versatile method to produce synthetic
scaffolds and bone graft substitutes. It allows an outstanding flexibility in geometry and
material [1]. Freedom in choice of materials also allows the use of calcium phosphate (CaP)
biomaterials [2-7]. Furthermore 3DP provides geometrical flexibility for virtually unlimited
shapes and structures, at least from a theoretical point of view. Due to the absence of typical
constraints of traditional production methods, any geometry that contains features within the
range of 3DP resolution is feasible. In theory, these great advantages make powder based 3DP
perfectly suitable for building up complex shaped scaffolds and bone graft substitutes. This is
especially appealing, as biocompatibility of 3DP scaffolds was already demonstrated by
successful in vivo applications [8-11].
However, when looking at the literature it becomes obvious that in practice the scaffolds
produced by powder based 3DP do not reflect the great geometrical flexibility of this method.
Typically 3DP is used to produce rather simple and small objects such as cubes and cylinders
with a rather simple and regular inner architecture [8, 10, 12-18]. Even in case of more
complex structures, e.g. custom-made 3DP models, the inner structure of such structures are
predominantly isotropic and typically limited to simple cylindrical bores in a homogenous
body [19, 20].
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In our previous work, a moisture based 3DP method was proposed to enhance the accuracy of
the method [21]. Moisture was used to stabilize the powder bed just before printing and thus
improve 3DP accuracy. The accuracy was quantified by looking at outer dimensions of simple
solid bodies and roughness values on the outside of a printed pyramid structure. However, the
critical inside part of the printed porous objects was neglected. In 3DP, the solid is created by
the reaction of a liquid selectively sprayed onto a powder bed. After printing, the hardened
object is embedded in the powder bed and all non-hardened areas, including pores and
cavities, are filled with loose powder. Once the printed object is cleared from the surrounding
powder in the build volume of the printer, the final and most critical step of powder clearance
is still to come, where the loose powder within the printed object’s pores and cavities must be
removed. If this critical step, also referred to as depowdering, cannot be accomplished, the
printed porous object is of no use.
To our knowledge, depowdering of 3DP CaP scaffolds has not been studied and published in
depth yet. Depowdering is particularly difficult when the pores and pore interconnections are
small and/or when the object is large. As a result, 3D printed porous objects are limited to
small dimensions and large pores. Furthermore the 3DP resolution is limited. For example, it
has been reported that macropores smaller than 500 µm currently cannot be achieved using
3DP [1]. Even though it is still unclear what the optimal pore size for vascularisation and cell
proliferation is [22], most authors agree that an adequate range should probably be between
50 and 1000 µm [6, 23, 24]. Considering this conflicting requirement, there is a clear need for
new approaches within powder based 3DP. Especially the need for large scaffolds and at the
same time a pore size and porosity range not only controllable at the periphery but especially
in the middle of the scaffold is a challenging task.
Therefore, the present study aims at improving the depowdering step by exploiting 3DP
versatility. Specifically, scaffolds consisting of two distinct parts are printed at once: the outer
part consists of a stiff but porous CaP cage whose windows are large enough to enable
depowdering while still trapping the inner part consisting of loose fillers.

2. Material and Methods
2.1. Powder
The printing experiments were performed with a custom-made α-TCP (α-tricalcium
phosphate, α-Ca3(PO4)2) powder. This powder was produced according to a published
procedure [25]. In summary, a 0.45:1 M blend of calcium carbonate (CaCO3, Merck,
Germany, catalogue No. 102076) and monetite (GFS Chemical, USA, catalogue No. 1548)
powder was mixed and calcined at 900 °C (Nabertherm, Germany). After sieving (AS 200,
Retsch, Switzerland) the calcined powder was sintered at 1400 °C and quenched in air. This
sintered powder was finally milled and sieved to get the desired particle range used in this
study. The phase composition obtained by this procedure was >95 wt % α-TCP, as verified by
powder XRD. The properties of this powder have been published previously [21]. For the
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given powder a particle size distribution of d10=9 μm; d50=21 μm; d90=21 μm, a specific
surface area of 0.28 m2/g, a bulk density of 974 kg/m3, a tapped density of 1399 kg/m3 and
finally a flowability ffc (flow factor) of 5.3 was found.
After every printing cycle the unreacted powder was dried in a preheated oven at a
temperature of 200°C for one hour. It was then sieved with a jet sieving device and a cyclone
(e200 LS, Alpine, Germany) and the fraction of particles smaller than 45 µm was reused for
further printing. The legitimation of powder recycling was given in detail in our previous
work [21]. Our previous study has indeed revealed that the recycled powder was not
deteriorated in terms of printing characteristics compared to the original α-TCP powder.

2.2. 3D printer and printed specimens
All samples were printed using a commercial but customized 3D printer (ZPrinter 310 Plus,
ZCorporation, USA) as described previously [1]. A constant layer thickness of 50 µm was
used for all experiments. A custom made moisture unit was used to apply 5s of moisture from
a water nebulizer (USV 3002, Schulte, Germany) on every layer in order to stabilize the
powder bed via liquid bridges [21] just before printing. In 3DP, the solid is created by the
reaction of a liquid selectively sprayed onto this powder bed. In our case, 10 wt% phosphoric
acid solution (Carl Roth, Germany) was used as reaction liquid [14, 26]. Phosphoric acid
partially dissolved α-TCP powder particles, and these two compounds precipitated locally
resulting in calcium phosphate (CaP) phases of brushite (DCPD, CaHPO4 · 2H2O) and
monetite (DCP, CaHPO4), known for their excellent in vivo behavior [27-31]. Although
different definitions for the term “binder” exist, in this manuscript we refer to the phosphoric
acid solution as “binder”. The local dissolution of powder particles and precipitation of new
crystals resulted in an entanglement and thus local binding between previously unbound
particles occurred.
Original silicon tubes were replaced by chemically inert PTFE tubes in order to reduce any
material degradation due to the use of phosphoric acid in the 3D printer. Furthermore the
original polymeric fluid container was replaced by an inert glass container.
Prior to the present study, a systematic analysis of printer settings had been performed with
the aim to define the most adequate binder/volume ratios (defined as saturation). Values of
45% for the shell and 90% for the core saturation were defined. The optimization was done by
printing benchmark samples with concavities (Fig. S1) and different potential bone filler
designs with convexities (Fig. S2). The printed samples were analyzed macroscopically using
imaging software (Image Access 11 Premium, Release 11.3, Imagic, Switzerland).
Various scaffolds designs were printed to assess the ability of the new design parameters
proposed in this study to improve depowdering. The new design consisted of a cylindrical
cage filled with various connected or loose fillers (Fig. 1). The walls included windows with a
width of 2 mm preventing the fillers to escape but allowing the removal of loose powder. The
scaffolds varied according to the following parameters: i) two different shapes of filling
objects, namely sandglass (SG, Fig. 1 a,b,c) structures and cheese segments (CS, Fig. 1 d,e,f);
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ii) different filler distances, i.e. far, near, and glued and iii) mechanical properties after posthardening regimes in 10% phosphoric acid compared to no post-hardening. Filler distances of
0.25/0.5 mm and 0.5/1 mm for near/far distance were tested for SG and CS fillers,
respectively. A summary of experiments and definition of nomenclature can be found in
Table 1.

Table 1: List of experiments, definition of nomenclature for distance between fillers (factor A;
low/high distance), filler design (factor B; free vs. glued) and filler type (factor C; SG: sandglass vs.
CS: cheese segment) and outer dimensions of scaffolds.
Nr

Name

Fillers
SG / CS

Design
free/glued

Distance
low/high

Distance
[mm]

Height
[mm]

Diameter
[mm]

1

SGfl

SG

free

low

0.25

11.4

14

2

SGfh

SG

free

high

0.50

11.4

14.5

3

SGgl

SG

glued

low

0.25

11.4

14

4

SGgh

SG

glued

high

0.50

11.4

14.5

5

CSfl

CS

free

low

0.50

11.4

15

6

CSfh

CS

free

high

1.00

11.4

15

7

CSgl

CS

glued

low

0.50

11.4

15

8

CSgh

CS

glued

high

1.00

11.4

15

The rationale for the design of the fillers was based on three criteria. First, the fillers had to
have a certain printing stability. In other words, the filler geometry had to be chosen such that
lateral or rotational motions were minimized during printing. Fillers presenting a flat and
large base (e.g. SG and CS) were preferred to spherical designs due to their inherent stability
[21]. Second, since osteoinduction is predominantly found in concavities [32], preference was
given to filler designs resulting in multiple concavities between their neighbors after
depowdering (e.g. SG). Finally, large empty spaces are generally considered to favor soft
tissue ingrowth. So, the CS geometry was chosen to fill out most of the inner volume.
All specimens were drawn with the CAD software NX 7.5 (PLM Software, Siemens,
Germany) and imported into the 3D printing software in the STL (stereolithography) file
format.
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a)

d)

b)

e)

c)

f)

Fig. 1: Overview of different sandglass (SG, a,b,c) and cheese segment (CS, d,e,f) scaffolds. Images (a,b,d,e)
depict models with free fillers. For comparison purpose, scaffolds with glued fillers (c,f) were included in this
study. While for CS all fillers were glued to the cage (f) for SG the fillers in the very center were not glued to
enhance the chance of depowdering (c).The bar corresponds to a length of 5mm.
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2.3. 3DP sample characterisation
2.3.1. X-ray diffraction
The crystalline composition of pre-printed powders, as well as pre- and post-hardened printed
objects was determined by X-ray diffraction (XRD). XRD was performed using a powder
diffractometer (CubiX3, PANalytical, Netherlands) with graphite-monochromated CuKα
radiation in the range from 4–60° 2θ. The quantitative phase composition was determined by
Rietveld refinement using the software BGMN (http://www.bgmn.de) version 4.2.20 [33].
Structural models were taken from Mathew et al. [34] for α-TCP, from Dickens et al. [35] for
monetite, and from Curry and Jones [36] for brushite. No other phases were identified in the
diffraction patterns.

2.3.2. Mechanical testing
The compression strength and diametral tensile strength of printed bulk cylinders were
determined before and after post-hardening. Four cylinders were tested for every group using
a static testing machine (1474, Zwick, Ulm) and a 1 kN load cell. In all tests, a spherical joint
was used to prevent shear forces. A detailed description of the testing procedure can be found
in [37]. Briefly, for diametral tensile strength tests, a piece of paper was inserted between
specimen (diameter, Ø, of 10 mm; height, h, of 5 mm) and load application surface to prevent
local effects. These cylinders were tested quasi-statically at a crosshead speed of 10 mm/min.
2 F
Diametral tensile strength was determined by
. Diametral tensile strength cylinders
   h
were printed with their symmetry axis in the powder bed surface and the testing force was
applied perpendicular to the printed layers. For compression strength testing, the cylinders (Ø
5 mm; h 10 mm), were tested quasi-statically at a crosshead speed of 1 mm/min. Compression
cylinders were printed with the symmetry axis rectangular to the powder bed surface.
The mechanical properties of green specimen (no post-processing, right after 3DP) were
compared to those post-hardened in 10% phosphoric acid. Two post-hardening approaches
were used according to a published method [38]. While for full dip the printed samples was
fully immersed in the phosphoric acid, the samples used for partial dip only touched the
surface of the phosphoric acid with the bottom of the scaffold, relying on capillary forces to
soak up the solution and wet the entire sample (Fig. S3). The time for wetting the cylinders
was about 5 s for both dipping methods.
Finally compression strength testing of the printed scaffolds was determined and compared to
the compression strength of printed bulk cylinders with equivalent outer diameter. The same
test setup und parameters were used as described above except for using three specimens per
group.
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2.3.3. Micro-computed tomography (µCT)
The depowdering efficiency was analyzed from micro-computed tomography (µCT40,
Scanco, Switzerland) scans of printed and depowdered samples. An isotropic resolution with
a voxel size of 15 µm (high resolution mode) was used. µCT specific measurement
parameters were set as follows: energy of 55 kVp, intensity of 145 µA, integration time of
200 ms and frame averaging of 3. Gaussian filtration of the scanned images was applied with
a filter width 1.2 followed by global thresholding of 25% of the maximum gray scale value
corresponding to a hydroxyapatite density equivalent of 393 mgHA/ccm. A low degree of
powder filling inside the cage, as calculated from µCT data, was considered to be equivalent
to a high depowdering efficiency.
To quantify the scaffold geometry the volume of interest defined as total volume (TV) was
reduced to the inside part of the scaffold consisting of fillers only. This volume was chosen
for every single scaffold and corresponded to the largest cylinder that could be fitted into the
scaffold without touching the enveloping cage. All morphometric analysis was performed
within this volume: Bone (scaffold) volume (BV) was calculated according to literature [39].
Pore size distributions were quantified by background distance transformation [40] and
visualized in histograms. Additionally trabecular (scaffold) separation (Tb.Sp) was calculated.
For convenience, the bone related terms used in quantitative bone morphometry to describe
microstructural properties of bone were used here to describe the scaffold geometrical
properties (BV = scaffold volume; TV = total volume; Tb.Sp = separation/pore size between
fillers). Selected scaffolds were visualized with cross-sectional 3D views for illustration
purpose.
2.3.4. Porosity
The porosity was determined gravimetrically with the cylinders printed for mechanical
testing. The density used for these calculations were based on XRD results. Theoretical
densities, Dcalc, were taken from the PDF-4+ database version 4.1102 (International Centre
for Diffraction Data, ICDD, Philadelphia, USA) for α-TCP (2.863 g/cm3, PDF# 04-0104348), DCPD (2.319 g/cm3, PDF# 04-013-3344), and DCP (2.922 g/cm3, PDF# 04-0093755). The porosity for green printed specimen (before post-hardening) and for post hardened
samples were determined separately.
2.3.5. Surface Analysis
Scanning electron microscopy (SEM, Zeiss EVO MA 25, Zeiss, Germany) was used to
qualitatively assess the surface morphology of green (no post-hardening) and post hardened
3DP samples. The samples were placed on a sticky carbon tape and sputtered (SCD 050
Sputter Coater, Baltec, Switzerland) with one carbon layer (two-ply carbon yarn, vacuum
between 10-1 and 10-2 mbar) and then one thin gold layer (15 nm, sputter time 60 s at 40 mA).

125

126

New depowdering-friendly design

2.4. Statistics
Statistical analysis of µCT data was performed using a multifactorial (ANOVA) analysis to
account for the effects of the different parameters (factor A: low vs. high distance between
fillers, factor B: free vs. glued fillers and factor C: sandglass vs. cheese segment filler design)
of interest. The significance level was set at p < 0.01. Further analysis of mechanical testing
results was done using the open source statistics software (R 2.15.2,
http://www.r-project.org/).
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3. Results
In the pre-study, different printing parameters were varied to optimize the printing conditions.
The goal was to find an optimal trade-off in printing accuracy of concave and convex design
elements. Eventually, the following saturation levels and bleeding correction factors were
selected: 45% and 90% saturation for the shell and the core, respectively, and bleeding
correction factors of x = 0.2, y = 0.2 and z = 0.1 mm. Shell values were always chosen to be
half of the core value to guarantee a uniform saturation of the powder with the binder.
An example of a printed benchmark and some filler specimens are shown in Fig. S4. Printing
and depowdering of concave design elements such as the holes in the benchmark plate proved
to be critical for powder based 3DP. Small and deep holes could not be depowdered at all due
to wicking effects (i.e. diffusion of the binder from the printed hole walls into the holes). The
selection of adequate bleeding correction factors could partly reduce this problem.
Interestingly, capillary effects appeared to be larger in the printing plane (x and y) than out of
plane (z), so the bleeding correction factors were selected to be twice as large in the printing
plane than in the z direction.
In contrast to the critical concave design elements it was shown to be by far easier to build up
small fillers with mostly convex design elements (Fig. S4). A scaffold however requires by
definition a porous volume usually realized predominantly with concave design elements such
as a network of holes and pores. These conflicting requirements lead us to design a scaffold
consisting of easy printable and depowderable mostly convex fillers caught in a cage with
windows large enough to enable depowdering, yet small enough to prevent the fillers to leave
the cage. With this new design strategy, we took advantage of the great 3DP capability of
creating preassembled multiple parts within one production cycle.
Typical SEM microstructures of printed cylinders (dimension of compression samples) are
illustrated in Fig. 2. Qualitative comparison of 3D printed specimen before and after posthardening revealed that post-hardening connected the formerly loose particle network (glued
together by precipitated crystals) into a much denser structure.
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a)

b)

c)

d)

Fig. 2: Fractured surfaces after mechanical compression testing of 3DP specimen before (a,b) and
after (c,d) post-hardening at two enlargements. The scale bars correspond to a size of 50 µm (a,c) and
20 µm (b,d)

Weight measurement of the cylindrical samples used for the mechanical testing resulted in the
porosity values shown in Table 2. For the green samples (no post-hardening) no relevant
difference in porosity was found while for the post-hardened samples porosity of compression
strength cylinders was 51-52% compared to 45% for the diametral tensile strength cylinders.
No relevant difference for partial vs. full dip was noticed in terms of porosity.
XRD analysis revealed that after printing the degree of reaction, defined as the sum of the two
reaction products DCPA (Monetite, CaHPO4) plus DCPD (Brushite, CaHPO4·2H2O) in wt%,
only reached 17 ± 2%, leaving 83 ± 2% of unreacted α-TCP. Post-hardening by immersion of
the depowdered samples in phosphoric acid increased the degree of reaction to 59 ± 2% for
full dip and 57 ± 2% for partial dip. Further details can be found in Table 2.
The results of the mechanical testing of the solid cylinders are summarized in Table 2.
Compressive strength and diametral tensile testing were tested with cylindrical reference
samples. Full immersion improved the compression strength values from 1.9 ± 0.34 MPa
(green body) to 6.6 ± 1.3 MPa. Partial immersion improved the compression strength values
even more reaching 8.4 ± 3.0 MPa. Post-hardening improved diametral tensile strength from
0.6 ± 0.1 MPa (green body) to 1.3 ± 0.1 MPa (identical value for partial and full dip).
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Table 2: Summary of porosity, XRD and mechanical test results for green and post-hardened
cylindrical samples. C indicates samples prepared for compression strength test and T samples
prepared for diametral tension strength test. Full-dip was compared to partial-dip as two different
post-hardening methods.

green

C
Porosity
[%]

post-hardening
Partial

Full

Partial

Full

Dip

Dip

Dip

Dip

T

63.4 ± 2.5 63.5 ± 1.0

C

T

51 ± 2

52 ± 3

45 ± 1

45 ± 1

XRD

α-TCP

84 ± 2

82 ± 2

44 ± 2

43 ± 2

41 ± 2

39 ± 2

Phase quantity

Monetite

14 ± 2

17 ± 2

10 ± 2

11 ± 2

11 ± 2

11 ± 2

[ wt% ]

Brushite

1±1

2±1

47 ± 2

47 ± 2

48 ± 2

50 ± 2

Mechanical Properties
[ MPa ]

1.9 ± 0.3

0.6 ± 0.1 8.4 ± 3.1 7.0 ± 1.3 1.3 ± 0.1 1.3 ± 0.1

Additional mechanical tests yielded to compressive strengths between 0.26 to 1.24 MPa for
the printed scaffolds and 1.91 to 2.35 MPa for the corresponding bulk cylinders (Table 3).
Furthermore the dimensional accuracy of the printing is quantified by comparison of
theoretical vs. the measured values for outer height (maximal deviation < 0.2 mm) and
diameter (maximal deviation < 0.3 mm) of the scaffolds.
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Table 3: Dimensional accuracy of outer diameter and height of printed scaffolds compared to
theoretical values from CAD model. Furthermore compressive strength of printed scaffolds and bulk
cylinders with equivalent outer dimensions are presented. Compression strength of the successfully
depowdered scaffolds and the corresponding bulky cylinders are printed in bold numbers.
HCAD

H3DP

DCAD

D3DP

σC,scaf

σC,bulk

[mm]

[mm]

[mm]

[mm]

[MPa]

[MPa]

SGfl

11.4

11.34 ± 0.03

14

13.85 ± 0.12

0.38 ± 0.08

2.66 ± 0.37

SGfh

11.4

11.58 ± 0.09

14.5

14.32 ± 0.04

0.42 ± 0.19

2.35 ± 0.23

SGgl

11.4

11.37 ± 0.03

14

13.76 ± 0.05

0.61 ± 0.28

2.66 ± 0.37

SGgh

11.4

11.54 ± 0.03

14.5

14.24 ± 0.02

0.55 ± 0.20

2.35 ± 0.23

CSfl

11.4

11.44 ± 0.06

15

15.03 ± 0.28

0.74 ± 0.16

1.91 ± 0.23

CSfh

11.4

11.35 ± 0.02

15

14.79 ± 0.08

0.26 ± 0.08

1.91 ± 0.23

CSgl

11.4

11.42 ± 0.03

15

14.87 ± 0.03

1.24 ± 0.20

1.91 ± 0.23

CSgh

11.4

11.39 ± 0.03

15

14.95 ± 0.08

0.78 ± 0.17

1.91 ± 0.23
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Qualitative and representative µCT results are presented in Fig. 3. Furthermore the
corresponding cumulative pore size distribution is depicted in Fig. S5. For every group of the
scanned scaffolds a middle cross-section of a typical scan was chosen for illustration purpose.
It is apparent that the ability to depowder a scaffold varied according to the scaffold design.
For example, glued fillers appeared to be more difficult to depowder than free fillers. This
impression was confirmed by the quantitative results (Fig. 4). Among all the scaffold designs,
the scaffolds with free fillers and largest distance between fillers (0.5mm for SG and 1.0mm
for CS) presented by far the lowest BV/TV values (= solid fraction; low solid fraction = good
depowdering) and the highest Tb.Sp values (= mean pore size; large mean pore size = good
depowdering). All other scaffold designs yielded in similar results. These differences were
highly significant as the effect of factor A (distance between filling objects), factor B (glued
or free fillers), and factor C (sandglass vs. cheese segments), as well as the interaction
between factor A and B presented a p value inferior to 0.01. In Fig 4a) the theoretical BV/TV
values based on CAD data were added for comparison with the experimental data from µCT
data. The results showed that there was an excellent match between theoretical and
experimental value in two cases: SGfh and CSfh. In all other cases, the experimental values
were much higher than the theoretical values.
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a)

b)
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c)

d)

Fig. 3: µCT scans showing cross-sections of cheese segment (CS) and sandglass (SG) scaffolds while
the scale bar indicates a length of 1mm. Fillers placed at a high distance were easily depowdered
(a,c), while glued (b,d) and too close fillers (not illustrated) could not be depowdered.
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Fig. 4: Dependency of BV/TV (a) and Tb.Sp (b) on filler type (SG: Sandglass, CS: Cheese Segment),
filler design (f: free fillers, g: glued fillers) and filler distance (l: low distance between fillers, h: high
distance between fillers). The symbols ( × ) correspond to the adjusted values according to the
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statistical model. The symbols ( ◊ ♦ ) correspond to the measured data points and the error bars to
the 95% confidence intervals. The symbols ( Ο ) correspond to theoretical BV/TV values. Definition of
nomenclature can be found in Table 1.

Apart from the scaffolds presented so far, some additional scaffolds were printed for illustration
purpose. Specifically, a very small scaffold (having one glued filler only) and large scaffold (having
38 free fillers) is presented in Fig. 5.
a)

c)

b)

d)

Fig. 5: CAD models (a,d) and 3D printed specimen (b,d) of a small SG scaffold (a,b) and a large
sandglass scaffold with 38 fillers (c,d). The bar corresponds to a length of 5mm.

Furthermore additional approaches suggesting possible workarounds for critical aspects of
this new scaffold design are illustrated in Fig. 6 (stabilization of free fillers) and Fig. 7
(shrinking of two-part shell for void volume reduction). More details on these additional
scaffolds are explained in the following discussion section.
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a.)

b.)

Fig. 6: Photo (a) and µCT scan (b) of a 3D printed SG specimen with free fillers. The free fillers are
stabilized by partial dip of the scaffold in phosphoric acid. The scaffold is recorded upside down
demonstrating the stabilized fillers glued to bottom. The scale bar of the µCT scan indicates a length
of 1mm while the bar in the image corresponds to a length of 5mm.

a)

c)
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b)

d)

Fig. 7: Example of a shrinkable scaffold CAD model (a,c) and 3D printed specimen (b,d).The two
main stages consist of the scaffold just after 3D printing before compaction (left column) vs. the
scaffolds after compaction (right column). Pressing together the two parts of the cage (a,b) allows a
reduction of the gap between fillers and cage (c,d), and thus a better control of the dropping-effect. If
required, the compacted scaffold can also be post-hardened for joining the two part cage and
stabilisation of the fillers. The bar corresponds to a length of 5mm.

4. Discussion
In this study the relation between scaffold design, depowdering and mechanical properties
was assessed. Depowdering was investigated using microstructural morphometry. For this
purpose a special focus was set on the critical inner part of the scaffold. In order to do so, the
same outer cage of the scaffold was printed while the inner part was changed systematically.
A factorial design of experiments was performed to assess the effect of the following three
parameters on the depowdering efficiency: (i) factor A: distance between filling objects (low
vs. high distance), (ii) factor B: presence of interconnections between the fillers (glued vs.
free) and (iii) factor C: shape of the filling objects (sandglass vs. cheese segments). The
depowdering efficiency was quantified by calculating the solid volume fraction (BV/TV) of
the printed scaffolds from µCT data.
The results revealed that depowdering was excellent provided the fillers were free to move
and were not too close to each other (Fig. 4, samples SGfh & CSfh). The matching of
theoretical (based on CAD models) with measured BV/TV values confirmed the excellent
depowdering for these cases. This was true for both fillers, namely sandglass and cheese
segments. However, while a distance of 0.5 mm was sufficient to enable complete
depowdering of sandglasses, a distance of 1.0 mm was required for cheese segments. This
was probably related to the height difference of these fillers: 2.4 mm for sandglasses and 5.4
mm for cheese segments. Indeed, as soon as the first sandglass filler was depowdered, the
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movement of this free filler simplified depowdering of adjacent fillers. This process was
repeated until the air stream used for depowdering found its way from one window of the
scaffold cage to another. At this point of time the airstream was deviated due to the presence
of free fillers (and the cylindrical inside walls) leading to a vortex effect. This effect finally
lead to a loosening of the inner parts that still were not depowdered completely, eventually
allowing to depowder the core of the scaffold. This inner volume typically cannot be
depowdered using a conventional rigid scaffold design. This synergetic effect between small
fillers and air stream was obviously more limited with larger or glued fillers. Since this effect
should not be limited by a change of scaffold volume, additional scaffolds were printed to
further illustrate the advantage of this new scaffold design. First, a single sandglass filler
glued into a small scaffold cage (Fig. 5a) was printed and depowdered without any difficulties
(Fig. 5b). This is in contrast with the very poor depowdering noticed for the scaffolds filled
with 14 glued SG fillers (Fig 4; scaffold “SGgh”) emphasizing the strong size-dependency of
the depowdering efficiency. In contrast, a much larger scaffold containing 38 SG free fillers
(instead of 14 fillers in the conventional design used in this study) was printed and
depowdered without difficulties (Fig. 5 c,d). In other words, the depowdering advantage
gained by printing free and mobile fillers in the core of the scaffolds increases with the
scaffold volume. This principle could open up the door for even larger and more complex
porous scaffolds based on powder based 3DP.
Despite the promising improvements in depowdering observed with the new cage design,
some other aspects have to be considered critically. For example, while free fillers allow
excellent depowdering characteristics, relative movement between fillers could affect the
biological response negatively. Possible work-around procedures are post filling of the cages
with blood or a highly viscous putty material such as e.g. hyaluronic acid. Alternatively full
and even partial dip of a scaffold with free sandglass structures in 10% phosphoric acid was
effective not only concerning mechanical properties of the cage (Table 2) but also for gluing
the fillers together (Fig. 6). Another limitation of the present design strategy is related to the
fact that the free fillers drop down to the bottom of the scaffold cage after depowdering.
While this “dropping-effect” is large with small fillers it is smaller with large fillers (cheese
segments). On the other side these larger fillers reduce the porosity, since large volumes
inside the scaffold cage are filled out already. In this study only two filler designs were
studied. A systematic optimisation of filler design and desired morphometric parameters will
be necessary for a better understanding of these relations. With an optimized design of fillers
even a nearer distance could be feasible allowing even higher filling degree of the inside part
of the scaffold volume while still maintaining a controlled interconnected porosity. Ideally,
the entire inner volume would be filled with fillers interlocking to its neighbors after
depowdering and thus preventing any relative motion. Alternatively, novel design approaches
could be explored. For example, shrinkable scaffolds with interlocking interfaces could enable
an inner volume reduction after depowdering (Fig. 7). After depowdering and breaking up of
predetermined breaking points, the void volume in the center could be reduced as desired.
Again a post-hardening step could be applied for stabilisation of scaffold cage and fillers.
Even though the feasibility of this principle was demonstrated here, in depth optimisation of
such approaches is beyond the scope of this study.
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In summary, the new printing design with free fillers allowed the synthesis of fully
depowdered scaffolds. The mechanical stability of the green body was high enough to prevent
the mechanical failure of the free fillers during depowdering and the scaffold in general.
However the compression strength of the successfully depowdered scaffolds (Table 3, bold
numbers) only reached 14 to 18% of the values measured for the equivalent bulky cylinders.
On one hand this indicates the limitation of the current design approach. On the other hand the
aim of this study was focused on design aspects. To improve mechanical properties, two
approaches are envisioned. Design optimization of the cage geometry could be an interesting
starting point for future studies. In this study, another material based approach elucidated the
feasibility of higher mechanical properties by post-hardening of printed samples in phosphoric
acid. A thorough analysis of the mechanical properties, porosities, and XRD results allowed a
better understanding of the interplay between these properties. Generally, a more complete
post-hardening decreased the porosity, the α-TCP content, and increases the mechanical
properties (Table 2). Difference of porosity results between compression cylinders and
tension cylinders is probably related to a difference in volume and drying time. During posthardening the compression cylinders, having smaller volumes, dried faster than the tension
cylinders with larger volumes. This lead to a higher dilution and finally lower total porosity of
the large diametral tensile strength samples. XRD results revealed that in our study only a
small portion of the α-TCP powder (<20 wt%) reacted into brushite and monetite. Only <2
wt% reacted into brushite phase, explaining the low mechanical integrity of the printed green
parts. Precipitated brushite crystals often develop large crystals enhancing mechanical
entanglement resulting in higher strength cements than smaller and less entangled monetite
crystals [41]. After post-hardening the amount of brushite was increased up to 50 wt%. This
effect was also nicely confirmed by the SEM images, showing the formation of idiomorphic
crystals on the surface of initial powder particles (Fig. 2). No relevant differences were
detected between full and partial dip.
Mechanical testing of 3D printed cylinders revealed the necessity for post-hardening steps
after 3DP. The initial (green) mechanical integrity just after 3DP was found to be very low for
the small bulk cylinders tested (strength < 2 MPa) and even lower for the printed scaffolds
(strength < 1.3 MPa). This is critical for the depowdering step, since post-hardening is
possible after depowdering only and therefore fine structures can easily be destroyed by the
actual depowdering process. Post-hardening of printed cylinders lead to more than 3 to 4
times higher compression strength resulting in a range suggested for cancellous bone
scaffolds [42]. The increase in mechanical stability is probably related to the glueing effect of
entangled brushite and monetite crystals. In the literature, even greater rise (up to >40 MPa)
due to post-hardening and sintering could be achieved [37]. Full-dip post-hardening led to
lower compression strength compared to partial-dip. Even though these changes were not
significant, a clear tendency was observed. The results however clearly indicated the benefit
of partial-dip compared to full-dip. This is in agreement with published results showing that
partial dipping led to a more thorough impregnation than full dipping [38]. This effect is
related to capillary effects and air bubbles trapped inside pores preventing or limiting wetting.
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5. Conclusion and outlook
This study analysed the relations between different scaffold designs and depowdering
efficiency by using µCT to quantify morphometric structural indices. Furthermore the
mechanical properties and the effect of different post-hardening methods for bulk specimens
were analysed.
The study revealed that depowdering, especially of the scaffold center, was significantly
improved when the filling objects were free to move and not placed too close to each other.
The free movement of the outer fillers at the periphery helped to clear the remaining powder
of the very inner part of the scaffold. The minimal distance allowing the fillers to be freed to
move was 1 mm for large filler objects such as the cheese segments, while for the smaller
objects such as sandglass fillers a distance of 0.5 mm was sufficient. Generally, depowdering
was found to be uncritical for small scaffolds (single glued filler). However, it became critical
when the fillers were glued in position. When the fillers were free to move, a synergetic effect
between free filler motion and compressed air could be achieved, leading to clear
depowdering benefits. As a result, it was possible to print large scaffolds. In fact, the results
suggest that an increase of scaffold size does not worsen depowdering, in contrast to what is
observed with traditional (rigid) scaffolds designs. In light of these insights this new
depowdering-friendly design could open new doors for the 3DP synthesis of tissue
engineering scaffolds and bone substitutes.
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Supplement figures:

Fig. S1: Simple benchmark (LxWxH: 40x20x4mm) with holes ranging from diameters between 0.25 to
3 mm in a plate with a thickness of 2.6 to 3.0 mm geometry for optimisation of accuracy and
binder/volume level of the 3DP process. The benchmark samples were used to determine the effects of
saturation with concave design elements.

Fig. S2: Pre-tests for optimisation of filler design and filler position (filler diameter: 2.5mm, filler
height 2.4mm). Different designs of bone fillers such as spheres, T-like structures and sandglass (SG)
fillers (depicted above) were tested. The latter being composed of two hemispheres connected at the
round sides. These bone filler pre-tests were used to determine the effects of saturation levels with
convex design elements. The bar corresponds to a length of 5mm.
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Fig. S3: Setup used for quantification of post-hardening of 3DP specimen with 10% phosphoric acid.
Two different methods were compared: (i) partial dip (PD, as seen in the pictures) and (ii) full dip
(FD) by placing the specimen under the water surface (not shown).

a)
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b)

Fig. S4: Example of a 3D printed benchmark (a) and fillers (b)
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Fig. S5: Cumulative pore size distribution of CS and SG scaffolds presented in Fig. 3. Fillers placed at
a high distance were easily depowdered resulting in a broad pore distribution and large total pore
volume (3a, 3c), while glued fillers could not be depowdered properly resulting in a narrow pore size
distribution and small total pore volume (3b, 3d).
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Life quality and life expectancy depend on the one hand on factors that can be influenced
such as lifestyle and diet, and on the other hand on factors that are out of our sphere of
influence such as genetics. Lifestyle and diet can account for differences in longevity of up to
10 years [1]. The impact of simple and rural lifestyle was furthermore proven to be one of the
key factors for a long and healthy life in large populations in China [2]. However most people
in our society live and work in large cities in an unnatural environment often resulting in an
unbalanced lifestyle. Consequently, in our days improvement of life quality and increase in
life expectancy are often related to repair of damaged and degraded organs and tissues [3]. In
a nutshell this tendency could be summarized by reconstruction due to missing prevention.
Musculoskeletal diseases or disorders are reported to an annual cost of more than $250 billion
for the USA only. Furthermore osteoporosis related fractures are expected to rise to 3 million
annual cases [4]. Traditionally, bone defects are reconstructed with implants. However a trend
from reconstruction to regeneration with bone-grafting materials can be observed. The use of
autologous bone grafts is still considered to be the gold standard however due to their
drawbacks (need of a second surgical site with associated additional pain and even increased
morbidity) synthetic bone substitutes are considered to be an ideal alternative [5]. Calcium
phosphates (CaP) are well established synthetic bone substitutes [6] and extensively studied
[7, 8]. CaP are known for their excellent bioactivity (ability to form bone apatite like material
or carbonate hydroxyapatite on their surfaces), their osteoconductivity (ability to provide the
appropriate scaffold or template for bone formation) and their osteoinductivity (capable of
osteogenesis) when combined with bone morphogenetic proteins [9]. CaP is therefore
considered to be an ideal bone substitute material. The major aim of this thesis is the
optimization of 3DP related material, method and design optimization for scaffold
engineering. Three key areas of research necessary to advance this aim were identified in this
thesis:
I.
II.
III.

I.

Assessment of the state of the art in solid free-form fabrication for scaffold
engineering focusing on calcium phosphates
Systematic optimization of calcium phosphate material and powder properties as well
as the 3DP method
Scaffold design optimization for powder based 3DP

Assessment of the state of the art in solid free-form fabrication for scaffold
engineering focusing on calcium phosphates

In this first study (details see Chapter 2) a literature review of the main SFF techniques was
conducted comparing their critical features. While each of the different techniques has its
advantages, 3DP is the most versatile in terms of structural and material freedom. Thus
powder based 3DP was the focus of this thesis. A summary of material approaches used in
3DP for tissue engineering applications (polymeric, ceramic as well as composite powdered
materials) and their corresponding binders was given. The many different material approaches
found in literature indicated not only the versatility but also a lack of consensus in tissue
engineering approaches. This study focused on CaP powders and its binding mechanism
during 3DP. Typically CaP powders are reported to be bound together by locally applying an
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acidic binder via the printhead. From a chemical point of view a setting reaction takes place
also referred to brushite cement reaction during the printing process [10]. The crystals are
precipitated, locally binding single powder particles providing a high specific surface with
high osteoconductivity [6], resulting in an excellent starting point in terms of material
properties for scaffold engineering. From a structural point however major limitations were
detected. The limited resolution of 3DP, mainly depending on the layer thickness, was
reported to be in the range between 50-300 µm. Furthermore precision or manufacturing
tolerances down to 100 µm were found in literature [11]. Due to the layer-based nature of
3DP the so called stair-stepping effect is critical when it comes to complex shapes needed in
scaffold engineering. This finally yields to smallest pores reported to be in larger than about
0.5 mm that can be printed with this method [12]. Furthermore depowdering of pores (filled
with loose unbound powder) was detected as an additional limiting factor requiring powder
particle with small size and high flowability. The layer thickness and thus the resolution
depends to large extend on the powder particle size. However if the powder size is too small,
particles tend to agglomerate and prevent the build up of thin powder layers. Indeed, these key
aspects such as the relation between relevant powder parameters and final printing outcome
were found to be largely unknown. Therefore systematic optimization of powder based 3DP
method was concluded to be key in the search for advancement in scaffold engineering and
lead to the following studies.

II.

Systematic optimization of calcium phosphate material and powder properties as
well as the 3DP method

The review of the state of the art in powder based 3DP lead our research to be focused on the
following aims described in detail in Chapter 3. In a first study the relation between different
powder properties and the final printed specimens were investigated. In the second study a
single powder with promising characteristics according to the previous study was used and the
impact of printing parameters on the final outcome was studied systematically.
The relevant powder properties studied in the first study consisted of the particle size,
flowability, wettability and compaction rate. The layer thickness was set to 88 µm as well as
other printing parameters were kept constant to account for the effect of the powder
properties. We could show that there was an optimum concerning powder flowability and
particle size. Too small and too large powder sizes were found to result in suboptimal
printing. The optimal powder size was determined to be between 20-35 µm. Powders smaller
than 20 µm tended to agglomerate and powder particles larger than 35 µm resulted in low
resolution associated with too high flowability and consequently in powder bed instability. In
a similar manner further critical powder parameters were determined and analysed. Promising
results can be expected for a powder compaction rate in the range of 1.3–1.4, flowability in
the range of 5–7 and powder bed surface roughness of 10–25 µm [12]. Furthermore possible
strategies for powder property optimizations tailored for high quality 3DP were discussed.
This study set the basis for further improvement of 3DP with CaP powders for scaffold
engineering.
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The major aim of the second study was the systematic comparison of printing parameters for a
given powder. Layer thickness was determined to be the most critical printing parameter.
Printing outcome for layer thickness of 88 µm to 44 µm was compared systematically. The
reduction in layer thickness was achieved by replacing the lead screw of the printer’s build
and feed platform with an equivalent lead screw with half the thread lead. Furthermore a
custom made moisture device allowed application of water moisture for different time spans
(5, 10, 20 s) to stabilize the powder bed surface prior to printing. Moisture application had
already been reported by the inventors of 3DP to be an effective method for powder bed
stabilization [13]. Nevertheless its effects were not systematically analyzed and published in
literature. Higher powder bed stability was determined to be a key element for high resolution
3DP with thin layer thickness and thus fine powder particles. We could show that the best
surface roughness of 25 µm was achieved with a moisture application time of 5 s and a layer
thickness of 44 µm. Furthermore recycling of humidified CaP powder was shown to not only
being possible but in terms of reactivity even beneficial. This was due to formation of fine
apatite nuclei on the surface of the particle surfaces while leaving most of the particle
unreacted [14]. This study revealed the potential of moisture-based 3DP with CaP powder
particles for high resolution scaffold engineering.

III.

Scaffold design optimization for powder based 3DP

The previous studies focused on the understanding and improvement of the materials used in
3DP and the method of 3DP itself. Simple geometries such as pyramid structures were printed
for this purpose. Printing of such structures resulted in high quality of printed specimens.
However, scaffolds by definition require porous structures allowing seeding and growing of
cells. 3DP of such complex porous structures is theoretically possible. Indeed 3DP was
chosen due to its ability to manufacture overhangs and internal features by support of loose
unbound powder. For many other SFF techniques this is either not possible or requires
creation of additional fixtures that need to be removed afterwards. Although very promising,
this technique has major limitations when it comes to removal of the residual unbound
powder within the pores inside the scaffold. This is especially critical for fine powder having
a low flowability. Fine powder however is needed to achieve high resolution in the scaffolds.
Therefore in this final study presented in detail in chapter 4, new scaffold designs adapted to
the capabilities and limits of powder based 3DP were studied. Specifically, instead of using a
one-piece scaffold design a multiple-piece approach consisting of an outer cage having
windows large enough to enable depowdering while still small enough to trap mobile fillers
inside the cage was followed. Different filler geometries and distance between fillers were
systematically analyzed. A special focus was set on the degree of remaining loose powder
after depowdering. This depowdering efficiency was quantified using microstructural analysis
using micro-computed tomography. The new design revealed that depowdering was
significantly improved when using mobile fillers compared to non-mobile fillers glued to the
cage. Furthermore this approach allowed depowdering of large scaffolds and thus opening up
new fields of applications for 3D printed CaP scaffolds.

153

154

Limitations and future research
In this thesis the following major limitations could be identified:
First, we concentrated our approaches to powdered CaP material only. CaP have a similar
composition compared to the mineral phase of bone and thus have been widely used for
synthetic bone replacement and scaffold engineering applications. Nevertheless even within
CaP there are many different sorts of CaP materials differing in their Ca/P molar ratio and
basicity. Slight changes therein can have a dramatic effect on crystal structure, the solubility
and resorption rate. In our study we only investigated 3DP with tricalcium phosphate (Ca/P
ratio = 1.5) powder in combination with a phosphoric binder. While for conventional powder
based 3DP it is difficult to work with more than one powder the use of multiple binders is
well known. Using phosphoric acid as binder reduces the Ca/P ratio of the setting reaction
product (Brushite) down to 1.0. Another promising alternative (Appendix, Patent) consists of
a tricalciumphosphat (TCP) and monocalcium phosphate monohydrate (MCPM) powder
blend locally bound together with water binder drops. This approach would have the great
advantage of water-based 3DP yielding to no change in Ca/P ratio, longer printhead life and
improved green strength of printed specimens. Additional studies will be needed for
systematic optimization of different powder/binder combinations and their reactions products.
Second, this study was based on a given commercially available 3D printer. The printer was
adapted in order to allow a lower layer thickness. Furthermore the printer was extended with a
custom-made moisture unit. This allowed the analysis of some specific printing parameters.
Nevertheless, the printer used in this study was still a black box in many aspects. Future work
is needed for further critical investigation on printing parameters such as printhead binder
drop volume and speed, roller rotational and transversal speed and local control of binder
saturation within the printed body. Additional work in this field will allow new insights and
understanding for further optimization of powder based 3DP.
Third, this study concentrated on a limited number of different scaffold designs. The designs
were based on insights concerning depowdering feasibility. Especially the filler designs were
not systematically analyzed; instead only two designs were compared. Furthermore the
scaffold was assumed to have cylindrical outer contours which might be simplified too much
for certain applications. Imaging based scaffold design of the outer cage would be a
reasonable approach for customized bone defect filling. Further experimental and theoretical
investigations are needed to get a better understanding of the interplay between relevant
design parameters, their depowdering characteristics and final performance as scaffolds.
Optimized filler design is expected to improve the new depowdering-friendly design approach
investigated in this study. For the critical assessment of the final performance further aspects
such as mechanical properties and cell interaction need to be taken into account for future
work. More research is needed concerning the mechanical properties especially concerning
improved ductility of 3D printed specimens. The use of platelet-like powder particles
combined with a polymeric binder might be a promising approach. The recoating mechanism
used in powder based 3DP could be used for a systematic orientation of platelets. Highly
oriented platelets with a high aspect ratio (bricks) bound together with a thin polymeric glue
(mortar) are reported to be key aspects of high ductility of composite natural materials (wall)
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found in bone and nacre [15]. Even though in natural materials this principle is realized in a
nano scale, benefit is also expected on a larger printable scale. Another sophisticated
workaround to gain acceptable fracture toughness with brittle material is found in damage
tolerant topologically interlocked structures [16, 17]. This effect also referred to as
topological toughening is based on interlocked (brittle) elements resulting in a damage
tolerant (quasi ductile) structure due to the failure of single discrete elements instead of the
whole structure. This approach could well be adopted into the cage filler approach presented
in this study.

Conclusion
Within the scope of this thesis, the following three key achievements can be highlighted. First,
we were able to define an optimal range of relevant powder properties for best printing results
for a given layer thickness typically used in powder based 3DP. Second, for a given powder
we were able to shed light on the improvement of 3DP printing results by optimization of
printing parameters. Third, we gained new insights in depowdering-friendly scaffold designs
for 3DP of large porous scaffolds. Nevertheless, these insights can be only a small step in a
long journey of translation of scaffold engineering approach into clinics. Furthermore, apart
from technical hurdles commercialization must be taken into account. Today, the lack of
clinical application of scaffold engineering reflects that current approaches are either too
complicated, immature, or wrong. All together it indicates our limited understanding in this
field and a need for further studies. A continuous study of nature’s purposeful perfection will
hopefully one day open our eyes, ears and minds for a clearer understanding of the underlying
principles, simplicity and beauty.
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Patent
A patent was published based on the insights of the last paper (compare Chapter 4.2: New
depowdering-friendly designs for three-dimensional printing of calcium phosphate bone
substitutes). The patent was elaborated in collaboration with Dr. Lusuardi and is written in
German language with the following title:
„Knochenersatz und Verfahren zu dessen Herstellung“ (English: „Bone substitute and
procedures for its fabrication“)
Inventors: Andre Butscher, Marc Bohner, Nicola Döbelin.
The application for a patent (Internationale Patentanmeldung Nr. PCT/CH2012/000270) was
submitted on 11.12.2012.
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“The first gulp from the glass of natural sciences will turn you into an atheist, but at the
bottom of the glass God is waiting for you.” (Werner Heisenberg)
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