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Summary
Nature exhibits fascinating heterogeneous materials architectures that are constructed based
on design principles often unexplored in synthetic materials systems. By changing the local
materials architecture while relying on a limited number of base materials, biological systems
combine locally tuned materials response with a globally optimized component behavior. A
prominent example is the transition from tendon to bone. Despite being based on the same
fundamental constituents, hydroxyapatite and collagen, tendon and bone show elastic moduli
that differ by more than an order of magnitude. Since a sharp mismatch in elastic modulus
would promptly lead to interfacial mechanical failure, the materials architecture between
tendon and bone changes continuously. This ensures creating a reliable connection between
the two tissues. Thereby, tendon and bone form a heterogeneous material that can be cycled
mechanically millions of times without failure. The fabrication of such heterogeneous
materials using state-of-the-art manufacturing technologies is still very challenging. Interfaces
between synthetic materials are therefore a common source of failure. The lack of fabrication
tools has not only hindered the application of such material systems in practice, but also the
understanding of the basic design principles of heterogeneous architectured materials found
in nature. Here, we develop new processing tools and materials that allow for the fabrication
of heterogeneous architectured materials that cover a wide range of mechanical properties.
Three strategies are pursued to control the architecture of the resulting bioinspired
heterogeneous materials. In a first approach, different photopolymerizable resins reinforced
by alumina microplatelets are developed and used as inks for 3D printing. Magnetic fields are
utilized to manipulate the orientation of these platelets and thus tune the local texture of the
polymerized printed materials. By controlling the chemical composition of the resin as well as
the volume fraction and orientation of the functional alumina filler, textured materials are
fabricated with deliberately tunable local properties. 3D printing by direct ink writing is used
to shape these architectured materials into intricate 3D geometries. These heterogeneous
architectured materials show global functional properties that arise from controlled local
chemical composition and texture of its constituents. In a second approach, the range of local
materials properties accessible with this fabrication platform is significantly extended by
creating a library of inks covering elastic moduli that span several orders of magnitude. This
large range of properties is achieved by controlling the mixing ratio of two base resins with
v

highly different mechanical properties. Local tuning of the mixing ratio of the base resins in a
3D printing process enables the fabrication of objects with graded heterogeneous
architectures. Varying the design of these mechanical gradients allows us to control the failure
behavior of heterogeneous objects. We are thus able to investigate the role of mechanical
gradients typically found in biological materials. In the third and last part of the thesis, the
focus is again directed towards the fabrication of materials based on inorganic particles.
Because the concentration of particles that can be incorporated in 3D printing inks is limited,
a new consolidation route is developed that can be used to increase the volume fraction of
colloidal systems and potentially also of 3D printed composites. In this approach, an isostatic
pressure is applied to nanoparticle suspensions to transfer part of their liquid phase into a
porous substrate. A simple model system consisting of water-based colloidal silica
nanoparticles is used to illustrate the potential of the approach. Using isostatic pressures up
to 350 MPa, this process enables the consolidation of nanoparticles as small as 8 nm.
Nanoparticle-based materials with an exceptionally high volume fraction of 56.9% of silica are
thus produced. Overall, the fabrication toolbox presented in this thesis will accelerate the
development of manmade heterogeneous architectured materials. These will potentially
exhibit higher reliability and performance compared to conventional systems. Moreover, the
insights gained in this work provide new guidelines for bioinspired designs and will lead to
improved structures in mechanically demanding applications found in the biomedical industry
or robotics.
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Zusammenfassung
In der Natur finden sich faszinierende heterogene Materialarchitekturen welche auf
Designprinzipien basieren, die in synthetischen Materialsystemen oft nicht ausgeschöpft
werden. Trotz der Verwendung einer limitierten Anzahl an Grundbausteinen, können
biologische Systeme eine lokal angepasste Materialantwort mit einem global optimierten
Komponentenverhalten kombinieren. Dies wird durch eine Änderung der lokalen
Materialarchitektur erreicht. Ein prominentes Beispiel dafür ist der Übergang zwischen
Sehnen und Knochen: Obwohl beide auf den gleichen Bausteinen basieren, nämlich
Hydroxyapatit und Kollagen, unterscheiden sich die Elastizitätsmoduli von Sehnen und
Knochen um mehr als eine Grössenordnung. Da ein scharfer Übergang zwischen Materialien
von so unterschiedlicher Steifigkeit in kürzester Zeit zu einem mechanischen Versagen an ihrer
Grenzfläche führen würde, ändert sich die Materialarchitektur zwischen Sehnen und Knochen
kontinuierlich. Dadurch bilden Sehnen und Knochen ein heterogenes Material, das Millionen
mechanischer Belastungszyklen ohne Versagen standhält. Die Herstellung von solch
heterogenen Materialien ist auch mit modernen Methoden immer noch sehr anspruchsvoll,
weshalb Grenzflächen zwischen synthetischen Materialien oft der Grund für ein Versagen
sind. Der Mangel an Herstellungsprozessen hat nicht nur die Anwendung solcher
Materialsysteme in der industriellen Praxis verhindert, sondern erschwert auch die
Erforschung der grundlegenden Designkriterien von natürlich-vorkommenden heterogenen
Materialarchitekturen. In dieser Arbeit entwickeln wir neue Herstellungsprozesse und
Materialien, die es erlauben heterogene Materialarchitekturen zu fertigen, die eine grosse
Spannweite an mechanischen Eigenschaften zeigen. Dabei werden drei verschiedene Ansätze
verfolgt um die Architektur von heterogenen Materialien zu kontrollieren. In einem ersten
Ansatz werden mit Alumiumoxidmikroplättchen verstärkte photopolymerisierbare Harze
entwickelt, die per 3D-Druck verarbeitet werden können. Magnetische Felder werden
verwendet um die Orientierung der Plättchen und damit die lokale Textur des polymerisierten
Materials zu beeinflussen. Durch die Kontrolle der chemischen Zusammensetzung des Harzes
sowie

des

Volumenanteils

Aluminumoxidmikroplättchen,

und

werden

der
texturierte

Orientierung

der

Materialarchitekturen

funktionalen
mit

lokal

optimierten Eigenschaften hergestellt. Das «direct ink writing» 3D-Druckverfahren wird
verwendet um aus diesen Materialien komplexe 3D-Geometrien zu drucken. Diese
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heterogenen Materialarchitekturen zeigen global funktionale Eigenschaften, die aus der
lokalen Optimierung der chemischen Zusammensetzung und Materialtextur resultieren. In
einem zweiten Ansatz wird die Spannweite an druckbaren Eigenschaften deutlich erweitert,
indem eine Bibliothek von Materialien entwickelt wird, deren Elastizitätsmodule mehrere
Grössenordnungen umfassen. Dieser grosse Bereich an Eigenschaften wird durch die Kontrolle
des Mischungsverhältnisses zweier Grundharze ermöglicht, die grundlegend unterschiedliche
Steifigkeiten besitzen. Die lokale Anpassung des Mischungsverhältnisses in einem 3DDruckprozess erlaubt die Herstellung von heterogenen Materialarchitekturen mit
Steifigkeitsgradienten. Durch Variation des Gradientendesigns kann das Bruchverhalten von
heterogenen Objekten kontrolliert und die Rolle von mechanischen Gradienten untersucht
werden, wie sie typischerweise in der Natur zu finden sind. In einem dritten und letzten Teil
der Arbeit ist der Fokus wieder auf die Herstellung von Materialien gerichtet, die auf
anorganischen Partikeln basieren. Da die Partikelkonzentrationen, die im 3D-Druck
verarbeitet werden können, limitiert sind, wird eine neue Verdichtungsmethode entwickelt.
Diese ermöglicht die Erhöhung des Volumenanteils kolloidaler Systeme und potentiell auch
3D-gedruckter Verbundwerkstoffe. In diesem Ansatz wird isostatischer Druck auf eine
Nanopartikelsuspension angewendet um Teil der Flüssigphase in ein poröses Substrat zu
pressen. Ein einfaches Modellsystem bestehend aus wasserbasierten, kolloidalen
Siliziumoxid-Nanopartikeln wird verwendet um das Potential des Prozesses aufzuzeigen. Die
Verwendung von isostatischen Drücken von bis zu 350 MPa erlaubt die Verdichtung von
Nanopartikeln einer Grösse von nur 8 nm. Dadurch werden nanopartikelbasierte Materialien
hergestellt, die einen aussergewöhnlich hohen Volumenanteil von 56.9% Siliziumoxid
besitzen. Es wird erwartet, dass die Fertigungsprozesse, die in dieser Arbeit gezeigt werden,
die Entwicklung von künstlichen heterogenen Materialarchitekturen beschleunigen werden.
Diese Materialarchitekturen werden eine, verglichen mit konventionellen Lösungen,
potentiell erhöhte Zuverlässigkeit und Leistung besitzen. Zusätzlich zeigen die Erkenntnisse
dieser Arbeit neue Leitlinien für bioinspirierte Designs auf und werden so zu verbesserten
Strukturen in mechanisch anspruchsvollen Anwendungen in der biomedizinischen Industrie
oder der Robotik führen.
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Chapter 1
Introduction
1.1 Architectured materials in nature
Heterogeneity in materials can occur on every length scale and the term heterogeneous
materials has been used to describe systems as diverse as composites, colloidal systems,
foams or phase separated metallic alloys that consist of different phases at distinct length
scales.1 Additionally the term can even be used for materials made of the same phase in
different states. That is polycrystalline metals or ceramics.1 What the materials under this
definition of heterogeneity have in common is that at a coarse enough length scale, effective
properties can be assigned to the material. If the building blocks of a heterogeneous material
consist of different material classes, like polymers and ceramic particles, it would commonly
be referred to as composite material. Here, the effective properties of the heterogeneous
material typically arise from the mixture of its constituents. If the combination of these
building blocks is aimed at reaching effective properties that go beyond its individual
constituents, such a material is often called a hybrid material.2 In a more narrow definition of
hybrid material the term is only used for materials with heterogeneity on the nanoscale like
nanocomposites or hybrids based on the condensation of bridged silanes with metal
alkoxides.3 If the emphasis in the design of the material is the relative configuration and
connectivity of its constituents to achieve heterogeneous materials with “hybrid-type”
effective properties, the materials can be called an architectured material (Figure 1-1a).4-6
Such a broad definition of architectured materials can include any type of heterogeneous
material, typically with an emphasis on some sort of structural order. Such materials include
short and long fiber composites, foams, segmented structures and multilayer structures. The
architecture of a material typically includes the choice of constituent materials, their volume
fraction, configuration, connectivity and length scale of interaction.4
Nacre is a heterogeneous material that consists of two phases7 (Figure 1-1b). Since the organic
polymer and the inorganic aragonite, are from different material classes, it is a composite
material. Specifically, it is also referred to as a hybrid composite, since the effective properties
go beyond the brittle aragonite and the polymer.8 Clearly, nacre can also be considered an
architectured material since the configuration and connectivity of the aragonite in the
1
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polymer matrix is crucial for its effective properties.9 Materials where the specific architecture
is crucial for the effective properties are abundant in nature.10 Additional examples include
insect exoskeletons, mammalian hooves or horns.11

Figure 1-1: (a) Architectured materials showing different configurations and connectivities. Reprinted from Scripta
Mater., 68, M. Ashby, “designing architectured materials”, 4-7, 2013, with permission from Elsevier.4 (b) SEM
image of the microstructure of Nacre. Reprinted from Compos. Sci. Technol., 68, K. Bertoldi et al., “Nacre: an
orthotropic and bimodular elastic material”, 1363-1375, 2008, with permission from Elsevier.7

1.2 Spatially heterogeneous architectured materials
One crucial aspect of natural architectured materials is that the architecture can be
deliberately changed to achieve different effective material properties. A good example for
this is tendon, bone and the transition zone between them (Figure 1-2a). The constituents of
these different “materials” is always collagen and hydroxyapatite.12 Still tendon and bone
have vastly different properties. This is due to a change in architecture that is mineral volume
fraction and arrangement of the inorganic phase.13 The two main constituents of tendon and
bone, collagen and hydroxyapatite, can be seen as the two extremes of a material property
library. If the architecture of a material based on these constituents is varied, the effective
property space between these extremes can be achieved, and in some cases, even be
extended beyond the initial values of the constituents. If the material system is based on a
certain number of constituent phases, with only the architecture changing between different
materials domains, typically such a material system will not have distinct interfaces. In the
example of the tendon and bone, it is easy to identify the extremes: In Figure 1-2a, it is clear
that the material on the very left is tendon and the material on the very right is bone. It is
more difficult to define a sharp interface between the two. That is because the system tendonbone essentially behaves like a single material comprised of different domains. This is the
concept behind a spatially heterogeneous architectured material. When an object shows
2
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material heterogeneity on a component level, it might still be better characterized as one
spatially heterogeneous material instead of an assembly of materials.9 A typical example for
an engineered component that is an assembly of materials would be a total hip joint
replacement.14 Modern implant systems often consist of metal, ceramic and polymer parts
that are mechanically linked to achieve the full functionality of a hip joint (Figure 1-2b).

Figure 1-2: (a) Tendon to bone insertion. The cartoon depicts the collagen organization and the degree of
mineralization (bluer indicating higher mineralization). Reprinted from Biophys. J., 97, G.M. Genin et al.,
“Functional Grading of Mineral and Collagen in the Attachment of Tendon to Bone”, 976-985, 2009, with
permission from Elsevier 12 (b) A Sketch of a total hip joint replacement as an example of a typical engineering
component consisting of an assembly of different materials. Reprinted by permission from Springer Nature:
Springer, “Biomaterials in Clinical Practice” by Abdel Jaber et al., 2018.14

One typical element that would suggest the characterization of a heterogeneous object as a
heterogeneous architectured material rather than an assembly of materials would be a
gradient in material composition. Clearly, if the objects constituents are deliberately varied in
a gradual manner, the objects will rather behave like a single material than an assembly of
materials. One biological examples of this would be the gradient in properties in the byssus
thread of mollusks (Figure 1-3a). The protein composition along the thread is varied
continuously in order to achieve a gradient in stiffness. This gradient is believed to be crucial
in allowing for reliable adhesion of the mollusk to rocks.15 Another design motif, that allows
the classification of a heterogeneous object as a heterogeneous architectured material rather
than an assembly of different materials, would be the existence of a continuous matrix
between two material domains. Even without having a graded transition between the
domains, such a continuous matrix can enable the material system to behave as essentially
3
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one material. A good examples of this is the multilayer structure of mollusk shells, here two
different layers exist that are based on the same constituent organic and inorganic phases,
but where the orientation of the reinforcing inorganic phase changes sharply at an interface
(Figure 1-3b). This produces a bilayer structure with perpendicularly oriented inorganic phases
that allow for simultaneous surface hardness and toughness of the shell.

Figure 1-3: (a) Cartoon showing the mechanical gradient in the byssus thread. Reprinted from J.H. Waite et al.,
“Elastomeric gradients: a hedge against stress concentration in marine holdfasts?”, Philos. Trans. R. Soc., 2002,
B 357, 1418, 143, by permission of the Royal Society.15 (c) SEM picture of an abalone shell with prismatic layer on
top and nacreous layer on the bottom. Reprinted from J. Microsc., 212, S. Blank et al., “The nacre protein perlucin
nucleates growth of calcium carbonate crystals”, 280-291, 2003, with permission from John Wiley and Sons.16

1.3 Heterogeneous architectured materials in engineering
This level of integration where distinct material domains start to disappear on a component
level is so far only seen in natural materials. Achieving an integration of different material
domains to act as essentially one heterogeneous material by definition eliminates failure due
to interfacial defects. Such a behavior is desirable in any application where spatially different
material properties have to be integrated in one object. A classic example are graded thermal
barrier coatings that allow combining the heat resistance of a ceramic with ductile and tough
metal.17 By integrating the two material classes through a graded interface, the component
behaves as essentially one heterogeneous architectured material instead of an assembly of a
metal and a ceramic. Surface treatments in general often lead to heterogeneous materials. A
common example is a graded water-content contact lenses.18
New developments in the field of 3D printing now allow envisioning a new wave of spatially
heterogeneous architectured materials. 3D printing of a single material with cellular
architecture can be regarded as the simplest way to create heterogeneous architectured
materials. Several examples have shown that a wide range of material properties can be
4
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achieved by varying the cellular architecture of an object.19,20 Using a single constituent
material, these objects are composed of unit cells with different architectures leading to
different effective properties for every unit cell (Figure 1-4a,4b). Since the unit cells are all
compatible and made from the same material, the object behaves as if it was made from one
material with a spatially heterogeneous architecture.

Figure 1-4: (a) Object with varying pore architecture fabricated by fused deposition modelling. Reprinted from
Mat. Sci. Eng. C-Bio. S., S.J. Kalita et al., “Development of controlled porosity polymer-ceramic composite scaffolds
via fused deposition modeling”, 611-620, 2003, with permission from Elsevier.19 (b) Object with variable elasticity
fabricated by printing of a single material with defined architecture. C. Schumacher et al., "Microstructures to
control elasticity in 3D printing", ACM Trans. Graph., 34, http://doi.acm.org/10.1145/2766926, © 2008 ACM, Inc.
reprinted with permission.20 (c) Polymer gradient materials fabricated by mixing monomers in different ratios.
Reprinted from Macromol. Rapid Commun., 33, K.U. Claussen et al., “Learning from nature: synthesis and
characterization of longitudinal polymer gradient materials inspired by mussel byssus threads”, 206-211, 2012,
with permission from John Wiley and Sons.21

Another approach that promises greater flexibility in local materials properties is the 3D
printing of locally differing material compositions in addition to purely changing the
architecture of one material. A good example discussing mechanical optimization of polymeric
structures via gradients is the work of Bartlett et al. They used 3D printing to fabricate soft
combustion powered robots and showed that robots with a heterogeneous graded shell
connecting the stiff electronics with the soft body has a higher failure tolerance

22.

The

fabrication of even more complex 3D gradients is now beginning to become feasible by novel
processing techniques based on direct ink writing.23-26 The technical challenges in 3D printing
based on such direct deposition techniques have recently been discussed by Garland and
Fadel for fused deposition modelling.27 Additionally, there are a couple of studies focused
mainly on the fabrication of soft mechanical gradient materials without 3D printing (Figure
1-4c). Claussen et al. recently compared 4 different polymer systems suitable for the
formation of polymer gradient materials. They prepared and characterized polymer gradient
materials from photopolymerizable acrylates and thiol-enes as well as thermally-cured
5
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polyurethanes and PDMS.28 Wang et al. developed a cellulose nanofiber based material
system that allows for direct ink writing of mechanical gradients.29 These gradients were
characterized via mechanical testing with digital image correlation and it was shown that the
materials modulate the strain field upon deformation leading to controlled failure in the soft
part of the material, rather than defect driven failure of uniform materials. Nevertheless, the
fabrication tools to produce spatially heterogeneous architectured materials are very limited.
Progress is needed in the range of printable materials as well as the printing processes to
achieve heterogeneous architectured materials with a complexity and a property range similar
to that encountered in nature.

1.4 Aim and organization of thesis
The aim of this thesis was the development of additive manufacturing tools for the fabrication
of heterogeneous architectured materials and the investigation of their structure-property
relationships.
First, a library of architectured materials was developed that can be processed by 3D printing.
These architectured materials are alumina platelet reinforced polymer composites with
controlled orientation of the inorganic platelets. The composites are fabricated by aligning the
platelets in a resin using rotating magnetic fields and curing via photopolymerization. The
effective materials properties of these architectured materials was controlled by varying the
chemical composition of the resin and the volume fraction as well as the orientation of
platelets. A photopolymerizable resin was developed that exhibited very soft and stretchable
behavior as well as a stronger and stiffer resin. These two resins formed the extremes in
properties achievable in the 3D printable materials library. Both were based on compatible
polyurethane acrylate chemistry. Therefore, mixing the resins in different volume fractions
allowed covering intermediate materials properties. The addition of alumina platelets and
their alignment using magnetic fields allowed for a further fine-tuning of the effective
properties and gave rise to anisotropic materials behavior.
These architectured materials were spatially patterned into heterogeneous architectured
materials using direct-ink writing. In this 3D printing approach, the resins are deposited by
extruding them through needle-type nozzles. After a layer is deposited, it is cured by
photopolymerization, before the next layer is printed. This layer-by-layer process allowed for
introducing heterogeneity in the printed materials. The coarsest length scale of the
6
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architectured materials used as a basis for 3D printing were the alumina platelets with a size
of roughly 8 microns. The material therefore shows homogeneous properties, when a length
scale in the range of several 100 microns is approached. In the direct ink writing system used
here, line width of 200 to 800 micron was typically used for printing. This is the approximate
length scale of the heterogeneity in the final objects. The processes develop here would
therefore lead to a heterogeneous architectured materials with heterogeneity in the size
range of hundreds of microns with constituent homogeneous architectured materials
domains in the size of several tenths of microns.
The thesis consists of three chapters dealing with different aspects of the fabrication,
characterization and study of heterogeneous architectured materials:
Chapter 2 describes the entire fabrication process for heterogeneous architectured materials
by 3D printing and the principle of using magnetic fields for the control of texture in the local
architecture.
Chapter 3 focuses on the application of heterogeneous architectured materials in the form of
gradients in stiffness for investigating the tunable failure of 3D objects.
Chapter 4 deals with an additional aspect of architectured materials. Composites produced by
direct ink writing are limited in the volume fraction of reinforcement particles due to
rheological constraints of the process. This aspect is also discussed in chapter 2. To circumvent
this problem, an additional post-processing step is proposed in chapter 4 that potentially
allows for the densification of printed colloidal systems to higher volume fractions. The
chapter is mainly focused on the general consolidation of nanoparticles. Nevertheless, it will
illustrate the potential of the process for 3D printed structures in an example of 3D printed
cellulose nanocrystals.

7
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Abstract
3D Printing has become commonplace for the manufacturing of objects with unusual
geometries. Recent developments that enabled printing of multiple materials indicate that
the technology can potentially offer a much wider design space beyond unusual shaping. Here,
we show that a new dimension in this design space can be exploited through the control of
the orientation of anisotropic particles used as building blocks during a direct ink writing
process. Particle orientation control is demonstrated by applying low magnetic fields on
deposited inks pre-loaded with magnetized stiff platelets. Multi-material dispensers and a
two-component mixing unit provide additional control over the local composition of the
printed material. The five-dimensional design space covered by the proposed multi-material
magnetically-assisted 3D printing platform (MM-3D Printing) opens the way towards the
manufacturing of functional heterogeneous materials with exquisite microstructural features
thus far only accessible by biological materials grown in nature.
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2.1 Introduction
The unprecedented 3D shaping capabilities of additive manufacturing technologies have long
been exploited for rapid prototyping 1,2 and more recently have impacted fields as diverse as
medicine, 3 anthropology, 4 and design. 5 The possibility of combining multiple materials in a
single geometry is an even more powerful asset of this fabrication approach that adds on an
extra dimension in the available design space.
Multi-material additive manufacturing has enabled the implementation of enticing
functionalities into 3D objects. 6-14 For example, inks loaded with cathode and anode materials
have allowed for direct writing of lithium-ion microbatteries with high areal energy and power
densities. 7 Combining cells, biocompatible hydrogels and inorganic particles in the printing
process has been extensively explored for the fabrication of advanced scaffolds for tissue
regeneration.

8,9

Flexible, protective armors inspired by the architecture of fish scales have

also been recently produced through 3D printing.

10

Programmable objects that can

dynamically change their geometry have been printed with elastomeric, glassy,
thermoresponsive and shape memory polymers. 6,11-13,15-17
Although synthetic processes are far less elaborate and cover a much narrower range of length
scales as compared to biologically-mediated assembly, the deposition of multiple materials
that incorporate new functionalities in 3D printed parts resembles to some extent the
approach used by living cells to grow biological materials in nature. Alike printing heads, cells
in the connective tissues of animals and plants lay down extracellular material (ECM) with
locally tunable composition in a layer-by-layer fashion. Despite such similarity, a major
difference between ECM deposition in biology and man-devised printing processes with
regards to the multi-materials aspects is the final deposited material. The ECM often
comprises modular, anisotropic constituents such as fibrils, fibers and mineral particles, which
are locally aligned in specific directions at different concentrations to generate highly textured
composite materials. 18 Here, texture refers to the deliberate alignment of anisotropic building
blocks to enhance target properties in particular orientations. Importantly, independent local
composition and texture control provide living cells with at least two additional degrees of
freedom as compared to regular 3D printing processes, leading to static and dynamic
properties that find no counterparts in artificial systems.

19-21

Although recent studies have

shown that it is possible to print composite inks containing discontinuous anisotropic fibers,
12
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deliberate control of the local orientation of the deposited particles has not yet been

accomplished.
Inspired by the elaborate heterogeneous architectures found in natural materials, we propose
an additive manufacturing route that enables programming and fabrication of synthetic
microstructures within a five-dimensional design space. Besides the 3D shaping capabilities of
additive manufacturing, such design space also includes local control of composition (+1D)
and particle orientation (+1D). The creation of biomimetic materials through additive
manufacturing is the realization of a long sought-after vision 24 that, except from a few recent
examples,6,10,17,23 has been hampered by the lack of easily-accessible inks and manufacturing
tools. In this report, we first introduce the printing platform developed to enable 5D
programmability. This is followed by a description of the composition and rheology of inks
formulated to allow for the fabrication of distortion-free 3D shapes. The dynamics of the
magnetically-assisted process used to achieve particle orientation control is then discussed.
Finally, we exploit the proposed multi-material magnetically-assisted 3D printing system (MM3D Printing) to produce exemplary heterogeneous composites with unparalleled
microstructural features and multifunctional shape-changing soft devices for adhesive-free
mechanical fastening. We highlight that the development of this new printing platform and its
use to fabricate 3D self-shaping objects strongly relied on a fundamental understanding of (i)
the relation between ink rheology and the shape distortion of filaments, (ii) the dynamics of
the alignment of anisotropic particles under an external magnetic field and (iii) the correlation
between shape changes in swelling objects and the geometry and properties of their
constituent materials.

2.2 Results
2.2.1 MM-3D printing setup and ink formulation
5D programmability is achieved by utilizing inks consisting of magnetically-responsive
anisotropic stiff particles suspended in a light-sensitive liquid resin of tunable composition.
Such inks are deposited using a direct-writing approach in a commercial 3D printer,
customized to enable particle alignment using a low-cost neodymium magnet (Figure 2-1).
The printer is equipped with four independently addressable syringes that can be charged
with inks with different formulations. A two component mixing and dispensing unit is also
integrated into the printer to enable a gradual change in the ink composition during the
13
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printing process. Loading the two-component dispenser and the individual syringes with inks
containing different initial particle contents and resin compositions allows for local control
over the relative concentrations of building blocks in the printed layers. The initially nonmagnetic particles are made magnetically-responsive via the adsorption of iron oxide
nanoparticles on their surface prior to the formulation of the ink. 25 Control of the orientation
of anisotropic particles is possible by applying a low external magnetic field to the printed
layer before consolidation of the continuous fluid phase by light. To gain spatial control of the
local orientation of particles in a printed layer, we use masks of desired patterns during the
curing process.

Figure 2-1: Schematics of the MM-3D printing platform for the creation of heterogeneous composites. (a) Direct
ink writing hardware equipped with movable head and table (III), multiple dispensers (I), a mixing unit (II), a
magnet (IV) and a curing unit (V). (b) Example of MM-3D printed object designed to change shape upon external
stimulus. (c-e) Typical ink constituents: (c) Oligomers and monomers that form the base material and are crosslinked after deposition to generate a polymer network. (d) Fumed silica nanoparticles that percolate throughout
the resin. Scale bar: 500 nm. (e) Anisotropic particles oriented by the external magnetic field. Scale bar: 10 µm.

A crucial aspect for the realization of the MM-3D printing process is the formulation of inks
that can provide the desired particle orientation, composition and three-dimensional shape
control. This requires inks with distinct flow responses that range from pure Newtonian for
the orientation control to viscoelastic for the shape control. Such wide spectrum was achieved
by incorporating fumed silica (FS) particles of primary particle size of 5-30 nm as rheological
14
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modifier in the initial resin solution (Figure 2-1d). To impart elasticity to the ink, the fumed
silica should form a percolating network when incorporated into the resin solution. This was
accomplished by adding hydrophobic FS to more polar resins or, conversely, hydrophilic FS to
less polar formulations. The ink formulations contained the following main components:
polyurethane acrylate (PUA) oligomers, reactive diluents, photoinitiator, rheology modifier
and modified alumina platelets as the texturable particles (Figure 2-1c-1e). The concentrations
of the individual components of the inks were varied to fulfill the specific functionalities
desired in each of the printed objects (Table 7-1 and 7-2). PUA oligomers that result in either
soft or hard polymers after polymerization were used in different proportions as base
constituents of all the inks. The reactive diluents were further added to change the mechanical
properties of the inks after consolidation.
2.2.2 Ink rheology and magnetic alignment of particles
The effect of the addition of FS on the rheological behavior of an exemplary resin composition
was studied through oscillatory and steady-state measurements. From the rheological data
obtained, we quantified the steady-state viscosity and the yield stress of the inks as depicted
in Figure 2-2a-2c. The apparent yield stress of the ink (τy) is taken here as the cross-over
between the storage and loss moduli measured in oscillatory rheological experiments. In the
absence of fumed silica, the base resin exhibits a Newtonian response with a viscosity of 0.2
Pa.s, which is convenient for the alignment of anisotropic microparticles using low magnetic
fields. Upon the addition of increasing amounts of FS particles to this base resin, the
rheological response of the fluid changes from purely Newtonian to a viscoelastic behavior
with a well-defined apparent yield stress (Figure 2-2a). Increasing the FS content from 2 to 8
wt% allows us to increase the yield stress and low-shear viscosity of the resin solution by two
orders of magnitude (Figure 2-2c). The viscoelastic nature of inks with high FS concentrations
is crucial to prevent distortion of printed objects. Because the rheological modifier does not
require a chemical reaction to thicken the fluid, many different resins including for example
epoxies, silicone and acrylics were successfully printed using fumed silica in the formulation.
Thus, the proposed ink system provides a powerful platform with a broad palette of material’s
choice for the MM-3D printing of objects with orientation, composition and shape control.
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Figure 2-2: Rheology, shape retention and platelet alignment dynamics of the investigated composite inks. (a,b)
Rheological data obtained under a oscillatory and b steady-shear conditions for inks with increasing concentration
of fumed silica (FS): 2, 3, 4, 5, 6 and 8 wt. % FS in a and 0, 1, 2, 3, 4, 5, 6, 7 and 8 wt. % FS in b. The FS content
increases from light to dark blue. (c) Effect of the FS content on the yield stress of the ink. (d-f) Analysis of shape
distortion of inks with different FS concentrations. Micrographs in d exhibit cross-sections of three-layered films
printed with inks containing increasing FS concentrations. An overhang was deliberately created here by
offsetting the top layer relative to the others. The equilibrium radius of curvature (req) was measured at the
overhang, while the initial radius (r0) was assumed to be half of the thickness of the layer. Scale bar: 200 µm.
Graph e shows the equilibrium radius of the overhang as a function of the yield stress of the ink. Unfilled and filled
symbols represent initial and equilibrium radii for 200 µm (squares) and 400 µm offsets (dots), respectively. The
dotted line indicates the equilibrium radius of curvature calculated from the experimentally obtained surface
tension. Graph f shows the direct correlation between the yield stress and the equilibrium curvature at low FS
concentrations (4-6 wt. %), when ∆P > τy. A surface tension of 0.017 N m-1 was estimated based on the linear fit
shown in this graph. (g,h) Alignment dynamics of platelets in the presence of a rotating magnetic field. Graph g
shows the increase in the degree of platelet alignment as a function of time. Micrographs in h depict snapshots
of the platelet suspensions at three different time points. Scale bar: 50 µm. The insets display Fast Fourier
transforms (FFTs) of the optical images.

To determine the yield stress needed to prevent shape distortion of objects with 3D complex
geometries, we printed simple three-layered films with increasing concentrations of the
rheological modifier and tracked possible changes in the top layer geometry after a fixed
16
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period of time (Figure 2-2d). Distortions are typically driven by capillary forces that work to
reduce the free energy of surfaces through a decrease of the local curvature of sharp printed
edges and overhangs. In order to meet the conditions encountered in a standard printing
process, the top layers were printed with representative overhangs offset by 200 or 400 µm
on top of two existing layers. Shape distortion at the edge of the overhang was clearly
observed for the inks with low apparent yield stress obtained at FS concentrations equal or
below 5 wt% (Figure 2-2d). Importantly, distortions were eliminated when the apparent yield
stress imparted by the modifier was sufficiently high to prevent the action of capillary forces.
For the acrylate-based ink investigated in this study, this condition was reached at a FS content
of 6 wt% (Figure 2-2d).
Understanding the interplay between capillary and elastic forces acting on the printed inks
provides useful guidelines for the fabrication of complex-shaped objects free of distortion.
Assuming that local shape distortion occurs when the Laplace capillary pressure (∆P) across
the surface of a layer edge overhang with initial radius ri and curvature κi (1/ri) is higher than
the apparent yield stress of the ink (τy), one should expect the layer edge to deform to an
equilibrium radius req and curvature κeq (1/req) that varies according to the simple relation:
1

κeq = τy ∙ γ , where γ is the surface tension of the ink. Experimental data obtained for ink
formulations with different FS concentrations confirm this linear dependence of the
equilibrium curvature on the yield stress when ∆P > τy (Figure 2-2e). Linear fitting of the
experimental points lead to a surface tension γ of 0.017 N m-1. This estimate is close to the
value of 0.019 N m-1 determined in independent surface tension measurements using the
pendant drop technique, confirming that the proposed correlation effectively captures the
capillarity-driven mechanism governing local shape distortion of the printed filaments. Inks
with sufficiently high FS concentration (≥ 6 wt%) exhibit a yield stress higher than the capillary
pressure (τy > ∆P), which prevents excessive distortion of the printed material. In this case, an
increase of 33-35 % in the initial radius of curvature of the layer edge was consistently
observed (Figure 2-2f), probably due to slight relaxation of the overhanging viscoelastic
material. On the basis of this analysis, we can predict the minimum FS concentration and yield
stress required to prevent shape distortion of layer edge overhangs with different radii of
curvature. This is shown in Figure 2-2f for inks exhibiting a surface tension of 0.017 N m-1
(dashed line). In this case, we predict for example that the ink with the highest FS content of
17
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8 wt% (τy = 160 Pa) can potentially enable printing of undistorted layers with edge radii
approaching 100 µm. Taking into account the observed relaxation effect, this would require
the deposition of lines with an initial radius of curvature at least 35% smaller than this value.
Besides the formation of stable edge overhangs, another crucial requirement of the MM-3D
printing process is to ensure the alignment of anisotropic particles in the presence of an
external magnetic field. According to a previous study,

25

the alignment of ultra-high

magnetically responsive (UHMR) platelets in Newtonian fluids with viscosity below a few Pa.s
should be possible using low magnetic field strengths on the order of 1-10 mT. For the printing
process, it is important that such alignment occurs within short timescales to reduce the
overall manufacturing time. To assess the dynamics of platelet alignment in our inks, we used
an optical microscope to image the response of UHMR platelets when subjected to a typical
magnetic field of 40 mT rotating at 8.3 Hz (Figure 2-2g,2h). The magnetized platelets were
suspended at a concentration of 1 wt% in a representative solution of monomers exhibiting a
Newtonian viscosity of 1.15 Pa.s. By setting the frequency to 8.3 Hz, we ensured that the drag
forces exerted on the platelets were sufficiently high to promote their biaxial alignment within
the plane of the rotating field. 26
The alignment of platelets was analyzed by performing Fast Fourier Transforms (FFT) on timelapsed snapshots taken in the optical microscope. Figure 2-2h shows that alignment at longer
elapsed times is clearly noticed by the formation of an elongated pattern in the FFT images.
Alignment was quantified by measuring the aspect ratio of the elongated patterns as a
function of time (Figure 2-2g). We find that platelets orient parallel to the plane of the rotating
magnetic field within the first 60 seconds of the experiment. Assuming that the normalized
aspect ratio of the FFT pattern is proportional to the concentration of fully aligned platelets,
one can infer that approximately 15 seconds are required to orient at least half of the
suspended anisotropic particles. Since the alignment time depends on the size of the
magnetized particles, the wide shape of the alignment curve likely reflects the broad size
distribution of platelets used in the study. The experimentally determined alignment time was
compared with a theoretical estimate obtained from a balance of torques acting on the
platelet’s edge (see section 7.3 and Table 7-3). Using the average diameter of the platelets in
the calculations, we estimate an average alignment time of 5 to 6 seconds. Slight platelet
agglomeration and unfavorable steric interactions between platelets and the glass slides used
18
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in the alignment experiments are not accounted for in this simple calculation, which is
probably the reason for the underestimated value obtained. We conclude that the simple
analysis proposed can be used as a first order of magnitude estimate of the timescales
associated with the texturing process of printed objects. Further investigation of the role of
particle agglomeration and steric effects is required to enable a more accurate determination
of the texturing timescales.
2.2.3 Printing of objects with exquisite microstructures
To demonstrate our ability to achieve orientation, composition and shape control using the
proposed manufacturing platform, we printed an exemplary three-dimensional object with
complex geometry and intricate heterogeneous microstructure (Figure 2-3a). Two separate
inks with distinct rheological behavior are utilized, namely a viscoelastic “shaping ink” and a
low-viscosity “texturing ink”. The shaping ink is designed to avoid shape distortions due to
capillary effects, whereas the texturing ink is formulated to enable alignment of suspended
anisotropic particles using a low external magnetic field. The geometry of the object (hereafter
named helix) is designed to include both convex and concave curvatures and macroscopic
dimensions in the centimeter range. The internal microstructure is programmed to show
several heterogeneous features through local tailoring of the orientation and spatial
distribution of anisotropic particles and the monomeric composition of the ink. The interior of
the object contains locally concentrated platelets in the form of a spiral staircase that spans
from the bottom to the top and smoothly conforms to the concave and convex outer surfaces
of the 3D object. The local orientation of platelets in each of the staircase steps of the helix is
designed to display tangential or radial orientations in an alternating fashion from the bottom
to the top. The bottom surface of the object is programmed to exhibit four specific areas with
three different out of plane platelet orientations, which are separated by in plane oriented
platelets to render a well-defined motif. Finally, the top surface also exhibits four regions with
deliberately oriented platelets. In this case, the controlled texture is combined with a spatial
gradient in platelet concentration, which continuously increases from the center to the edge
of the top layer.
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Figure 2-3: MM-3D printing of complex heterogeneous composite with intricate shape, local texture and local
composition. (a) Design and programming of the heterogeneous composite, highlighting the changes in local
texture (white arrows) and platelet concentration within the 3D structure. (b) Steps involved in the MM-3D
printing process. The shaping ink is indicated in grey, whereas the texturing ink is shown in beige. Patterned black
foils represent the lithographic masks. (c) Actual MM-3D printed object with internal helicoidal staircase. Scale
bar: 5mm. (d) (top). Photograph of the top layer of the structure, highlighting the successful realization of the
programmed gradient in platelet concentration and locally different platelet alignment. (d) (bottom). Photograph
of the bottom layer of the structure, indicating the effective printing of domains with different local platelet
orientations.

Printing of this elaborate heterogeneous structure is realized through the combined
deposition of the shaping and the texturing inks (Printing parameters are shown in Table 7-4
20
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and Table 7-5). The shaping ink is deposited first to generate an outer rim that will define the
contour of the 3D object at that specific height (Figure 2-3b). The texturing ink is then printed
within the contours set by the shaping ink. The resulting layer is positioned under a rotating
magnetic field to orient all the platelets suspended in the texturing ink in one specific
direction. Exposure of a particular region of the textured layer to UV-light polymerizes and
cross-links the monomer phase of the ink, eventually fixing the platelet orientation in the
illuminated area. Patterned photomasks are used to define the illuminated area and thus
enable spatial control over the local texture of the printed material. The magnetic alignment
and selective curing steps are sequentially repeated until the desired microstructure of that
particular layer is achieved. The fabrication process continues by following the same workflow
for every deposited ink layer. In addition to texturing through the magnetic alignment process,
gradients in the concentrations of constituents (e.g. particles, monomers) are easily generated
by mixing different ink formulations in a static mixer just before extrusion through the printer
nozzle. In the example shown in Figure 2-3, a sacrificial shaping ink was used during printing
of the outer rim and readily removed after curing the structure, allowing for the polymerized
textured ink to be exposed at the outer surface of the object. Careful post treatment with
grinding paper ensures a high surface quality of the object.
The intricate heterogeneous architecture of the resulting 3D object is shown in Figure 2-3c.
Because of the brown color of the alumina platelets and the optical transparency of the
surrounding platelet-free ink, the spiral staircase is readily visible within the interior of the
printed object. To assess the efficacy of the magnetic alignment and ink mixing processes in
creating locally heterogeneous textures and gradients, additional individual top and bottom
layers were printed and investigated by light microscopy. Indeed, the micrographs shown in
Figure 2-3d confirm that the programmed heterogeneous microstructure was effectively
realized through the proposed printing approach.
2.2.4 Functional MM-3D printed objects
To illustrate the potential of this printing technique in generating heterogeneous composite
architectures with multiple functionalities, we fabricated soft devices that undergo
programmed shape changes in 3D when triggered by an external stimulus that causes
expansion or contraction of the composite polymer phase. As an example, we use the uptake
or removal of a liquid phase from the printed object to impart such dimensional changes,
21
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which typically initiates within minutes. Differential expansion or contraction of an organic
matrix is a common mechanism used by plant systems to shape change in response to
environmental triggers. 27 Here, we capitalize on our ability to tune the mechanical properties
of the final printed material via proper ink formulation to program the desired shape change
into the 3D objects. The detailed ink formulations and the resulting mechanical properties of
the printed materials are shown in Table 7-2 and Table 7-6. While numerous other
functionalities can be envisaged, we provide examples where the shape change of
heterogeneous composites is exploited to fabricate soft mechanical fasteners that work
through unconventional principles. The proposed concept does not require any chemical
bonding and relies solely on the mechanical interlocking between parts driven by a
programmed shape change of the fastening system.
In the first example, the fastening system consists of a hollow cuboid whose shape change
enables joining of two separate elongated parts by a purely mechanical mechanism (Figure
2-4a-4b). In this system, the internal size of the cuboid is designed to initially match the outer
diameter of the elongated parts to be fastened. The matched dimensions enable easy initial
sliding and alignment of the parts relative to one another. Fastening occurs by programming
the opposing walls of the cuboid to change shape from a flat configuration to concave and
convex surfaces. The reduced internal size of the cuboid arising from this shape change
compresses the two parts together, fixing them in place by simple mechanical interlocking.
This idea was experimentally realized by printing cuboid elements with bilayer walls consisting
of cross-linked polymers with different swelling behavior (Figure 2-4a). Remarkably, the
cuboid undergoes the expected programmed shape change when allowed to swell in ethyl
acetate, which is a good solvent for this particular polymer system. Concave and convex
surfaces are generated by inwards and outwards bending of opposing walls of the cuboid. We
also performed finite element analysis to simulate the shape change using independently
measured swelling and mechanical properties of the cross-linked polymers as input
parameters (Figure 7-1 and Figure 7-2, Table 7-7). Comparison of the curvature of the concave
and convex surfaces of the cuboid object reveals a good agreement between experiments and
simulations. From the finite element analysis we predict a curvature of 66 and 74 m-1 for the
outer surface of the convex and concave walls, respectively. This is close to the experimentally
obtained values of 60 and 53 m-1 (see Table 7-8). Since this interlocking shape change can in
principle be accomplished with water-swellable bio-resorbable materials in the absence of any
22

Chapter 2: Multi-material magnetically-assisted 3D printing of composite materials

chemical adhesive, the proposed fastening system can be an attractive mechanical means for
joining parts in the human body, such as tendons and muscles.

Figure 2-4: Soft mechanical fasteners fabricated through programmable MM-3D printing of shape-changing
objects. (a) (top) Drawings and actual printed cuboids before the shape change. This part is named cuboid 1. (a)
(bottom) Finite element simulations and actual pictures of the cuboids after the shape change. At the bottom
right, the simulated cross-section of the cuboid is superimposed on a picture of the actual part to illustrate the
good agreement between experimental and predicted curvatures. Scale bars: 10mm. (b) Cuboid-mediated
fastening of two tubes achieved through the shape change of the printed object. Scale bar: 20mm. (c) (left) Cuboid
object with same architecture as in a but containing anisotropic platelets magnetically-aligned in different
orientations within the soft phase. This part is named cuboid 2. The platelets are aligned horizontally in the top,
darker half and vertically in the bottom, brighter half. Scale bar 10mm. εs is the swelling strain. (c) (middle)
Representative stress-strain curves of printed materials comprising the soft phase reinforced with platelets
aligned in different orientations. (c) (right) Elastic modulus (E), strength (σ) and strain-at-rupture (εr) of the
printed materials with different textures. Error bars show standard deviation (n=5). (d) (top) Drawings and actual
printed key-lock objects before the shape change. (d) (bottom) Finite element simulations and actual pictures of
the key-lock structure after the shape change. Scale bars: 15mm. (e) Mechanical fastening enabled by the shapechanging key-lock architecture. Scale bar: 15mm. In all drawings, light and dark grey colors indicate soft and hard
phases, respectively.
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To demonstrate our ability to exploit multi-materiality and texturing as two additional
independently controlled dimensions for the design of multifunctional 3D printed objects, a
second cuboid object was fabricated using similar stiff and soft inks but now including
magnetized platelets in one of the inks. In this case, the differential swelling required for the
shape change is achieved by combined multi-materials and texturing of the soft polymer ink.
In addition, texturing is exploited to independently also control the local mechanical
properties of the walls of the object in the axial direction. This is accomplished by aligning
platelets horizontally in the top half and vertically in the bottom part of the cuboid (Figure
2-4c). The use of a magnet is key to enable the biaxial alignment of platelets required to
maximize their reinforcing effect. Such magnetic alignment ensures deliberate texture
control, which is in strong contrast to the more restrictive shear-induced orientation of
anisotropic particles in the printing direction.

23,28

Mechanical testing of composites made

from such texturing inks showed that the magnetic alignment of 15 wt% (4.4 vol%) of platelets
in the tensile loading direction increases the strength and elastic modulus by 49% and 52%,
respectively, as compared to specimens with platelets aligned perpendicular to loading (Figure
2-4c, Figure 7-3, Table 7-6). Texturing was also found to affect the local swelling response of
the walls of the printed object, as evidenced by the 30% increase in swelling strain along the
z-direction for walls containing in-plane aligned platelets in comparison to the out-of-plane
counterpart (Figure 7-4). Our ability to control the extent of swelling and the mechanical
properties of the object in the z-direction independently from the shape changing effect
illustrates the additional degrees of freedom accessible through MM-3D printing. The effect
of texturing on the swelling and mechanical properties of the printed objects can be
potentially further amplified by increasing the volume fraction of reinforcing particles in the
inks. Based on our earlier work on suspensions loaded with magnetized platelets,

29

the

volume fraction of platelets in the ink can reach up to 27 vol% if mechanical vibration is
provided to improve platelet packing and if the polymerization conditions are optimized to
ensure complete monomer conversion in the presence of the light-absorbing iron oxide
nanoparticles. Although this example well demonstrates the potential of such multidimensional design space, further systematic studies are required to investigate the extent of
reinforcement and shape changing capabilities that can be covered by each one of these
additional printing dimensions.
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Besides simple mechanical fastening of parts, shape changing 3D objects were also printed in
complementary geometries to generate smart key-lock connectors that are reconfigurable
under external stimuli (Figure 2-4d-4e). This concept further extends the functionalities of
conventional rigid key-lock parts, since it allows for the configuration of multiple key-lock
states using the same pair of complementary objects. For example, two soft parts can be
designed to first enable easy shape recognition through complementary geometries and later
undergo an externally-triggered autonomous change in shape to establish a stronger
attachment between the key-lock objects. We experimentally realized this design by printing
the soft key-lock parts shown in Figure 2-4d. The walls of the parts consist of bilayers
programmed to undergo complementary shape changes upon swelling in a common solvent.
The key forms a concave surface of well-defined curvature by the inwards bending of the walls.
To ensure the desired geometrical matching, the bilayer walls of the lock are made of the
same materials but in a reverse order to generate a convex surface of same curvature through
outwards bending. In contrast to the purely frictional forces generated by the cuboid
connectors, the reconfigured shape of the key-lock system leads to a geometricallyinterlocked joint that can withstand much greater mechanical loads. This is demonstrated in
Figure 2-4e by using the soft fastener to carry a rigid object much heavier than its own weight.
Because higher stress concentration occurs at the contact points between mechanicallyloaded key and lock parts, we utilized in this design composite inks that enable selective
reinforcement of the shape-changing walls through the magnetic alignment of reinforcing
particles. In addition to mechanical reinforcement, the thermal, optical, magnetic and
electrical properties of the walls can be tuned through the deliberate alignment of anisotropic
particles in different directions without impairing the targeted shape changing effect.

2.3 Discussion
Although this work focuses on one particular set of materials, the shape change required for
reconfiguration can also be achieved using a much wider range of chemistries and external
triggering stimuli. The three-dimensionality of the objects before the shape change also
contrasts with the foil or stripe geometries thus far employed to fabricate reconfigurable
matter. 30-38 This makes MM-3D printed shape-changing objects much closer to the intricate
geometry of plant systems, opening new opportunities for the design and programming of
more complex dynamic materials systems.
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Reconfigurable key-lock connectors based on

shape-changing parts can potentially be used as autonomously-triggered flexible joints, soft
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building blocks with reversible click-type links as well as selective pick-and-place systems in
soft robotics.
The wide design space offered by the proposed MM-3D printing platform greatly expands the
current set of toolboxes available for the design and fabrication of functional parts through
additive manufacturing technology. Further exploration of such fabrication capabilities will
also allow us to more closely replicate in synthetic systems some of the unique microstructural
features exhibited by biological materials. Using biological design principles as guidelines
within such a broad parameter space will likely accelerate the development of a new
generation of smart composite materials with unparalleled properties and functionalities
using more biocompatible, abundant and environmental-friendly resources.
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2.4 Methods
2.4.1 Description of MM-3D printed objects
The 3D objects printed in this study were fabricated using the following work flow: STL data
generated in a commercial CAD program were sliced using the Slic3r software
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Alessandro Ranellucci. The resulting G-code was further modified by a customized Python
script and later printed using a commercially available 3D printer (3D Discovery, regenHU Ltd,
Switzerland).
The helix-like object shown in Figure 2-3 is 18 mm high with a circular base of 16 mm diameter
and a circular top of 10 mm. The object consists of 60 circular layers, each of which displays a
60°-wide domain printed with a platelet-containing texturing ink (Figure 2-3a). The 60°-wide
domain is deliberately shifted by 15° in every layer producing a three-dimensional helical stair
pattern. The remaining material of the object is clear and without platelets. The platelets in
every 60°-wide domain are oriented in either a radial or tangential fashion, alternating from
one layer to another. The bottom layer was entirely printed with a platelet-containing
formulation and contains five domains with three different out-of-plane orientations of
platelets (Figure 2-3a). The local orientation of the platelets is indicated by white arrows. The
platelets outside these domains are oriented in plane. The top layer exhibits a radial gradient
in platelet concentration from the center towards the edge. In addition to this gradient, the
layer is divided in four domains with distinct alignment patterns (white arrows in Figure 2-3a).
The platelet concentration within the gradient varies from approximately 1.85 vol% in the
center to 0.37 vol% at the edge. Such a gradient was achieved by mixing a platelet-loaded
stem suspension with a pure resin ink in the dual-component dispenser at a volume ratio
range varying from 5:1 to 1:5. The helix object was surrounded by a sacrificial shaping ink
during printing to allow for shape retention of the platelet texturing ink and to facilitate
printing of the concave shape of the part. However, the results shown in Figure 2-2 prove that
it is possible to create overhangs and concave geometries using a shaping ink of sufficiently
high yield stress, which significantly reduces the printing time.
The cuboids shown in Figure 2-4a,4c are 15.3 mm high with side lengths of 15 mm. The wall
thickness was set to 1.6 mm, which corresponds to twice the printing line width of 0.8 mm.
The cuboids consist of two materials, a soft highly-swellable polymer and a stiff polymer, as
indicated in Table 7-2. For the cuboid 2, platelets were incorporated in the soft phase and
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were oriented out of plane within the lower half of the object. The upper part was printed
with platelets aligned in the printing plane.
Bar-like rigid elements made out of the stiff polymer were incorporated at three positions
along the height of the cuboid: the top, the bottom and in the middle (Figure 2-4). These bars
are 1.5 mm high and 0.8 mm thick. Cuboid 2 was printed with a surrounding sacrificial shaping
ink layer to enable retention of the platelet-containing texturing ink, while cuboid 1 was
printed without the use of a sacrificial ink.
The fastener shown in Figure 2-4d,4e is 8.4 mm high and consists of two pieces exhibiting
complementary key-lock geometries. Each piece displays a cuboid that allows for a shape
changing effect in part of the object. To achieve shape change, the pieces contain stiff
elements that induce bending similar to the cuboid geometry. As opposed to the cuboids, one
of the faces is entirely made of stiff polymer to work as attachment point of the fastener. In
this case, three materials were incorporated: (1) stiff polymers for all the attachment
structures and the stiff bars on the top of the shape changing cuboid parts (shown in dark grey
in Figure 2-4d), (2) a soft material for the remainder of the shape-changing cuboid structures
(shown in light grey in Figure 2-4d) and (3) a platelet reinforced stiff material for the
reinforcement bars on the side of the cuboid structures (shown in brown in Figure 2-4d). The
platelets were oriented normal to the printing plane and in the axial direction of the bars. Both
pieces of the fastener were printed simultaneously, separated by a layer of sacrificial shaping
ink. This ink was also applied around all faces containing the texturing ink.
2.4.2 Formulation and preparation of inks
The ink formulations contained the following main components: polyurethane acrylate (PUA)
oligomers, reactive diluents, photoinitiator, rheology modifier and the alumina platelets. The
suppliers of these components and of other chemicals used in this work are shown in Table
7-1. The exact compositions of the formulated inks are shown in Table 7-2. The concentrations
of the individual components of the inks were varied to fulfill the specific functionalities
desired in each of the printed objects. The mechanical properties of materials printed with
such ink formulations are discussed in section 7.3. PUA oligomers were used as base
constituents of all the inks, two of which lead to hard polymers (BR 302, BR571) and one of
which generates a soft polymer (BR 3641 AJ). The diluents were further added to change the
rheological properties of the inks and the mechanical properties of the resulting polymers.
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Depending on the chemistry of the inks, different grades of fumed silica were used. The
hydrophilic grade HDK T30 was applied for more hydrophobic compositions, whereas the
more hydrophobic grade HDK H18 was used with more hydrophilic formulations. This enables
the creation of a percolating network of silica particles that makes the ink viscoelastic (Figure
2-2). For the photoinitiation, we used either Irgacure 907 (BASF, Germany) with UV light or
Irgacure 819 (BASF, Germany) with longer wavelength blue LED light.
The inks were prepared by first dissolving the oligomers in the diluents, followed by the
addition of platelets and of the photoinitiator. Fumed silica was added to the resulting
suspension, which was then homogenized for 5 min at 2000 rpm in a planetary mixer (ARE250, Thinky). A degasing step at 2200 rpm for 5 min was also applied after homogenization. If
the ink contained platelets, the mixture was additionally mechanically stirred with a high shear
mixer (R 1303 Dissolver stirrer, IKA-Werke GmbH) at 2000 rpm for 15 minutes. This deagglomeration step was also followed by a degasing step. The inks were transferred to 10 cm3
printing cartridges and subsequently degased again in the planetary mixer (2200 rpm, 5 min).
2.4.3 MM-3D Printing setup and protocol
The printing setup is based on a commercially available direct ink writing system (3D
Discovery, regenHU Ltd, Switzerland). The base system consists of four pressure-driven
syringes for the deposition of four different materials. This commercial 3D printer was
equipped with a two-component dosing unit (Preeflow EcoDuo450, ViscoTec, Germany) to
allow for printing of distinct gradients from tunable mixtures of two different inks. Mixing was
performed with the help of a static disposable mixer (MLT 2.5-10-D, Sulzer Mixpac AG,
Switzerland).
Alignment and curing were performed using two different magnetic and optical setups. In the
first magnetic setup, a rotating neodymium magnet at a fixed position was utilized. A glass
plate with adjustable height allowed us to set the distance between the printed object and
the magnet. By changing the orientation of the printed object on the glass plate relative to the
magnet, the orientation of the platelets was deliberately controlled. The light guide of a spot
curing lamp (Omnicure S1000) was directed towards the glass plate to provide the irradiation
necessary for polymerization. A printed sample could therefore be subjected to a magnetic
field of a rotating magnet and illuminated with UV light at the same time. A metal frame was
constructed for inserting illumination masks between the printed object and the light source.
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During the printing process, the sample was moved manually between the printer and the
alignment/curing setup. This configuration was employed for the manufacture of the helix and
the cuboid 1.
In a more advanced configuration, the alignment and curing steps were directly integrated in
the printing machine. This integrated platform was used to print the cuboid 2 and the fastener
samples. A rotating magnet setup with adjustable rotational axes was installed in front of the
3D printer (Figure 2-1a). A blue light LED array with attached nitrogen flow was installed at
the back of the printer. The stage with the object was programmed to move between the
printing, alignment and curing stations during the printing process. Typically, the process
started by keeping the stage in the middle position to enable printing of the first layer. The
stage was then moved to the front to allow for platelet alignment under the rotating magnet.
After alignment, the stage was finally moved all the way back to the curing station. This
sequence was repeated successively until completion of the printing operation.
2.4.4 Shape change experiments and simulation
To trigger shape change of the cuboid, the sample was initially immersed in ethyl acetate
overnight, taken out and left to dry. While in ethyl acetate, the cuboid underwent the shape
change shown in Figure 2-4. Interestingly, the loss of some non-cross-linked material upon
immersion in ethyl acetate caused the sample to bend towards the opposite direction after
complete drying (not shown). This is caused by the stronger shrinkage of the soft phase after
dissolution of the non-cross-linked polymer. Upon re-immersion in the solvent, the original
shape was regained in a couple of minutes. Prolonged immersion overnight led again to the
bent shape shown in Figure 2-4, confirming the reversibility of the shape changing effect.
Eventually, the bent object was used to connect two PVC tubes that had a diameter smaller
than the initial gap size of the cuboid. The shape change design and concept outlined here
should be easily extendable to other acrylate-based systems that could be triggered for
example by water uptake or removal. 40
After printing the cuboid 2, the support material was removed using a razor blade and the
object was immersed in ethyl acetate for 3.5 h to trigger the programmed shape change. The
dimensional change along the object’s height was tracked by taking snapshots of the swelling
part over time (Figure 7-4).
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The two parts of the fastener shown in Figure 2-4 were separated after printing and the
support material removed using a razor blade. The two parts were immersed in ethyl acetate
for approximately 30 min to trigger a shape change of the objects. The morphing parts were
eventually assembled through mechanical interlocking and mounted on a stand. A 50 ml glass
bottle was attached to the fastener to demonstrate the strong attachment obtained through
the cooperative shape change of the internal walls of the key-lock matching parts.
Using the data shown in Table 7-7 as input parameters, we performed finite element analyses
in COMSOL Multiphysics 5.0 to simulate the shape change of the printed cuboid 1. The
constituent materials were modeled as linear elastic solids using the hygroscopic swelling
module of the software. Hygroscopic swelling coefficients (β) and solvent mass concentrations
(C) were arbitrarily set to result in the swelling strains (ε) depicted in Table 7-7, utilizing the
relation ε=βC.
2.4.5 Ink rheology
For the rheological measurements a base solution of 50 wt% HEMA and 50 wt% PUA BR-571
was prepared and mixed with fumed silica at concentrations ranging from 0 to 8 wt%. All
experiments were conducted in a Bohlin Instruments rheometer (Gemini 200 Advanced
Rheometer, Software Bohlin V.6.32). Coaxial cylinders with a gap size of 150 µm were used in
all the rheological experiments. No pre-conditioning shearing was applied to the tested inks.
Storage and loss modulus were obtained from stress-controlled oscillatory measurements
performed at 1 Hz and at ambient temperature. In this analysis, the applied stress was
increased in a stepwise manner until values well above the yield stress of the material. The
yield stress of the different ink formulations were taken as the crossover points of the storage
and loss moduli. The steady-shear viscosity of the inks at distinct shear rates was measured in
another experimental series, in which the shear rate was increased stepwise up to
approximately 1000 s-1.
2.4.6 3D shape retention experiments
Printing 3D objects with complex shapes requires the use of inks that are stable against
capillary-driven distortions. To evaluate the effect of capillarity on the final shape of deposited
inks, we printed films with well-defined initial dimensions and observed changes in their edge
curvature after an equilibration time of 10 minutes. A well-defined initial radius was created
by printing an overhanging layer on top of two previously deposited ink layers (Figure 2-2d).
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These experiments were performed using a base ink of HEMA and PUA BR571 (50:50)
containing 0.1 wt% Irgacure 819 and fumed silica concentrations ranging from 4 to 8 wt%. The
two component mixer dispenser was used for this experiment to enable more accurate
volumetric control of the deposition rate. In this case, both compartments of the dispenser
are filled with the same ink material. Three layers with dimensions of 20 x 4 x 0.3 mm were
printed. The uppermost layer was shifted to generate an overhang with well-defined offsets
of 200 or 400 µm with respect to the layer below. The printing velocity was set to 10 mm s-1
and the extrusion rate to 80 µl min-1. A conical extrusion tip with a diameter of 410 µm was
used. Prior to polymerization, the samples were equilibrated for 10 min to eliminate distortion
effects possibly arising from the printing process. The samples were cured for 60 s with an
Omnicure S1000 Mercury lamp under N2 atmosphere. Samples were cut in the middle with a
razor blade and images of the cross-section were taken with a light microscope. Radius
analysis was performed in the middle of the top layer and at the offsets with the software Fiji
(Figure 2-2d).
2.4.7 Platelet alignment dynamics
Alignment experiments were performed with a resin formulation consisting of 69.3 wt%
HEMA, 29.7 wt% PUA BR-571 and 1 wt% magnetized platelets. A drop of such texturing ink
was squeezed between two glass slides and observed under an inverted optical microscope
while subjected to a rotating external magnetic field. A rare earth magnet was positioned in
close vicinity to the glass slides at a fixed distance from the ink. A constant magnetic field
strength of 40 mT at a rotating speed of 500 rpm was applied. A sequence of images was taken
every 30 s for 10 min to monitor the degree of platelet alignment as a function of time. To
quantify the degree of alignment, the obtained images were rendered binary and a Fast
Fourier Transform (FFT) was performed using the software Fiji.
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The vertical and the

horizontal diameters of the resulting pattern were used for alignment quantification. For a
first order approximation, such diameters were taken as the distances at FWHM of Gaussian
fits to the brightness distributions on both axis. The ratio between these two diameters were
then used as the alignment factor shown in Figure 2-2g.
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Abstract
Mechanical gradients are useful to reduce strain mismatches in heterogeneous materials and
thus prevent premature failure of devices in a wide range of applications. While complex
graded designs are a hallmark of biological materials, gradients in manmade materials are
often limited to one-dimensional profiles due to the lack of adequate fabrication tools. Here,
we develop a multimaterial 3D printing platform to fabricate elastomer gradients spanning
three orders of magnitude in elastic modulus and use it to investigate the role of various
bioinspired gradient designs on the local and global mechanical behavior of synthetic
materials. Our digital image correlation data and finite element modeling indicate that
gradients can be effectively used to manipulate the stress state and thus circumvent the
weakening effect of defect-rich interfaces or program the failure behavior of heterogeneous
materials. Implementing this concept in materials with bioinspired designs can potentially lead
to defect-tolerant structures and to materials whose tunable failure facilitates repair of
biomedical implants, stretchable electronics or soft robotics.
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3.1 Introduction
The mechanical failure of materials and structures represent a major economic and
environmental burden in modern society. Several approaches to predict, anticipate or
minimize failure have been proposed, ranging from the development of tougher structural
materials 1-3 to the design of polymers with damage-reporting properties.4-6 The premature
failure of materials has been aggravated by the fact that modern devices in structural,
biomedical, electronic and robotic applications frequently integrate functionalities that
require an ever-larger palette of materials.7,8 Typically, these materials span from metals to
ceramics to polymers and can therefore be chemically and mechanically very different.
Because of the dissimilar material properties, interfaces generated upon integration of these
materials are a common source of mechanical failure in such devices.9,10 To overcome these
limitations, there has been growing interest in the application of mechanically graded designs
to alleviate stress concentrations at interfaces.11-13 Gradients have been implemented in socalled Functionally Graded Materials (FGM) for a wide range of applications, such as in thermal
barrier coatings, biomedical implants, aerospace or optoelectronics.14-17 Understanding
design criteria for gradients in these applications is crucial to improve the failure tolerance
and lifetime of such engineering systems.
The design of mechanical gradients to alleviate local mechanical stresses is not restricted to
engineering systems but a widespread concept found in many biological materials in nature.18
This is the case for example in the byssus thread and the tendon-to-bone insertion. The byssus
thread is used to attach soft mussels to rocks, whereas the tendon-to-bone insertion connects
soft tendon to hard bone. Surprisingly, despite the similar functionality, these two biological
materials utilize markedly different graded designs to cope with the high stress concentrations
at the joints. In the byssus thread, a gradient is implemented through a monotonic increase in
elastic modulus from the proximal to the distal end of the thread.19 Contrary to this
monotonically changing design, the elastic modulus gradient along the bone-tendon interface
shows a minimum that is lower than the elastic modulus of both tendon and bone.20,21 These
differences in gradient design for seemingly similar attachment functionalities are poorly
understood. Besides these examples of interfacial attachment, gradients are also used in
biological materials to optimize the stress distribution and minimize failure of a wide variety
of load-bearing structures ranging from trees and plant stems 22-24 to fish scales and bone.18,25
An illustrative example of such structures is the human intervertebral disc, where a
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mechanical gradient leads to an alteration of the stress distribution within the disc to
presumably improve its mechanical performance.26 Also for such structural applications,
additional studies are needed to shed light on the design criteria, constraints and function that
these gradients are optimized for.
Systematic investigations of gradients in biological materials are challenging because
variations in material architecture or loading conditions accompany the differences in
mechanical design. This has been partially circumvented by using computational tools to study
biological graded designs.20,23,25 Testing such computational models experimentally is crucial
for understanding natural designs but has been so far limited by the lack of manufacturing
tools to replicate complex 3D gradients in man-made materials. Recently, advancements in
the manufacturing of complex soft and stretchable gradients have been demonstrated using
new material formulations 27,28 or processing strategies.8,29-34 However, further control over
the local composition and the range of material properties achievable is needed to be able to
fully cover the wide design space found in graded biological materials.35,36 The advent of
multimaterial 3D printing opens new opportunities to address this issue, by enabling the
design and fabrication of more complex mechanical gradients thus far inaccessible using
conventional manufacturing processes.
In this work, we 3D print mechanically graded elastomers into bioinspired designs and study
their effect on the mechanical behavior of synthetic heterogeneous materials. A multimaterial system and a 3D printing approach are developed to allow for the production of
materials with tailored graded designs spanning broadly in local mechanical properties such
as stiffness, strength and strain at failure. Using model heterogeneous materials, we first
discuss how mechanical gradients alter the strain field throughout a loaded structure and
indicate the consequences of this strain distribution on the global failure of the material. In a
second part, we exploit the ability to manipulate the strain energy density distribution through
mechanical gradients to fabricate a complex graded 3D object that shows uniquely controlled
and predictable failure behavior.
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3.2 Results and discussion
Multimaterial printing using two specifically designed resins at different mixing ratios enables
the fabrication of exquisite 3D objects with local mechanical properties that can span several
orders of magnitude (Figure 3-1). Photocurable methacrylate/acrylate monomers and
oligomers are used to produce these two base resin formulations (Figure 3-1a). Each of such
base resins contains roughly 50% of multifunctional polyurethane acrylate oligomers that
crosslink the polymer network formed by the residual constituents. The constituents of each
base resin lead to a stiff (resin A alone) or a soft polymer (resin B alone). Because the resins
are fully miscible, they can be combined at any specific ratio to result in materials with
composition dependent properties after polymerization (Figure 3-1c). Controlled dosing of the
two base resins is possible with a volumetric two-component dispenser (Figure 3-1b) which
uses a static mixer to homogenize the resins before its extrusion through a needle. The two
component dispenser is mounted on a Cartesian robot that is further equipped with four
additional pressure-driven dispensers to enable multimaterial 3D printing via direct ink writing
(Figure 3-1e). In this direct ink writing approach, curing of the resins with UV-light is only
initiated after an entire layer has been deposited, thus ensuring strong interfacial bonding
between adjacent filaments. In order to use the resins in such a direct ink writing setup, the
rheology of the solutions was tuned by the addition of fumed silica particles as described
elsewhere.34
The elastic modulus achievable by the proposed material system covers more than three
orders of magnitude and can range anywhere from 319 MPa (pure resin A) to 0.12 MPa (pure
resin B) by simply mixing the base resins in different ratios (Figure 3-1c). The strength of the
materials can be tuned alongside the stiffness from 19 MPa to 1.2 MPa. Such a wide range of
stiffness and strength values is accompanied by a remarkable stretchability with strains at
break ranging from 67% to 753% (Figure 3-1d). These values surpass the stretchability covered
with most commercial 3D printing solutions which are limited to strains of about 170240%.37,38 Furthermore, these unique elastic properties are achieved in a system that is
polymerizable by light on demand.
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Figure 3-1: Multimaterial direct-ink writing system for the 3D printing of materials with controlled compositional
gradients. a) The two resins, consisting mainly of different acrylates and methacrylates, can be mixed in various
proportions and co-polymerized after ink deposition. b) Cartoon of the two-component dispenser with an
attached static mixer. c) Summary of the mechanical properties of the material system depending on the mixing
ratio of the two initial resins. d) Stress-strain curve of the different compositions under tension, illustrating the
range of mechanical properties covered by mixing the two base resins. The blue and red curves display the
mechanical behavior of the pure resins A and B, respectively. Curves with intermediate colors represent mixtures
of the resins. e) Picture of the cartesian robot equipped with four pressure driven syringe dispensers and the twocomponent mixing dispenser. f) A structure that resembles a hand, showcasing the geometric complexity
achievable by the system. g) The hand during the print process, demonstrating the high level of compositional
control of the process.

The broad property design space enabled by this resin system can be combined with the high
level of geometrical accuracy provided by direct ink writing to allow for the streamlined
fabrication of complex multi-material parts with tunable local materials properties. To
illustrate the potential of this method, an object that qualitatively captures the complex 3D
geometry and the different site-specific mechanical properties of a human hand was printed
(Figure 3-1f,1g, Figure 8-1). While gradients are expected to play an important role in reducing
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stress concentrations at the interface between mechanically dissimilar materials in biology,
quantitative guidelines for the design of such gradients have not been defined experimentally.
We harness our ability to locally control the properties of the printed material to study the
effect of bioinspired mechanical gradients on the deformation and fracture behavior of model
structures containing materials with very dissimilar mechanical properties. The model
structure is designed to represent a joint between a hard material and a soft polymer phase
and consisted of a rectangular polymer film with a small circular silica glass island embedded
in the center (Figure 3-2a,2b). This geometry should lead to a non-uniform strain distribution
around the hard island when the polymer film is clamped at both ends and globally stretched.
Thus, this model structure allows us to investigate the effect of different mechanical gradient
designs on the non-uniform strain distributions within the polymer phase around the stiff
island used as stress concentrator. The key question is whether gradients in local mechanical
properties can be used to manipulate the strain field around the hard inclusion and thus affect
the overall deformation, strength and failure behavior of the model joint structure.
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Figure 3-2: Model system for the investigation of 2D mechanical gradients for joining dissimilar materials. a)
Loading direction and basic sample geometry with central glass island (white), stretchy matrix polymer (black)
and intermediate material with tunable gradient (different shades of gray). b) Example of printed sample with
soft layer design. c) Different designs of gradients investigated in this study. Red lines indicate the printed volume
fraction of component B and the black squares show the associated elastic modulus of the material. d)
Experimental strain maps obtained by digital image correlation (DIC) on samples with different designs subjected
to a global engineering strain of 25%.

To address this question, four different designs of 2D compositionally graded heterogeneous
materials were printed and compared (Figure 3-2c). The distinct mechanical gradient profiles
were termed the non-graded, the ascending gradient, the descending gradient and the soft
layer designs. All of them comprised a radial material distribution consisting of five printed
lines, which were deposited around the glass island. Through changes in the material
composition of the individual lines, these designs lead to different site-specific elastic moduli
within the polymer phase. The ascending gradient implemented the intuitive approach of
smoothening the large mismatch between dissimilar materials through a linear gradient. The
descending gradient turns this principle around by implementing a gradient in which the
modulus decreases towards the glass island. This design is inspired by the softening of
collagenous tissue at the tendon-to-bone insertion site, which is assumed to reduce local
stress concentrations arising from the different elastic moduli of these two biological
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tissues.20,21 The soft layer represents the extreme case of such softening concept, in which the
elastic modulus is abruptly lowered without a descending gradient. Finally, the non-graded
sample consisted of the same material for the entire sample geometry and served as a
reference.
Strain maps obtained from digital image correlation (DIC) for specimens stretched to 25%
global engineering strain show a major effect of the distinct designs on the strains developed
around the hard island (Figure 3-2d). The non-uniform deformation behavior is described in
terms of the Eulerian-Almansi strain along the pulling direction. The non-graded profile shows
strain concentration at the interface between the soft phase and the hard island. By contrast,
the increasing elastic modulus of the ascending gradient reduces the strain on the material
around the glass, by pushing the peak strain away from the interface towards the edge of the
gradient where the surrounding matrix material is reached. The descending gradient shows
an increase in the strain within the polymer phase close to the glass island surface. This is due
to the facilitated stretching of the less stiff material compared to the non-graded sample.
Similarly, the soft layer design results in extensive material deformation around the stiff island
due to its lower elastic modulus in that area.
These distinct strain distributions have a pronounced effect on the overall mechanical
response of the model joint (Figure 3-3). Figure 3-3a shows representative force-displacement
curves obtained by mechanical testing of samples with the different gradients. As expected,
the global stiffness of the samples changes slightly with the design, since the overall fraction
of hard/soft phases varies in the different specimens. Each design results in a distinct
mechanical response, but generally two types of behavior can be identified. Samples with the
non-graded and descending gradient designs fail relatively early, while specimens with the
ascending gradient and the soft layer break at a two-fold higher global displacement. The
location of the onset of failure also changes among the different specimens (Figure 3-3b).
Samples with the non-graded and the descending gradient design fail at the interface with the
glass island, while specimens with the soft layer design ruptures within the polymer phase.
The composite with the ascending gradient failed either at the glass interface or in the polymer
phase but in either way at high global strain values.
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Figure 3-3: Deformation and failure of the different 2D gradient designs. a) Representative force-displacement
curves acquired by mechanical testing (complete data shown in Figure 8-7). b) Fracture behavior of the different
designs. The white doted frame indicates the approximate area of the samples shown in Figure 3-3c. Delamination
at the glass interface can be observed for the non-graded and the descending designs. The soft layer design shows
a growing crack at the edge of the specimen. No cracks are present in the ascending gradient sample. c) Strain
energy density maps for the different gradient designs in the undeformed configuration. White lines indicate the
glass-polymer interface.

A finite element analysis (FEA) model was developed to interpret the different failure
behaviors described above. This allowed us to access the local strains, stresses and stored
strain energy in the samples for the different gradient designs. Our comparative experimental
and computational analysis reveals that the strain energy density is a better metric to describe
the failure behavior of our non-linear material system and the corresponding heterogeneous
graded structures in comparison to the analysis of local stress and strain distributions (see
Figure 8-4).
The strain energy densities (SED) obtained from the simulations allow us to qualitatively
interpret the mechanical response of the different gradient designs at a global strain of 50%
(Figure 3-3c). This virtual global strain is set to be an intermediate value between the
experimentally determined strains at failure of the distinct gradient designs. Comparing the
mechanical test data with the simulations of the SED, we can explain the early onset of failure
of samples without a gradient and with a descending graded design. Specimens with these
designs show a maximum in SED directly at the glass interface (Figure 3-3c). Since the strain
energy density in the material is the driving force available to grow a crack, high SED values at
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a given location should cause the material to start failing at that spot. This is particularly true
for the glass-polymer interface, which is expected to be a weak point in the structure. Because
defects are likely to occur at this point, the interfacial bonding energy is probably substantially
lower than the bonding energy within the polymer phase itself. This makes a peak in SED at
the interface more detrimental to the structure. Indeed, the tensile tests confirm that samples
with SED peaks at the interface (non-graded, descending gradient) fail at half the global strain
compared to samples without an interfacial peak (ascending gradient, soft layer).
The investigation of our model 2D samples showed the ability of a mechanical gradient to
program the strain energy density distribution and thus the failure behavior of graded
structures. To illustrate the potential of this finding in a specific application, the concept of
gradients was extended to a more complex 3D graded structure of relevance for biomedical
implants. Using a model system that resembles an intervertebral disc, we show that the failure
behavior of the structure can be deliberately changed by introducing a mechanical gradient
within the material.
The intervertebral disc (IVD) lies between adjacent vertebrae in the vertebral column and is
crucial for the absorption of mechanical loads. To withstand the compressive stresses
generated during locomotion, the intervertebral disc shows a complex architecture consisting
of a gel-like core, the nucleus pulposus, encased in a fibrous tissue, the annulus fibrosus. The
annulus fibrosus is compositionally graded and shows a higher stiffness on the outside as
compared to the inside.26 Numerical simulations have shown that the radial gradient profile
of IVDs of 13-18 year old patients lead to maximum principal stresses at the outside of the IVD
when compressed. By contrast, a hypothetical homogenous IVD would have the highest
principal stresses at the inner interface between the nucleus pulposus and the annulus
fibrosus.
To test these computational predictions experimentally, an artificial intervertebral disc was
designed and fabricated using our multimaterial 3D printing platform (Figure 3-4a). The
artificial IVD replicates the general geometry and the graded design of the IVD, whose elastic
modulus decreases towards the center of the disc. Although our model system does not take
into account the actual material chemistry and properties of the biological material, we expect
it to qualitatively capture the influence of a gradient on the fracture response of the structure
under compression. Two different material designs were investigated for the artificial IVD,
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both of which exhibited a very soft core with an elastic modulus (E) of 0.12 MPa (0% resin A).
The non-graded sample comprises a uniform material with an E value of 3.3 MPa (30% resin
A) for the annulus fibrosus (Figure 3-4a). The graded sample displays the descending gradient
previously discussed, in which the concentration of resin A varies from 16.7 to 50% from the
interface at the soft core to the surface of the disc. This leads to E values in the range of 0.61
– 19.9 MPa and an average global stiffness that is very close to that of the reference sample.
The designs were tested mechanically in compression while recording the experiment with a
camera to identify the failure behavior.

Figure 3-4: Investigation of a gradient failure using a design inspired by the human intervertebral disc (IVD). a)
Illustration of the loading condition as well as the gradient design of the artificial IVDs. The photograph shows a
printed IVD. b) FEM simulation of artificial non-graded and graded IVDs, exhibiting a peak of the normalized strain
energy density either at the edges of the attachment site or at the surface of the samples. The grey shadow
indicates the undeformed geometry. c) Representative force-displacement data for compression tests of artificial
IVDs. d) Pictures taken after compression testing showing crack path on the front and back of representative
specimens. Graded samples show a circumferential crack at the mid-height of the structure, while non-graded
samples display cracks spanning from the sample upper or lower edge to the mid-height.

As for the 2D gradients in model joints described before, FEA simulations were first performed
to understand the deformation behavior of the IVD designs under mechanical load. Simulation
data obtained after the application of 20% global compressive strain on the top of the disc are
reported in terms of the SED, as previously discussed. In contrast to the 2D model system, in
this case there is no inherent weak point like the glass-polymer interface. Therefore, local
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material properties should be taken into account to predict the specimen failure location.
With this in mind, the SED calculated from the FEA simulations was normalized by the critical
SED obtained by integrating the experimental stress-strain curves from tensile tests for every
individual material (Figure 3-4b). The non-graded IVD shows a peak value for the normalized
SED at the attachment site, whereas the graded IVD exhibits an additional peak at the outer
surface. In accordance to the 2D gradient experiments, we expect the different locations of
the simulated SED peaks to result in different failure mechanisms for the two IVD designs.
Indeed, our experiments reveal that the onset of fracture in the 3D printed graded IVD occurs
at the outer surface at the mid height of the structure, in agreement with the simulations. This
experimental result indicates that the high strain energy density at the outer surface of this
structure are more relevant than the high deformations predicted at the attachment site with
the substrate (Figure 3-4b). As loading of such graded structures proceeds, the crack continues
to grow steadily and forms a full circumferential wedge around the mid height of the IVD
(Figure 3-4d). This is in contrast to the non-graded samples. In this case, the footage of the
tests suggests that crack initiation occurs preferably at the IVD attachment sites at the top or
bottom or within the inner interface to the soft core but not at the outer surface at mid-height
as for the graded samples. After complete failure, the crack path spans from the bottom to
the mid height of the sample (see Figure 8-9). When a stiffer non-graded IVD was tested (50%
resin A instead of 30% as shown here), the crack paths were very similar, implying that indeed
the gradient design is responsible for the different failure modes and not differences in
material composition (see Appendix B).
Force displacement curves obtained from the compression tests show that the two designs
display an identical response below 2 mm displacement and therefore possess comparable
global stiffness (Figure 3-4c). For the graded IVD, fracture occurs earlier than for the nongraded IVDs. However, in the former case highly controlled and predictable crack initiation
and growth processes are observed. This control of the fracture process is a positive feature
enabled by the gradient design of our artificial IVDs. More importantly, it suggests that
mechanical gradients play a key role also in the load bearing capabilities of biological IVD. By
ensuring that failure initiation occurs reproducibly at a location in the body that is
vascularized, the biological IVD can presumably be repaired or remodeled in case the structure
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is damaged. This highlights the potential of mechanical gradients as a means to tune failure
and thus the lifetime of biological and synthetic heterogeneous materials.

3.3 Conclusions
In summary, we show that multimaterial 3D printing using monomers with tailored
compositions in a dual-mixing extrusion head enables the digital fabrication of polymer-based
heterogeneous materials with graded designs ranging broadly in local mechanical properties.
The mechanical gradients achievable by our multimaterial ink system provide an effective
means to manipulate the strain energy density distribution within heterogeneous materials
subjected to mechanical loading. Manipulation of the strain energy density distribution
through tailored mechanical gradients enables the fabrication of heterogeneous materials
with defect-tolerant mechanical behavior and tunable failure. In model heterogeneous
materials comprising a stiff glass island embedded at the center of a polymer film, the highest
strain energy density was found to move away from the glass-polymer interface if an
ascending gradient or a soft layer are printed around the central glass island. This eventually
increases the fracture strength by preventing stress concentration in the typically highly
defective interface. Likewise, the use of a mechanical gradient in 3D polymer parts that mimic
the graded design of intervertebral discs shifts stress concentrations towards the outer
surface of the disc, thus allowing for more predictive failure at a fracture site that can be
potentially healed inside the body. With the help of finite element simulations, we identify
the local strain energy density to be a useful parameter for tuning the failure site of
heterogeneous graded materials. These findings shed new light into the potential role of
mechanical gradients in load-bearing biological materials and provide useful quantitative
guidelines for the design of bioinspired synthetic heterogeneous materials with tunable
failure. The possibility to create gradients ranging broadly in local mechanical properties in
three dimensions makes the multimaterial 3D printing of tunable monomer inks a powerful
strategy for the digital design and fabrication of advanced biomedical and robotic devices that
are defect-tolerant or programmed to fail at sites where repair is facilitated.
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3.4 Experimental section
3.4.1 Polyurethane acrylate ink
The inks were prepared as follows: the oligomers and the monomers were added into brown
Schott bottles in the ratio given in Table S1. The mixture was then magnetically stirred at room
temperature until all components were dissolved. To achieve the final ink composition, fumed
silica (Wacker HDK H18) was weighed into beakers and the monomer solution was poured on
top. The resulting mixture of fumed silica and monomer solution was homogenized for 20 min
using a dissolver type mechanical stirrer (R 1303, IKA-Werke GmbH) at 2000 rpm. The inks
were transferred into two 30 cm3 cartridges. Bubbles in the ink were removed by
centrifugation of the cartridges at a relative centrifugal force (rcf) of 1030. Isodecyl acrylate
and pentaerythritol tetrakis(3-mercaptopropionate) (95%) were purchased from SigmaAldrich (Switzerland), whereas 2-hydroxyethyl methacrylate (97%) was acquired from ABCRChemicals. Isobornyl acrylate (SR506D) was kindly supplied by Sartomer, Irgacure 907 by BASF
and HDK H18 by Wacker Chemie AG. Dymax Europe GmbH kindly supplied the urethane
acrylate oligomers BR 302 and BR 3641 AJ.
3.4.2 General Printing Setup
The printing setup is based on the commercial printer “3D Discovery” (regenHU Ltd). The
printer was customized to our needs by fitting to the machine the volumetric 2-component
dispenser “preeflow eco-duo450” (ViscoTec GmbH). Such dispenser allow for printing of
compositional gradients using two components mixed at pre-determined ratios. Using the
endless piston principle, the dispenser can deposit two liquids out of two nozzles. The liquids
are mixed using a static disposable mixer MLT 2.5-10-D (Sulzer Mixpac AG) and extruded
through a blunt needle fixed. The needle type depended on the sample printed (see Table S2).
The mixer-dispenser can mix the two components in ratios of up to 1:5, which is equivalent to
a range of 17-83 vol% of one component. It was therefore not possible to print the pure
components using this dispenser. The pure components were printed using additional
pressure-driven syringe dispensers. The mixing-dispensing device allowed the control of the
dispensing flow rate, volumetric mixing ratio and additional parameters as suckback volume
and suckback speed. A very careful optimization of these parameters was crucial to print
dense and defect-free samples. All samples were printed on glass slides that had been
hydrophobized using the windshield hydrophobization solution “RainX” (Kraco car care). For
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the printing of the artificial intervertebral discs (IVDs), the printer was equipped with an
additional single material volumetric extruder of the type “preeflow eco-PEN300” (ViscoTec
GmbH) to increase the accuracy of the prints. This extruder was used to print the soft material
of the nucleus pulposus of the artificial IVD.
3.4.3 Determination of materials properties
Dumbbell samples for material testing were fabricated by first printing films with a layer
thickness of 0.3 mm and a line width of 0.8 mm with either the mixing-dispenser or an
individual syringe. The films were cured under a glass lid and nitrogen flow using an Omnicure
S1000 (Lumen Dynamics) UV-lamp at 100% intensity at a distance of 20cm for 2 min. The
curing time of the resins was experimentally assessed by following the change in stiffness of
the ink over time. From these films, dumbbell S3 type samples were cut with a hand operated
sample cutting press in accordance with standard DIN 53504:1994. The dumbbells with
narrow portion length of 12 mm and width of 2 mm were cut perpendicular to the print line
orientation. For the determination of the material properties and the subsequent modelling
by FEA, printed materials were assumed isotropic. This assumption is justified by the liquid
nature of the resin inks and the long resting times (minutes) after ink deposition. These factors
promote interdiffusion of monomers between deposited filaments, reducing any anisotropy
associated with the printing path. Additional simplifications are detailed in the section about
the modelling of the 2D gradients and IVD samples. The tests were performed at a constant
displacement speed of 5 mm/min. Five specimens were tested per material. The clamping
distance was 24 mm for the dumbbell specimens. For data evaluation, engineering stressnominal strain curves were plotted. Strain was calculated by normalizing the measured
displacement by the initial gripping distance as proposed by standard ISO 527-1:2012 for
testing without an extensometer. Elastic moduli were determined by linear fitting of the initial
linear region of the stress-strain curves. The maximum strain within the initial linear region
reached 1 % for the stiffest composition and up to 20 % for the softest composition.
Intermediate strain ranges were adopted for intermediate material compositions.
3.4.4 Printing of the artificial hand
A CAD file of the hand including its outer geometry and internal structure was prepared. The
rendering shown in Figure 8-1 is based on 2 individual CAD files, one for the outer hand shape
and one for the bones of the hand. Both files were obtained from “GrabCAD” 39,40 The G-code
was generated using the software “Slic3r” 41.
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3.4.5 Printing and testing of 2D graded specimens
Tool paths were generated using the software “BioCAD” (regenHU Ltd). G-code modification
was needed to allow for the use of the custom mixing-dispenser. The tool path was visualized
using the software “Repetier Host” (Hot-World GmbH & Co. KG). To print the 2D gradient films,
glass discs were first precisely placed on the printing substrate using a customized robotic
placement system. The glass discs were cut from a glass rod with a diameter of 3.9 mm and
had the same thickness as the printed layers (0.3 mm). Printing single circular lines of distinct
compositions around the glass island created the desired gradients. The mixing ratio was
changed from line to line to form the discrete material gradients shown in Figure 3-2c. Due to
the miscibility of all monomers, no sharp transition between the layers should exist. This is
especially true for the ink compositions reported in this study, since the material was
deposited in a liquid state and only cured once an entire layer was deposited. Printing of one
layer typically took several minutes. It can therefore be expected that a pseudo-continuous
gradient was formed. The circles printed lines had their starting and stopping point on a 45°
angle to the loading direction to avoid failure of the structure due to printing artefacts. The
static mixer-needle assembly of the mixer-dispenser had a dead volume of only about 150l.
When a mixing ratio change was triggered, the new ratio was only printed after the deadvolume was extruded. For that reason, every time a material/mixing ratio change was
programmed, the static mixer/needle setup was flushed to a waste container. This guaranteed
a constant and reproducible mixing ratio. The samples were cured under a glass lid and
nitrogen flow using an Omnicure S1000 (Lumen Dynamics) UV-lamp at 100% intensity at a
distance of 20cm for 2 min.
The 2D gradient samples used for mechanical testing were clamped using pneumatic clamps.
The tests were performed at a constant displacement speed of 5 mm/min. Five specimens
were tested per design. The clamping distance was 40 mm for the graded specimens. In order
to acquire strain maps during the mechanical testing, an airbrush with black water-based ink
was used to produce a speckle pattern that could be tracked by a Digital Image Correlation
(DIC) software. Image acquisition was performed with a standard digital camera mounted on
a tripod. Special care was taken in illuminating the specimens and aligning the camera
properly. Digital image correlation was performed using the open source MATLAB program
“Ncorr”.42 Images were analyzed at 25% global engineering strain.
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3.4.6 Modelling of material properties for FEA
In order to generate input data for the Finite Element Analysis (FEA) of different gradient
designs, the mechanical properties of the printed polyurethane acrylate materials had to be
fitted to a common constitutive law. Stress-strain curves obtained in tension were fitted using
a Neo-Hookean constitutive law with the software “hyperfit”43 As an output, the software
computes values for the first Lamé parameter µ. The second Lamé parameter λ was calculated
via the equation adapted from Attard 44 assuming a Poisson’s ratio ν of 0.499 for all materials:
2µν

𝜆𝜆 = (1−2ν)

(1)

The values of the material parameters are shown in Table 8-3 and a comparison between
experimental and modeled materials properties is given in Figure 8-2. In order to model the
material properties as a continuous function of the composition, a piecewise cubic
interpolation function was defined based on the data points displayed in Table 8-3. The stressstrain data obtained from tensile tests were integrated to obtain the maximum strain energy
density the material can sustain. The results are shown in Table 8-3. Although the NeoHookean model does not describe the non-linear response of the printed polymers over the
entire deformation range, our comparative DIC and FEA data show that this simple model is
sufficient to qualitatively capture the strain distribution around the stress concentrator. More
elaborate models are required in future studies to obtain a full quantitative description of the
mechanical response of these highly heterogeneous graded materials.
3.4.7 Printing and testing of artificial intervertebral discs (IVDs)
The geometry used for the artificial IVD was based on the cross section of an IVD model
published by Marini and Ferguson.26 This 2D geometry was extruded in the z- direction to form
a 3D object and scaled down to increase the number of specimens tested. The exact
dimensions and shape of the tested artificial IVD are shown in Figure 8-6. The final IVD had a
length of 20.3 mm and a height of 3.9 mm combined with two layers of the stiffest
composition on each side. The G-code was generated using the software “BioCAD” (RegenHU
Ltd, Switzerland). The material distribution throughout the IVD is displayed in Figure 3-4 in the
main text. Aside from the graded IVDs, two types of non-graded IVDs were tested. These were
prepared with ink compositions containing either 30% or 50% of component A in the outer
phase. The composition with 30% of component A was selected because it shows the same
global compliance as the graded IVD. The individual printed layers were cured under a glass
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lid without nitrogen flow using an Omnicure S1000 (Lumen Dynamics) UV-lamp at 100%
intensity at a distance of 20cm for 30s. The last layer was cured under nitrogen flow for 2 min.
During printing of the artificial IVDs, the mixing-dispenser suckback parameters were
optimized for every single composition (see Table S2). The compression tests of the IVD
samples were performed at a speed of 0.5 mm/min. The obtained load displacement curves
were directly plotted as obtained. While performing the tests, videos of the samples were
acquired to identify the fracture behavior. After testing, photographs of the fractured IVDs
were taken using a standard digital camera.
3.4.8 FEA of 2D graded samples and artificial IVDs
The geometry and dimensions used for the FEA modelling of the 2D graded samples and of
the IVDs are shown in Figure 3-2a (main text) and in the Figure 8-6, respectively. The following
simplifications were made for the simulations: The printed films were assumed (1) to be
perfectly flat, (2) to exhibit the programmed material distributions and (3) to be free of any
structural anisotropy due to the printing path. Although the FEA models include mixed mode
loading in both tension and compression, the materials properties used in the modeling were
based on tensile tests. The suitability of these assumptions in providing a qualitative
description of the mechanical response of printed films was verified by comparing
experimental and simulated strain maps of the 2D graded samples. Taking into account the
mixed mode loading arising from the heterogeneous material distributions, the experimental
and simulated strain maps indicate good qualitative agreement between DIC measurements
and FEA simulations (see Figure 8-5). FEA was performed using the Software COMSOL with
the solid mechanics and the wall distance module. The wall distance module allowed us to
define a continuous gradient in material properties from the surface to the center of the IVD
by using the computed wall distance from the IVD surface to the center as a base variable for
the materials definitions. In the solid mechanics module, two materials models were used.
The linear elastic model was implemented for the glass island in the 2D gradient analysis using
built-in COMSOL material data for glass (Corning 7940 (fused silica) [solid, average]). All the
polymers were implemented as hyperelastic materials and described using the standard NeoHookean constitutive law. The material properties were defined for every domain individually.
As an exception, the properties of the annulus fibrosus as well as the graded layers of the 2D
gradients were defined using a continuous function based on the wall distance from the
surface of the annulus or the radial distance from the center of the glass island, respectively.
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For the 2D gradients, the model was simulated in plane stress. The deformation of the IVDs
and of the 2D gradient samples were implemented as time dependent studies by imposing a
prescribed steady displacement rate on the top and bottom surfaces of the IVD or the edges
of the graded films, respectively. These boundaries were fixed in the lateral directions.
Triangular and hexahedral meshes were used for the 2D gradients and IVDs, respectively.
Figure 8-3 details the meshes used for the two geometries. The mesh size for the IVD was
bound to be smaller than the layer thickness (0.4 mm) on one end and computation time on
the other. Additionally, a mesh smaller than the one we used would create convergence
issues. The solver was set for both models to the automatic Newton method while using a
recovery damping factor of 0.75. A tolerance of 10-3 was used as convergence criterion.
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Chapter 4
Colloidal isostatic consolidation of nanoparticles into high-density
ceramic compacts
Abstract
Nanotechnology has progressed significantly in producing all morphologies and chemistries of
nanoparticles, yet not a lot of applications of nanostructured materials can be found in
industry. This is partly explained by the difficulties to process nanoparticles as compared to
conventional powders. Assembling nanomaterials efficiently into macroscopic solids remains
challenging, especially if materials with high particle volume fractions and low porosity are
required. Densely packed, homogeneous compacts are essential as starting green bodies for
nanostructured ceramics. Here, we develop a new processing strategy that allows for the
efficient assembly of nanoparticles into millimeter-sized objects. A method that combines
colloidal processing and isostatic pressing is used to assemble colloidal silica nanoparticles
with a diameter of 8 nm. The technological prerequisites to achieve densification of a colloidal
suspension under isostatic conditions are discussed. The challenges in obtaining crack-free
particle compacts under high pressures and possible solutions to them are presented.
Different strategies in obtaining dry porous bodies from colloidally consolidated structures are
investigated. By controlling sources of defects in the consolidation process, millimetric-sized
transparent objects made of densely packed 8 nm silica particles are produced with a volume
fraction of 56.9% and an average pore width of 4.9 nm. The extraordinary high density and
homogeneity of the green bodies obtained by this process might allow for the fabrication of
nanostructured ceramics with decreased grain sizes and microstructural homogeneity by
simple sintering. The process might be applicable to any type of colloidal suspension allowing
for novel applications of nanoparticle-derived materials with broad impact in industry and
society.
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4.1 Introduction
Particles with sizes in the range of only a few nanometers can be produced by a multitude of
methods, in different morphologies and chemical compositions.1,2 These particles show
unique properties due to their nanoscale dimensions, which can be readily tuned using distinct
synthesis routes. In order to leverage the exceptional properties of these particles, it is often
desired to assemble them into macroscopic materials. Aerogels made from nanoparticle
building blocks are a particular class of materials that combine the nanoscale properties of
their constituents with a macroscopic geometry that allows their handling during use.3 The
most prominent property of aerogels is their extremely low density, which is achieved at the
expense of mechanical strength. While the low packing of nanoparticles in aerogels is a
desirable feature in for example catalysis and insulation, other applications require denser or
mechanically stronger materials made from the same nanoparticles. However, assembling
nanoparticles with a size below 10 nm into dense macroscopic structures remains very
challenging.4,5
A lot of progress in assembling nanoparticles into denser structures has been achieved in the
field of ceramics science. Here, the interest lies in packing the particles into high-density green
bodies to enable the fabrication of dense nanostructured ceramics through simple sintering.
These types of ceramics hold the promise of allowing for improved properties like
transparency 6 or extraordinary hardness.7 These attributes are only achieved if not only the
starting material is nanocrystalline, but the nanoscale size of the starting particles is retained
in the final ceramic in the form of nanograins. Additionally, for most applications, the ceramics
need to reach a high density in order to attain their full potential in terms of mechanical
properties. The challenge lies in the fact that sintering often results in intense coarsening of
the nanoparticles into micrometric grains before a dense ceramic is reached.8 The competition
between densification and grain growth during sintering is highly dependent on the quality of
the green body. The particles need to be packed as densely and homogeneously as possible.
Besides high green densities, small pore sizes with narrow pore size distributions are required
to minimize differential densification of the compact during sintering.9 Differential
densification results from the distinct timescales required to close small and large pores at
high temperatures, which ultimately prevents full sintering of the green compact and leads to
extensive grain growth of the ceramics.10
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To achieve small pores and homogeneous densely packed green bodies, several techniques
have been investigated that can be roughly classified as either wet or dry consolidation
techniques.11 In dry consolidation, dry powders are pressed into shape and simultaneously
densified by uniaxial or isostatic pressing. The pressures required to reach sufficient green
densities with nanoparticles are orders of magnitude higher than what is necessary to
consolidate micron-sized powders and can reach the GPa range because of the high friction
between the high surface area particles.12 Although dry consolidation has been successfully
applied for nanostructured ceramics, the techniques are often limited to specific particles
synthesis routes or particle types. This results from the high tendency of nanoparticles to
agglomerate through van der Waals interactions, which cannot be avoided if they are
processed in the dry state. Once nanoparticle agglomerates have formed, they cannot be
broken in the pressing process and will lead to defects or inhomogeneities in the green body.13
These inhomogeneities lead to differential shrinkage and thus inhibit full densification during
sintering of the green body. Additionally, if the nanoparticles were completely disaggregated,
their extreme tendency to form dust would limit an economical application of dry
consolidation processes as opposed to micron-sized particles.14
Dust formation and agglomeration issues can be avoided using wet consolidation techniques.
If nanoparticles are suspended in a liquid, attractive Van der Waals forces can be counteracted
by electrostatic or steric stabilization of the colloidal suspension.15 Such stable colloidal
suspensions can additionally be purified from any aggregates or impurities very easily via
filtration.16 Several methods have been developed to densify colloidal suspensions and
therefore assemble nanoparticles into green bodies. The most common and simplest
technique is slip casting. Here, a porous mold absorbs the excess water from the suspension
via capillary action. In contrast to the slip casting of submicron particles, processing
nanoparticles in the range of a few nanometers often results in poor packing as low as 29 %.5
Additionally, the compact formation is very slow due to the low permeability of the
nanoparticle filter cake. A process closely related to slip casting is pressure casting or pressure
filtration, in which the driving force for the removal of liquid from the suspension is an
externally applied pressure instead of the capillary action of the porous mold. Here, the
suspension is pressed against a porous mold or a filter membrane by an external pressure in
the range of typically 0.1-10 MPa (up to 80 MPa).17,18 This increased pressure compared to slip
casting leads to faster compact formation and higher green densities. Pressure filtration has
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shown to produce high quality green bodies of pseudo-boehmite of 40 nm with a resulting
green density of 68.5%.19 In another example, pressure filtration of 30nm SiC resulted in a
green density of only 37%.20 Other nanoparticle consolidation approaches include
electrophoretic deposition14, centrifugal casting 21 or osmotic consolidation.22 The wide range
of methods available for the wet consolidation of particles provides different alternatives for
the fabrication of dense ceramics.11,23 Despite the large number of consolidation methods
available, the fabrication of high-density ceramic compacts remains challenging using particles
with average size smaller than 10 nm.
Since many of the above techniques suffer from imperfect green body homogeneity on the
nanoscale, a big effort has been invested in optimizing the sintering process that follows the
green body formation. Specialized sintering techniques like two step sintering
plasma sintering

26

24,25

or spark

both rely on high temperature activated rearrangement of the

nanoparticle network. Typically, the nanoparticle network is softened at high temperatures.
This allows the network to rearrange and densify either spontaneously or under additional
external pressure.27 Although, it has been shown that these techniques can be used to form
nanostructured ceramics, they do not solve the problem of low green body homogeneity or
density, they circumvent it by using a temperature activated rearrangement process. This
might by an option for achieving dense nanostructured ceramics in some cases but is limited
by geometry, the expensive machinery necessary for the process or to specific materials.
Additionally, if not a sintered ceramic, but a highly dense nanoparticle assembly made of
temperature sensitive particles is the goal of the process; they are not an option at all.
Here, we develop and investigate a novel colloidal method for the assembly and consolidation
of sub-10nm particles into compacts of high packing density and homogeneity. To this end,
we combine the benefits of colloidal techniques like slip casting with the benefits of highpressure consolidation via cold isostatic pressing. Specifically, the benefits of colloidal
processing that are exploited in the proposed approach include the high control over the
agglomeration state of the particles, control over impurities and the improved handling of
colloidal nano suspensions over dry powders. Additionally, colloidal processing allows for low
interparticle friction and high particle mobility and therefore improved rearrangement and
packing during the consolidation as compared to dry powders. Moreover, we want to leverage
the benefits of high isostatic consolidation pressures such as improved filtration speeds, the
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isostatic nature of the applied pressure that leads to more homogeneous green density
distribution and the freedom in compact geometry as opposed to uniaxial pressing methods.
The high magnitude of pressures that can be exerted in the isostatic press will also allow for
rearrangement of soft agglomerates that might form in the late stage of consolidation at high
volume fractions even for relatively stable nanoparticle suspensions. We therefore propose a
consolidation process termed colloidal isostatic consolidation that incorporates the abovementioned benefits and might allow for the preparation of high-quality nanoparticle green
bodies at room temperature. Such a process could enable the fabrication of novel types of
nanostructured ceramics with controlled grain size made from a variety of materials. It might
also allow for the formation of novel materials based on densely packed nanoparticle
assemblies with controlled porosity showing unprecedented functional properties.
In this chapter, firstly, the novel process will be described. Secondly, the prerequisites,
challenges and possible solutions for the fabrication of defect-free bulk compacts are
presented. In a next section, the drying process of wet consolidated bodies are discussed.
Different strategies are presented that might lead to crack-free dry bodies. Lastly, the dry
green bodies are characterized and compared to nanoparticle compacts obtained by slip
casting.

4.2

Results and discussion

4.2.1 Consolidation and shaping process
4.2.1.1 Process description
The working principle of the proposed colloidal isostatic consolidation route is schematically
depicted in Figure 4-1. The starting point of the process is a stable, well-dispersed nanoparticle
suspension; here a commercial colloidal suspension of 8 nm 28 silica particles in water will be
used as model system (Ludox SM30). The nanoparticles in this suspension are in a relatively
dilute state (30 wt% for Ludox SM30) to avoid aggregation and to reduce the suspension’s
viscosity. In order to turn the dilute suspension into a high volume fraction green body, the
particle concentration needs to be increased and the particles should pack efficiently. Here
we use pressure to extract the excess liquid from the suspension and to overcome
interparticle interactions. The pressure is applied to the suspension via a pressurized liquid
contained in a vessel. An isostatic pressure exerted on a suspension leads to an increase in its
particle concentration only if it is in contact with a porous filter material. In this setup, the
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pressure on the suspension will act on the water and press it through the filter leaving a more
concentrated particle filter cake behind (Figure 4-1).

Figure 4-1: Working principle of colloidal isostatic consolidation. Shown in blue is a colloidal nanoparticle
suspension, whereas a porous ceramic body is shown in grey. Under an external hydrostatic pressure, the excess
suspending liquid is pressed out of the nanoparticle suspension into the ceramic body leading to the consolidation
of the nanoparticles.

Here we use a porous ceramic to remove the liquid of the suspension during consolidation.
The ceramic is put in contact with the suspension and the entire assembly is put under
pressure. By using a porous ceramic with well-defined pores in the size range of the
nanoparticles, the particles are accumulated on the surface of the porous substrate. If the
porosity of the ceramic is large enough to accommodate all of the excess water and the
ceramic itself is sufficiently strong to withstand the pressure and retain its porosity, efficient
consolidation of the suspension is achieved.
Two variations of a colloidal isostatic consolidation method are investigated in this work
(Figure 4-2 and Figure 4-3). One version leads to consolidated nanoparticle green bodies with
reproducible, but not well-controlled geometries (method A, Figure 4-2), while the other,
more elaborate implementation allows for shaping of suspensions into geometrically more
complex objects (method B, Figure 4-3). The difference between these two methods lies on
the geometry of the silicone rubber molds used as containers for the nanoparticle
suspensions. In the first approach (method A, Figure 4-2), the silicone mold has a simple
geometry. In this case, the suspension is directly cast into the silicone mold and the
nanoporous zirconia cylinder put on top. The entire assembly is sealed in a rubber envelop
under vacuum. The vacuum presses the silicone mold with the suspension and the filter
ceramic together to form the filter assembly. Here, the geometry of the final object is not
further controlled and is a result of the initial mold geometry and the shrinkage due to the
removal of water from the suspension. A pressure range of 30-350 MPa is applied to the filter
assembly in an isostatic press to initiate the consolidation of the suspension.
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Figure 4-2: Setup used for colloidal isostatic consolidation according to method A. The silicone mold is shown in
light blue, the nanoparticle suspension in blue and the zirconia ceramic in grey. The silicone mold is filled with the
nanoparticle suspension before the filter ceramic is added to the mold. The assembly is then sealed in a rubber
envelope (in yellow) under vacuum before isostatic pressure is applied to initiate the nanoparticle consolidation
process.

In order to better control the geometry of the final objects and enable true shaping capability
of the nanoparticle green bodies, the more elaborate process can be used (method B, Figure
4-3). In this approach, silicone molds are 3D printed in the desired geometry of the final
objects. Instead of filling them directly with the particle suspension, the molds are first
expanded using vacuum. This way the mold volume is increased to compensate for the
shrinkage of the particle suspension due to the loss of water during consolidation. The
suspension is filled into the expanded silicone mold, the filter ceramic piece is positioned on
top and the assembly is sealed using a 3D printed mold carrier. The resulting filter assembly is
then wrapped in latex and nitrile rubber in order to seal it.

Figure 4-3: More elaborate implementation of colloidal isostatic consolidation according to method B, which
allows for shaping of specific geometries of nanoparticle green bodies. A silicone mold is placed in a mold carrier
and mounted on a setup that allows for the application of vacuum. The silicone mold is expanded using vacuum
and filled with a nanoparticle suspension. The filter ceramic is added to the assembly and fixed in place by closing
the mold carrier. Vacuum is released and the assembly is additionally sealed in a rubber envelop before applying
isostatic pressure to it. Under pressure, the suspension consolidates and the silicone mold relaxes back to its
original dimensions.
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A similar process has been proposed under the term colloidal isopressing. Colloidal isopressing
and the here proposed colloidal isostatic consolidation share the attributes of consolidating a
colloidal system in an isostatic manner. However, colloidal isopressing refers to a specific
system were a well-dispersed suspension is firstly prepared, purified and then turned into a
weakly attractive suspension. This suspension is then pre-densified using uniaxial pressure
filtration. The resulting paste is filled into an elastic mold and isostatically pressed to its final
density, the minor amount of water that is expelled in the process is captured by excess dry
powder that is added to the elastic mold. Therefore, the main difference to the process
proposed here lies in the fact that the porous body is powder and not a presintered porous
ceramic. The solid cohesive nature of the ceramic allows for the use of dilute suspensions
instead of weakly attractive particle pastes of already high volume fraction at the start of the
isostatic pressing step. In addition, the colloidal isopressing approach has so far only been
applied to submicron- but not true nanoparticles. The alteration of the colloidal isopressing
process that is proposed here accounts for the generally lower stability of nanoparticle
suspensions compared to micron sized suspensions by allowing the use of any dilute stable
suspension as the starting point of the process as opposed to the very stringent requirements
of the colloidal isopressing approach.
4.2.1.2 Consolidation and shaping of colloidal silica with methods A and B
A successful application of the process to the above described colloidal silica suspension Ludox
SM30 should lead to wet consolidated silica particle compacts with high transparency. A
typical sample consolidated according to method A can be seen in Figure 4-4. The detailed
characterization of these compacts is discussed in section 4.2.3. Achieving consolidated and
crack free samples with this process is not trivial. Often, samples would crack in the process.
The prerequisites for successful application of the process will be discussed in section 4.2.1.5
to 4.2.1.7.
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Figure 4-4: Samples of colloidal silica consolidated according to method A. Figure 4-4a and 4b show the filter
assembly after it was taken out of the isostatic press and after the rubber envelopes were opened. Figures 4-4c
and 4d show consolidated silica compacts after the silicone mold was removed.

The compact geometry that results from consolidation method A depends on the silicone
mold. The elastomeric molds preshape the nanoparticle suspension in the liquid state. As the
suspension is consolidated under pressure, water is pressed out of the suspension into the
filter ceramic. Consequently, the volume of the suspension reduces until it is fully
consolidated. The silicone mold on the other hand does not change in volume but, because of
the applied pressure, will always conform to the surface of the suspension and the
consolidated body. In an approximation, this can be described as if the starting cube geometry
shrinks in volume but continues having the same surface area, leading to a distortion of the
geometry. The final geometry depends mainly on the total volumetric shrinkage of the
suspension until its full consolidation. For the silicone mold used in these first experiments
(method A), a distorted cube geometry with the faces bent inwards is formed after
consolidation (Figure 4-4).
The main issue with using this process for geometric shaping of green bodies is therefore the
incompressibility of the silicone mold. In order to achieve a controlled geometry at the end,
computational methods could be used to predict the geometric distortion of the mold and the
suspension. Another way to gain better control over the final geometry of the consolidated
body is to prestrain the silicone mold. This principle is used in method B of the colloidal
isostatic consolidation approach (Figure 4-5). Since the silicone rubber is nearly
incompressible, the compressive stresses acting on the thin silicone layers during the process
will lead to inwards bending or buckling. To avoid that, we can use a strategy of prestraining
the silicone rubber. When the suspension volume reduces during consolidation, the rubber
surface area will need to shrink as well to still adapt to the surface of the suspension. In order
to do that without generating compressive stresses in the rubber leading to buckling, the
rubber is put under tension before starting the pressing process. The tensile stresses relax
67

Chapter 4: Colloidal isostatic consolidation of nanoparticles into high-density ceramic compacts

during the process and result in a strain free rubber mold being relaxed to its initial geometry.
This way, the final geometry of the consolidated suspension will be closer to the one of the
initial silicone mold. In practice, this is achieved by sealing the silicone mold to a vacuum
adapter (Figure 4-5). Pulling vacuum on the outer side of the silicone rubber leads to a dilation
of the silicone, effectively prestraining the rubber. The nanoparticle suspension is filled into
the prestrained mold, the filter ceramic is placed on top and the assembly is sealed. After
exposing the filter assembly to 100 MPa of pressure, the geometry of the initial mold is
partially recovered and the suspension is consolidated. Since the consolidation process is to
some extent directional, the shrinkage of the expanded mold and the suspension will not be
perfectly isotropic. In order to achieve high dimensional accuracy of the final geometry the
directionality would need to be taken into account when designing the mold. Nonetheless,
the concept of prestraining the silicone mold shows potential in allowing a larger variety of
geometrical freedom for the final objects.

Figure 4-5: Sample of colloidal silica consolidated according to method B. Figure 4-5a shows the setup used to
prestrain the silicone mold. Figure 4-5b shows a filter assembly with a prestrained silicone mold after the filter
ceramic was fixed to the silicone mold with the mold carrier. Figure 4-5c shows the same filter assembly after it
was sealed into a rubber envelope. In Figure 4-5d, a consolidated silica sample can be seen after the removal of
the filter assembly from the isostatic press. Figure 4-5e and 5f show a sample of silica consolidated according to
method B. Note that the base of the object cracked at the bottom and fully detached from the filter ceramic.
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4.2.1.3 Influence of particle size on consolidation kinetics
Initial experiments indicated that the consolidation of these fine nanoparticles takes minutes
to hours even at pressures of 35 -350 MPa as exerted by the isostatic press. Typically, higher
pressures reduces the pressing times, but led to a higher probability of pressing-induced
cracking. To gain a semi quantitative understanding of how particle size and pressing time
influence the filter cake formation, a small test series was run. Colloidal isostatic consolidation
was used to consolidate silica nanoparticles with particle diameters of 8 nm (Ludox SM30),28
16 nm (Ludox HS40)29 and 28 nm (Ludox TM50).29 A pressure of 350 MPa was applied for 1
min, 15 min and 1 hour. The filter assemblies were then taken apart and possible remaining
non-consolidated liquid fractions of the nanoparticle suspensions were poured off. These tests
were run without a cellulose nanocrystal interlayer (described in chapter 4.2.1.5)

Figure 4-6: Sketch depicting (in blue) approximate fractions of gelled suspension after isostatic pressing of filter
assemblies at 350 MPa. Samples with particle sizes from 8 to 28 nm were pressed for 1 min to 1 hour. The smaller
the particle size, the longer the pressing times are to fully consolidate the suspension. For suspensions based on
8 nm silica particles, a full consolidation requires pressing times that exceed 1 hour.

The sketch indicates approximate gelled fractions of the suspensions. The gelled fraction
corresponds to the solid phase that remained on top of the filter after the excess of liquid
suspension has been poured off after the isostatic pressing operation. It can be seen that for
8 nm particles only a thin consolidated silica layer is formed after 1 and 15 min (Figure 4-6).
After 1 hour, the consolidated silica is covering approximately 50% of the initial mold
geometry. For the bigger particle sizes, faster filter cake formation can be observed with the
28 nm particles forming the cake faster than the 16 nm particles. All the particle sizes require
more than 15 min to form a fully gelled consolidated object even at a pressure of 350 MPa.
Assuming that the particle size dictates the permeability of the filter cake, the smaller particle
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size would explain the lower filtration speed of the 8 nm particles. Since the different
suspensions not only have different particle sizes but also different fractions of particles (30
wt% for 8 nm, 40 wt% for 16 nm and 50wt% for 28 nm), the lower filtrations speeds can also
be partially attributed to the larger volume needed to pass through the filter cake for the same
final silica density.
4.2.1.4 Sealing of filter assemblies
The first prerequisite for the consolidation of the suspensions is that the filter assembly is
impervious to the pressure medium. If the pressure medium, the mineral oil of the isostatic
press, penetrates the porous ceramic, no pressure gradient between the nanoparticle
suspension and the pores of the ceramic is retained and no consolidation takes place. In first
trials, the filter assemblies were simply wrapped in one layer of latex rubber. When exposing
them to the pressure medium at pressures of up to 350 MPa, we observed that the latex was
not resistant to the medium, especially when pressing times in the range of hours were used.
Consolidation did not take place reliably and very often, the porous ceramic exhibited the
distinct odor of the mineral oil after unwrapping the rubber envelope. The wrapping typically
even remains airtight at ambient pressures. This can be seen when the rubber is manually
stretched after the pressing process and still no air is entering the assembly. It is suspected
that the oil enters the assembly through fine microcracks or a diffusional mechanism through
the rubber material. If oil was replaced with water as the pressing medium, there was also
evidence of the medium entering the ceramic. Despite these issues, the latex rubber was
found to be effective in providing an initial seal to assemble the nanoparticle suspension, the
silicone mold and the filter ceramic. It adapts well to the surface of the assembly and reliably
seals the mold to the filter ceramic under vacuum. In order to make the assembly resistant to
the high-pressure medium, an additional nitrile rubber layer was used on top of the first latex
envelope. By implementing this second layer, no entry of the pressing medium into the
assembly was noticed anymore.
4.2.1.5 Zirconia surface cracking
A critical point in the consolidation process is the pressure release phase of the isostatic press.
All objects within the pressure medium undergo considerable compressive strain under
pressure. This strain is different for every type of material and is released when the pressure
is reduced. Consequently, differential stresses can occur at contact points between the
materials. One particularly crucial interface is the one of the filter ceramic and the
70

Chapter 4: Colloidal isostatic consolidation of nanoparticles into high-density ceramic compacts

consolidated suspension. The consolidated silica and the porous zirconia will recover different
amounts of compressive strain upon pressure release. It can be observed that these stresses
are strong enough to break the zirconia. Typically, the zirconia as well as the consolidated
suspension break in the process (Figure 4-7a,7b). Because of this, strategies were investigated
to mitigate the stress mismatch between the filter cake and the filter ceramic.

Figure 4-7: Cracking of zirconia filter ceramic and cellulose nanocrystal (CNC) interlayer. (a) Filter assembly after
unloading from the isostatic press with fractured zirconia ceramic. (b) Cracked surface of zirconia filter ceramic.
(c) Sketch of filter assembly with CNC interlayer.

One successful approach is to insert an interlayer between the nanoparticle suspension and
the filter ceramic. The main requirements for such a layer is that it mitigates the stress
mismatch between the filter ceramic and the consolidated suspension. To this end, the
interlayer material should show a lower yield shear stress than either of the other two
materials. This way, the stresses on strain recovery lead to cracking or shear flow of the
interlayer material instead of the material of the filter ceramic or the consolidated silica.
Additionally, the interlayer material optimally acts as a filter itself, avoiding the penetration
of either the interlayer material into the ceramic or the nanoparticle suspension into the
interlayer. As a suitable interlayer material, films formed by a water-based paste of cellulose
nanocrystals (CNCs) were identified. The CNCs possess a diameter of 6.5 nm and a length of
120 nm.30 Because of their small diameters, it can be expected that they can form a filter cake
with small enough pore size that they act themselves as filters for the silica nanoparticle
suspensions. Additionally, due to their high aspect ratio, they pack poorly under pressure
which results in a particle gel with a low volume fraction that exhibits a paste like behavior
even after exposing the gel to pressures of up to 350 MPa. After the introduction of the CNC
interlayer, no cracking of the zirconia ceramic was observed anymore. In addition, the number
of cracks in the nanoparticle green bodies formed on pressure release were significantly
reduced.
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4.2.1.6 Mold adhesion cracking
As discussed above, cracking due to the stress mismatch between the filter ceramic and the
consolidated suspension can be reduced by a CNC interlayer. Another source of cracking is the
mismatch between the silicone mold and the consolidated silica. Here, the situation is simpler
than for the filter ceramic/ nanoparticle interface. Between the mold and the nanoparticle
green body, any mold release agent can be used that efficiently eliminates the friction
between the silicone and the particles. If no mold release agent is used the silica particles
adhere strongly to the silicone rubber. It was seen that thin layers of either petroleum jelly
(Vaseline) or silicone grease act as efficient mold release agents. Liquid mold release agents
run the risk of being pushed into the pores of the nanoparticle green bodies at the final stage
of the pressing process. For that reason, petroleum jelly is preferable to silicone grease, since
it can be more readily dissolved in other liquids or burned out in subsequent thermal
treatments. Both are efficient in reducing the adhesion and friction to the silicone rubber. The
consolidated bodies did not adhere to the silicone and demolding of the green bodies was
straightforward if mold release agent was used. Additionally the probability of cracking was
further reduced.
4.2.1.7 Interaction of rubber envelopes and silicone mold
Even with a CNC interlayer and mold release agent the nanoparticle green bodies frequently
showed a few cracks. It was hypothesized that the differential strain recovery of the silicone
mold, the latex rubber and the nitrile rubber could induce stresses on the nanoparticle green
bodies and therefore lead to cracking. To reduce the interaction between the three
elastomeric layers, silicone grease was applied between them. This eliminated the friction and
allowed for independent expansion of the layers on pressure release. This additional step
leads to significantly more reproducible green body geometries and crack free samples. This
finding indicates that the friction between the rubber layers was not only responsible for some
cracking but also influenced the final geometry of the consolidated bodies.
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4.2.2 Drying process
4.2.2.1 Direct drying of pressed samples
If the samples are dried at ambient conditions in the course of 1 day, the result is typically a
transparent cracked green body. It can be assumed that the drying stresses are too strong and
induce cracks. The samples typically turn white just after the critical point of the drying when
light-scattering air pockets are formed in the wet green body before they turn transparent
again when they are fully dried (Figure 4-8a-8b). For the ambient dried sample, the compact
was opaque approximately after 5.5 hours after unpacking from the press.

Figure 4-8: Directly dried CIC samples. (a) Sample drying under ambient conditions in its transient opaque state.
(b) Sample fully dried under ambient conditions. (c) Pinhole drying setup. (d) Sample dried at 40°C with pinhole
technique. (e) Sample dried in humidity chamber at 40°C 80%rH.

In order to slow down the drying process and increase the probability of obtaining crack-free
specimens, wet samples were dried using the pinhole technique. The wet green bodies were
put into pill glasses with a closed lid. A needle was pushed through the plastic of the lid to
form a small hole (Figure 4-8c). Samples were put in an oven at 40°C for 1 day. The samples
exhibited some cracks again, but the number of cracks seems to be slightly lower than for
ambient dried samples (Figure 4-8d). Samples were also dried in a humidity chamber for one
day at 40°C and 80%rH. These specimens looked very similar to the pinhole-dried sample.
Again, no entirely crack-free sample was obtained (Figure 4-8e). Although decreasing the
drying speed seemed to show some improvement in reducing the probability for cracking,
there was no striking difference observed with the conditions presented here. A more detailed
study, specifically including longer drying times might reveal a process window that would
allow for direct drying of the green bodies. Importantly, although the dried samples show
some cracks, the number of drying cracks was always rather limited and all of the pieces
remained transparent. Since slower drying might lead to crack-free samples, but a positive
outcome cannot be guaranteed, alternative drying approaches were investigated.
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4.2.2.2 Drying with binders
4.2.2.2.1 Polymeric binder
Drying cracks occur when the stresses developed in the green body during drying are bigger
than its green strength. We attempted to increase the green strength by the means of binders.
Prerequisites for a binder system are: effective increase in green strength, low volume fraction
of organics (to reduce later burnout problems) and no interference with the suspension
quality (agglomeration of particles). In the nanoparticle suspensions used here, there is the
additional prerequisite of the binder molecule size. Since the nanoparticles used here are in
the range of a few nanometers, the size of binder molecules are approaching the same length
scale. Considering that the pore size between densely packed nanoparticles of a size of 8 nm
can approach the range of a few nanometers, it is especially important that the binder system
does not hinder the packing of the particles upon densification. In a first attempt, two
polymeric binders, polyvinyl alcohol (PVA, 13000-23000 g/mol) and polyethylene glycol (PEG,
4000 g/mol), were examined. The silica particle grades stabilized with sodium counterions (as
is Ludox SM30) showed decreased stability when mixed with the polymeric binders.
Therefore, a different, deionized grade of colloidal silica was used (Ludox TMA). The particles
in this suspension have a size of 28 nm and a pH range of 4-7. This Ludox grade shows a better
compatibility with the polymeric binders. Different suspensions were prepared by directly
mixing the silica suspension with the appropriate amount of polymers. The suspensions were
pressed over night at 350 MPa. Suspensions with PVA (1 and 3 wt%) and PEG (1, 2, 3 wt%)
were compared. The suspensions with 1% of PEG gelled immediately after the addition of the
polymer. It could therefore not be consolidated. The 2% PEG suspension showed gelling after
one day, allowing still for densification. The 3% suspension did not show gelation. The gelling
could be due to bridging or depletion flocculation.31 After pressing, all the suspensions led to
solid objects. The PVA-based green bodies turned out white after pressing, possibly indicating
aggregation of the primary silica particles in the densification process (Figure 4-9a,9b). Besides
these effects on the colloidal stability of the suspensions, the binders were found to affect
also the optical transparency of the green bodies after the consolidation process. The 2% PEGbased green body was transparent; the 3% PEG based green body slightly less (Figure 4-9c).
Generally, the experiments indicated a trend with green bodies fabricated with polymeric
binders showing reduced transparency. This could be attributed either to interference of the
polymers with suspension stability or the aforementioned impact on the packing efficiency of
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the silica when the polymer size approaches the size of the pores in the green body. Either
way, it was concluded that a polymeric binder with relatively large molecules is not well suited
for nanoparticle consolidation. Therefore, a reactive binder system based on smaller
monomers was designed, were the larger polymer chains are only formed after the
consolidation process.

Figure 4-9: Consolidated silica green bodies reinforced with polymeric binders after drying. (a) 1 wt% PVA. (b) 3
wt% PVA. (C) 3 wt% PEG.

4.2.2.2.2 Reactive binder
In experiments using PEG polymers, it was observed that the polymer could induce gelling of
the silica suspension if used in an appropriate amount. It was hypothesized that this is due to
particle bridging or depletion flocculation by the polymer chains. Both would depend on the
polymer molecular weight. Consequently, it should be possible to create stable suspensions
by mixing them with PEG-containing monomers if the monomers are of low enough molecular
weight. Polymerizing the monomers in such a suspension after the consolidation step would
then increase their molecular weight to form the green body binder. The effectiveness of the
binder will depend on whether it actually increases the green body strength of the silica or
not. It can be expected, that in order to reinforce the wet green body, the polymer needs to
interact with the silica instead of just being freely dissolved in the pore liquid. Such a strong
particle/ polymer interaction could lead to bridging flocculation in a dilute suspension. As
described in the previous section, the gelation of the silica suspension by PEG polymer could
potentially by attributed in part to particle bridging. It was therefore hypothesized that a
reactive binder system based on the polymerization of a PEG monomer could be particularly
effective, because a strong interaction of PEG with the silica particles as it would be required
for bridging would also make for an effective binder.
To test this hypothesis, a photopolymerizable hydrogel system was designed. It was based on
polymerizing a PEG-monoacrylate with a molecular weight of 475 g/mol (PEGMA475) with the
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photoinitiator Irgacure 2959. 0.3 wt% of initiator and 3 wt% of the PEGMA475 were added to
an as-received suspension of Ludox TMA (3% with respect to the water phase which is only 66
wt% of the total mass of ludox). Exposing the suspension for 2 min to the light of a UV lamp
(Omnicure S1000, 100% intensity) lead to complete gelling of the suspension (Figure 4-10).
This confirmed the first part of the hypothesis, indeed starting with a low molecular weight
monomer allows for the formation of a stable suspension. Only after polymerization, the
suspension is sufficiently destabilized to gel.

Figure 4-10: Colloidal silica suspension with added reactive binder system based on PEG monoacrylate. (a) Before
polymerization. (b) After polymerizing with UV light for 2 min.

Next, suspensions containing 1, 2 and 3 wt% of PEGMA475 were prepared, filled into silicone
molds, packed and pressed at 350 MPa overnight. After pressing the samples were unpacked
and exposed to UV radiation for 5 min. The reaction chamber was filled with nitrogen and
saturated with water to avoid inhibition of the polymerization reaction and drying out of the
sample respectively. After polymerization, the samples were dried in the humidity chamber
at 90%rH and 30°C for 2 days. Little drying was observed during that time (no transient opaque
phase). The humidity was then reduced to 80%rH. The samples dried within a few hours
(transparent-opaque-transparent transition). After drying, all the samples showed some
cracking with no clear effect of the PEG content on the transparency and macroscopic
appearance of the dried bodies (Figure 4-11).

76

Chapter 4: Colloidal isostatic consolidation of nanoparticles into high-density ceramic compacts

Figure 4-11: Dried CIC green bodies based on a reactive binder system with PEG monoacrylate. (a) 1 wt% PEGMA.
(b) 2 wt% PEGMA. (c) 3 wt % PEGMA.

Although the approach seems promising, no major differences to previous drying protocols
were noticed. Additionally, the approach might be limited in its applicability to deionized
nanoparticle suspensions or to silica. Therefore, further strategies were investigated to
minimize cracking of the samples.
4.2.2.3 Solvent exchange methods
4.2.2.3.1 Immersion in solvents
Previous experiments suggest that the capillary stresses developed during drying are higher
than the strength of the green bodies, even in the presence of binders. This inevitably leads
to cracks after drying. To address this issue, attempts were made to replace the liquid phase
of the consolidated bodies with a solvent with lower surface tension than water. Lower
surface tension reduces the capillary pressures developed during drying, minimizing the
probability of cracking. Alternatively, replacement of the aqueous phase with other solvents
allows for supercritical drying of the bodies to eliminate capillary forces during liquid removal.
In a first attempt in this direction, the consolidated objects were immersed in deionized water.
Although the relative similarities between the pure water and the original pore fluid (water
with higher ionic strength), cracks seem to develop upon the immersion into the solvents. No
clear trend could be observed when different water-miscible solvents were used, but often
there was indication of cracking (Figure 4-12). Generally, it was very difficult to judge the
occurrence of cracking since most samples possessed minor defects due to prior processing.
Cracks can occur already after removal from the press (typically none or one or two bigger
cracks). Most cracks were induced while attempting to remove the consolidated bodies from
the filter ceramic. Cracking upon immersion into the solvents could be explained by osmotic
stresses or fluid flow induced by osmotic pressure that builds up in the porous structure. In
practice, the experimental difficulties described above did not allow for a final conclusion. To
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address these experimental issues, a slightly different approach was developed that proved
more reliable. This approach is described as capillary driven solvent exchange.

Figure 4-12: Consolidated silica samples, which were directly immersed into a target solvent after consolidation.
Samples were immersed in (a) deionized water, (b) acetone, (c) isopropanol and (d) 1,4-dioxane.

4.2.2.3.2 Capillary-driven solvent exchange
A capillary-driven solvent exchange process was developed to allow for slow and gentle
solvent exchange while avoiding problems in removing the silica from the porous zirconia
ceramic (Figure 4-13a). After unpacking the samples from the isostatic press, the filter
assembly was placed in a glass dish, halfway filled with the target solvent (Figure 4-13b). The
consolidated bodies remained on top of the filter ceramic. The porous filter ceramic sucked in
the target solvent until saturation of the pores. That way, the target solvent slowly got into
contact with the CNC-interlayer and started swelling it. Eventually, the target solvent slowly
diffused through the CNC-layer and into the consolidated silica. Since the diffusion through
the CNC and the porous zirconia is a slow process, the green body was exposed to the target
solvent only slowly and gently, effectively decreasing possible osmotic stresses on the sample
and reducing the likelihood of cracking. Furthermore, if the solvent is chosen appropriately,
the CNC layer slightly swells and therefore decreases the adhesion to the consolidated silica
sample and the zirconia ceramic. This allows for easy detachment of the samples from the
zirconia. Additionally to the pathway through the zirconia substrate, the target solvent is also
transported to the sample through the gas phase since the entire process is conducted in a
closed container and therefore solvent-enriched atmosphere. It is not clear though whether
the gas phase or the liquid phase exchange through the porous structure had a bigger
contribution to the solvent exchange process. Typically, the samples are exposed to the target
solvent for 1 day. After that, specimens were removed from the filter ceramic and fully
immersed into the target solvent without additional cracking (Figure 4-13c). Although the
extent of solvent penetration in the silica volume was not investigated, our experiment
suggests that a longer solvent exchange process increases the likelihood of successfully
obtaining crack-free samples.
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Figure 4-13: Capillary solvent exchange process. (a) Working principle of the process. (b) Consolidated silica in
isopropanol during solvent exchange. (c) Consolidated silica body fully immersed in isopropanol after 1 day of
capillary exchange.

4.2.2.3.3 Critical point drying
After replacing the pore liquid of the samples from water to isopropanol or 1,4-dioxane,
specimens can be dried using a critical point dryer. Here, the pore liquid is once more replaced
from the organic solvent to liquid carbon dioxide. The liquid CO2 is then heated above its
critical temperature and pressure and finally the pressure is released to dry the sample. This
way, no capillary forces act on the porous structure. In preliminary experiments, it could be
shown that indeed, the process can lead to dry green bodies (Figure 4-14). However, the
process always induced further cracking. The exchange of the organic solvent for the liquid
CO2 is likely the critical step responsible for cracking. This is very similar to the cracking
observed when immersing the silica into organic solvents directly after pressing. Again, it is
crucial that the solvent exchange happens slowly and gently. Since the critical point drying is
performed in a closed pressure vessel and the filling of the chamber with liquid CO2 cannot be
well controlled, slow solvent exchange is substantially more challenging using this process.
Further experiments are needed to assess the potential of this method.

Figure 4-14: Consolidated sample of Ludox SM30 after supercritical drying.

4.2.2.3.4 Pinhole drying from isopropanol
The development of a reliable protocol for solvent exchange opened the possibility to explore
other processes to extract the liquid phase from wet consolidated bodies. As discussed earlier,
water has a very high surface tension and is a difficult solvent to remove from porous bodies.
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It is likely that less cracks will develop, if the samples are dried from a pore liquid other than
water. With this in mind, drying of wet bodies containing isopropanol as pore liquid was
attempted. Samples were solvent exchanged for isopropanol for 1 day after pressing using the
capillary driven process described above. After that, the samples were fully immersed into
isopropanol for 1 day (Figure 4-15a). Specimens were heated up until the isopropanol started
boiling at 83°C. The samples were kept in boiling isopropanol for 3 hours. The main reason for
this step was to remove any remaining mold release agent from the samples surface. The
petroleum jelly would not dissolve at room temperature but in hot isopropanol. Additionally,
higher temperatures increase the diffusion rate of liquid in the solvent exchange process.
Heating of the wet bodies might also help in strengthening the silica particle interactions and
therefore reinforcing the network. The samples were then dried in an oven at 80°C using the
pinhole technique described above. Additionally, they were held at 100°C for 1 hour in an
open container to ensure complete dryness. Samples turned opaque at the critical point of
drying after approximately 45 min and become transparent again afterwards (Figure 4-15b15c). Using this process, no major additional cracks could be observed that were related to
the drying process itself. Although assessing the origin and exact number of cracks is difficult,
cracks developed in samples dried using the approach described above were likely caused by
imperfect handling prior to the actual drying. Overall, the samples are transparent after drying
and the process is versatile and simple.

Figure 4-15: Consolidated colloidal silica processed via the isopropanol pinhole-drying route. (a) Consolidated
silica, fully immersed in isopropanol. (b,c) Dried silica green bodies.

4.2.3 Characterization of consolidated colloidal silica
4.2.3.1 Porosity
Wet compacts containing 8 nm colloidal silica (Ludox SM30) were prepared by colloidal
isostatic consolidation at 100 MPa. The samples were solvent exchanged to isopropanol and
dried with the pinhole technique as described in the previous section. The porosity of the
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samples was assessed via the Archimedes method with isopropanol as immersion fluid. To
compare the structure of our samples to that of wet bodies prepared with a conventional
consolidation route, silica specimens were also produced via slip casting instead of CIC. The
slip cast samples were dried via the same capillary exchange and isopropanol pinhole drying
process. The weight of the isopropanol-infiltrated samples (wiped and immersed in
isopropanol) was determined before the samples were boiled in isopropanol and before ever
being dried (only room temperature processing). A total porosity of 43.1 % was found for CIC
and 54.5 % for slip cast samples, which refer to a relative density of 56.9% and 45.5 %
respectively (Figure 4-16). Closed porosity is calculated assuming a theoretical density of
amorphous silica of 2.196 g/cm3.

Figure 4-16: Porosity as calculated via Archimedes’ method for colloidal isostatic consolidated and slip cast
samples

The porosity was also calculated using data from nitrogen sorption measurements. A total
pore volume as measured by nitrogen sorption of 0.304 cm3/g and 0.526 cm3/g would account
for an open porosity of 40 % for CIC and 54 % for slip cast samples, respectively, assuming
again a theoretical density of the silica of 2.196 g/cm3 and no closed porosity. The porosity
values as determined via the Archimedes’ method as well as gas sorption are in relatively good
agreement. Comparing the two different methods for nanoparticle consolidation it is clear
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that the porosity in CIC samples is significantly lower and hence the relative density for CIC
samples is significantly higher than for slip cast specimens.
A relative density of 56.9 % is very high for a compact prepared from fine nanoparticles with
a size of only 8 nm and confirms the potential of the consolidation method. A direct
comparison with values from literature is difficult since the maximum relative densities that
are reported for a given consolidation technique vary widely with the nanoparticle type, size
and the quality of the dispersion. As one example, a zirconia nanopowder with a size of 918nm can pack to 51% after slip casting and even reach 56% after additional cold isostatic
pressing at 400 MPa.32 In another case, a density of only 29% is reached for 11nm γ-alumina
processed via slip casting.5 To fully assess the potential of CIC in producing high relative density
green bodies, additional particle types need to be processed and directly compared with other
methods, as here with slip casting. Clearly, the values reported here are amongst the highest
for consolidated nanoparticles and the method shows great promise for nanoparticle
consolidation.
4.2.3.2 Microstructure and optical properties
SEM of ceramic compacts containing 8 nm silica particles shows a dense microstructure
without macroscopic defects. Green bodies produced by CIC and slip-casting show a high
transparency even with a porosity level as high as 43.1 % and 54.5 %, respectively (Figure
4-17a,17d). The only defects are macroscopic cracks that are due to suboptimal processing.
The high transparency proves that the microstructure does not contain any light scattering
defects in the range of the wavelength of light. Using SEM imaging the homogeneity of the
microstructure can be confirmed down to the nanoscale (Figure 4-17b-17c, 17e-17f). Here as
well, no defects can be found and the nanoparticles are densely packed for both processing
techniques. Since the resolution of the SEM reaches its limits for particles that small, it is hard
to tell whether there is a significant difference in the pore structure of CIC or slip cast samples.
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Figure 4-17: Optical properties and microstructure of consolidated silica samples. (a)-(c) Ludox SM30 consolidated
via CIC. (d)-(f) Ludox SM30 consolidated via slip casting.

In order to differentiate the pore structure of slip cast and CIC samples, nitrogen gas sorption
was used to determine the surface area and pore size distribution. The pores exhibit a very
narrow size distribution for both processes (Figure 4-18). The gas sorption data shows that the
total pore volume is higher and that the pores are bigger for slip cast than for CIC samples.
The peak of the pore width is at 4.9 nm and 6.9 nm for CIC and slip casting, respectively. The
surface area as calculated by the BET method was respectively 309 m2/g and 305 m2/g for slip
casting and CIC. This shows that the two methods lead to very similar accessible surface area
despite the differences in pore size distribution.
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Figure 4-18: Pore size distribution as determined via nitrogen gas sorption.

It can be concluded that both processes, slip casting and CIC lead to very homogeneous
microstructures without any defects bigger than a few nanometers over volumes of several
cubic millimeters. The difference between the processes lies in the sizes of the pores, which
is larger for slip cast compared to CIC samples.
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4.3 Conclusions and outlook
We show a new colloidal approach for the consolidation of particles into densely packed
compacts. This processing route enables the consolidation of particles through the application
of pressures of up to 350 MPa to a cast colloidal suspension in an isostatic manner.
Densification of the colloidal suspension is achieved by combining it with an incompressible
porous ceramic body in an elastic mold and exposing the assembly to hydrostatic pressures.
Process-induced cracking of the densified suspension upon pressure release was avoided by
eliminating all sources of differential strain. Control of frictional forces in the mold
components and the introduction of a sacrificial particle gel with defined pore size and
densification behavior were found to be crucial to reduce stresses and enable the fabrication
of consolidated bodies with minimal cracking.
To illustrate this novel process, silica nanoparticles with a primary particle size of 8 nm were
consolidated into green bodies to reach a particle volume fraction as high as 56.9 % and a
narrow pore size distribution with a width of 4.9 nm. The green bodies are homogeneous
down to the nanoscale over several cubic millimeters as evidenced by their high transparency
despite their residual porosity. The novel processing route compares favorably to
conventional methods like slip casting, where an identical nanoparticle suspension only
reached a volume fraction of 45.5 % with a and a pore width of 6.9 nm. Because volume
fractions of solids above 50% are crucial to facilitate full densification of powder compacts
during sintering, the proposed isostatic pressure casting technique is a promising route
towards the manufacturing of dense ceramics with initial particle sizes below 10 nm.
It is expected that this consolidation approach can be applied to any type of colloid particle
system, since the process does not dependent on the type of suspending liquid nor the particle
chemistry. Therefore, nanoparticle assemblies with high packing and uniformity over
macroscopic length scales can be potentially fabricated using a multitude of nanoparticle
types. The novel materials thus formed will enable novel applications requiring densely
packed but porous nanostructured systems. Such applications can be found in energy storage,
catalysis or optics. These types of densely packed nanostructures might additionally prove to
be an enabling step in the fabrication of novel nanostructured ceramics. It might permit the
fabrication of transparent and exceptionally hard polycrystalline nanoceramics made from
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materials that are so far only seen in opaque forms or as transparent single crystals. The
technology might therefore pave the way for a new wave of applications of nanotechnology.

4.4 Materials and methods
4.4.1 Porous zirconia ceramics
Zirconia ceramic cylinders were fabricated following a procedure described by F. Filser.33
Zirconia powder TZ-3YB (Tosoh Corporation) was uniaxially pressed with a 20 mm cylindrical
die. First, a pressure of 25 MPa was applied for 30s, the sample unloaded and then a pressure
of 50 MPa was applied. The cylinders were demolded, packed into rubber envelopes and cold
isostatically pressed at 300 MPa for 5 min. The green bodies were then partially sintered with
a heating rate of 1 K/min, a maximum temperature of 1000°C and a hold time of 2 hours. The
samples were oven cooled. This procedure should lead to a porosity of 49 % with a mean pore
radius of 28 nm.33
4.4.2 Silicone molds fabrication
Silicone molds of various geometries were produced by negative templating of a silicone
casting resin. The negative consisted of a cavity mold with a plunger-type inner part (Figure
4-19).

Figure 4-19: 3D printed negative mold used for casting of silicone molds.

The negative molds were produced out of ABS plastic on an Ultimaker 2+ 3D printer. A
printhead temperature of 250°C and a build plate temperature of 100°C were used to ensure
good adhesion. The adhesion to the build plate was further increased using an adhesionenhancing spray. The surface of the printed parts was additionally smoothened using an
acetone treatment after printing. This was done by placing the printed parts on a metallic grid
standing inside a closed beaker above acetone. The beaker was heated slowly to evaporate
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some of the acetone. The acetone swelled the ABS polymer of the printed parts and
condensed on their surface. The surface roughness of the printed parts was continuously
monitored. Once the surface was deemed smooth enough, the pieces were removed from the
acetone vapor. They were dried in ambient conditions until acetone odor was no longer
noticeable. Only then, they were put in an oven at 60°C to finalize the drying. Premature
heating of the parts to 60°C after the acetone treatment would cause the residual acetone in
the parts to form bubbles in the printed parts. After the molds were prepared, a two-part
silicone was mixed (Solaris, Smooth-on Inc.). The two parts were mixed in a 1:1 ratio and
homogenized in a planetary mixer at 2000 rpm for 1 minute. Afterwards, the two parts of the
mold were wetted with silicone resin to avoid surface formation of air bubbles. Both negative
mold parts were then put in a desiccator and degassed under vacuum together with the
additional casting resin until outgassing of bubbles was no longer observed. During degassing,
the pressure in the desiccator was not allowed to drop lower than 100 mbar. The mold was
then assembled and filled with the silicone resin. In order to fill the molds homogeneously
without bubbles, the resin was injected using a syringe through a small channel at the bottom
of the mold (see Figure 4-19). The filled molds were placed in an oven at 60°C. Metallic weights
were placed on top of the molds to avoid the plungers from losing position and the silicone
was allowed to cure overnight. To facilitate the disassembly of the ABS negative molds, the
silicone-ABS interface was wetted with soap water during disassembly. After disassembly, the
silicone molds were washed with deionized water and dried in an oven at 100°C.
4.4.3 TEMPO-mediated oxidation of cellulose nanocrystals (CNC) and CNC paste
preparation
The TEMPO oxidation procedure of cellulose nanocrystals was adapted from the method
described by Saito et al.34 Freeze-dried cellulose nanocrystals were prepared via sulfuric acid
hydrolysis of eucalyptus pulp at the USDA Forest Service – Forest Products Laboratory
(Madison, WI), according to the procedures described by Beck-Candanedo et al.35 The CNCs
were suspended in water in order to form a suspension with a concentration of 2 % (w/w).
TEMPO and sodium bromide (NaBr) were dissolved in water to concentrations of 0.1 and 1.0
mmol per gram of CNC, respectively, and mixed with the CNC suspension. The pH of the
suspension was adjusted to 10 with NaOH solution (0.25 mol L-1). The reaction was initiated
by adding sodium hypochlorite dropwise. The amount of sodium hypochlorite was chosen so
that an oxidation degree of 10 mmol per gram of cellulose pulp was achieved. The TEMPO87
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oxidized CNC were thoroughly washed until their conductivity was similar to that of distilled
water using dialysis membrane (6-8 kD). This initial CNC suspension was then concentrated
using rotary evaporation with a bath temperature of 80°C. The pressure was continuously
reduced in a way that slight bubbling of the suspension was observed. The process was
stopped when the suspension became paste-like. The weight fraction of the suspension was
determined by drying a sample of the CNC paste in an oven at 100°C overnight and comparing
the wet and dry weight. The CNC paste used for the experiments here was determined to have
a concentration of 33 wt% of CNCs.
4.4.4 Assembly and packing of samples
The preparation of samples for isostatic pressing started with the preparation of the filter
ceramics. The zirconia ceramic was coated with a layer of CNC paste. The CNCs were stored in
a refrigerator. Because their gel-strength increased over time, the CNCs were mixed in the
planetary mixer before usage (10 min, 2200 rpm, degassing program, ARE-250, Thinky).
Following that, a layer of approximately 0.7 mm of CNC paste was coated atop the zirconia
ceramic using the doctor blade technique. The CNC paste was left to form a stiff but plastic
coating on top of the ceramic by the capillary action of the porous substrate. To that end, the
coated ceramic pieces were kept in a water-saturated atmosphere for 3 hours. If the
atmosphere was not kept humid, the CNC paste would not concentrate by capillary action,
but simply dry out. This typically led to peeling-off of the CNC film from the ceramic piece.
While the CNC paste was left to consolidate, the silicone molds were prepared. The inside of
the molds was first generously brushed with petroleum jelly (Vaseline). In a second step, the
excess jelly was removed carefully with a spatula to leave only a very thin coating of petroleum
jelly on the silicone rubber. Next, the silicone molds were filled with the nanoparticle
suspensions and the filter ceramics were placed on top. While pushing the zirconia ceramic
into the silicone mold and in contact with the suspension, a spatula was used to form a thin
channel between the rubber and the ceramic to allow the excess suspension to exit the mold
in a controlled way. This way, the filter assembly was mounted without any air between the
filter ceramic and the suspension. After the filter system was assembled, the top part of the
silicone mold (the outside of the suspension containing mold cavity) was coated with a thick
layer of medium viscosity silicone grease (KORASILON, Kurt Obermeier GmbH & Co. KG). The
assembly was then wrapped in a latex rubber envelope (Mediware Hygieneschutzhüllen,
Servoprax GmbH). Vacuum was pulled on the envelope for 1 minute to remove any air from
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the filter assembly, including the air trapped in the pores of the filter ceramic. Due to the
vacuum, the latex rubber wrapped tightly around the filter assembly. The assembly was sealed
by tying a knot in the latex rubber at the filter ceramic. Subsequently, a second layer of silicone
grease is coated on top of the latex rubber. The filter assembly was then put into a second
rubber envelop made of nitrile rubber (Sempercare nitrile, Sempermed) and again vacuum
sealed. With this second rubber layer, the filter assemblies were ready for the isostatic press.
4.4.5 Pressure consolidation
The sealed filter assemblies were put into an isostatic press and exposed to isostatic pressures
of up to 350 MPa (KIP-E, Paul-Otto Weber GmbH). If not indicated otherwise, samples were
pressed at 100 MPa overnight. The pressure was typically released over the course of 15
minutes. The equipment only allowed for manual setting of the pressure at the beginning of
the experiments. It was not regulated automatically. Therefore, the pressure within the
chamber relaxed during the experiment, partially because of the shrinkage of the objects in
the chamber (the purpose of the pressing) and partially because the hydraulic system showed
some leakage over several hours. Typically, a starting pressure of 100 MPa reduced to
approximately 85 MPa over the course of the pressing experiments.
4.4.6 Slip casting
Since the zirconia filter ceramic is porous, it will exert a capillary pressure on the nanoparticle
suspension. Therefore, instead of using colloidal isostatic consolidation, simple slip casting can
be performed with the same type of setup. In order to perform slip casting, molds were 3D
printed out of ABS polymer that would fit over the zirconia (see Figure 4-20). The filter
ceramics were coated with a CNC interlayer as for colloidal isostatic consolidation and the
mold assembled. Ludox SM30 suspension was poured into the mold. To avoid drying out of
the suspension, the mold was covered with Parafilm. After approximately 18 hours, the
samples were fully consolidated. The samples were solvent exchanged via capillary exchange
to isopropanol and pinhole dried at 80°C the same way as the CIC samples.
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Figure 4-20: 3D printed mold used for slip casting

4.4.7 Solvent exchange and drying
After pressing, the samples were unpacked and either dried directly, immersed into solvents
or solvent exchanged via the capillary-driven method. In the procedure that resulted in the
highest rate of sample survival, the samples were solvent-exchanged to isopropanol after the
isostatic pressing as described in section 4.2.2.3.2. After 1 day, the samples were removed
from the zirconia and fully immersed into isopropanol for 1 additional day. Then, the
specimens were heated in isopropanol on a hotplate until the isopropanol started boiling. The
hot isopropanol dissolved the remaining mold release agent. The resulting wet compacts were
kept in boiling isopropanol for 2 hours. Next, samples were rinsed with fresh isopropanol and
were dried using the pinhole method.
4.4.8 Cleaning of the filter assembly
The components of the filter assembly were reused several times. The silicone molds were
first manually cleaned and in a second step washed in hot isopropanol to remove remaining
petroleum jelly. The zirconia discs were sonicated in distilled water to remove the CNC layer.
From time to time, the filter ceramics were additionally washed in isopropanol.
4.4.9 Shaping setup for consolidation method B
In order to use the colloidal isostatic consolidation process for shaping of complex objects, a
technique of prestraining the rubber mold was developed. When the silicone molds are
strained, filled with suspension and brought into contact with the filter ceramic, the strain of
the silicone acts on the suspension and creates an overpressure that pushes the suspension
past the gap between the filter ceramic and the silicone mold. In order to seal the filter
ceramic to the silicone mold, a two-part container was designed that pushes the filter ceramic
onto the silicone mold, so the suspension does not leak out of the mold. The container was
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sealed after assembling the filter system by screwing a bottom part into a shell part (Figure
4-21). The container system was designed to be single-use and is easily 3D printed from ABS.
It was supposed to keep the filter assembly together until it was inserted into the isostatic
press where the pressure kept the assembly sealed. The container was supposed to be weak
and crack in a non-brittle way upon pressure release, which helps in not storing dangerous
amounts of strain energy in the assembly.

Figure 4-21: Design of mold carrier elements as used for colloidal isostatic consolidation according to method B.

The shaping setup consisted of a syringe barrel connected to a syringe via luer-lock
connectors. By pulling on the syringe, the pressure in the syringe barrel was reduced. The
outer shell of the filter container was sealed to the syringe barrel with modelling clay. The
silicone mold lined the container shell tightly and was additionally sealed with high viscosity
silicone grease. By pulling on the syringe, the silicone rubber was therefore directly
pressurized and expanded. The silicone mold could then by filled with the suspension, the
filter ceramic was put on top and the bottom of the container was screwed onto the container.
Next, the pressure in the syringe barrel was reduced back to atmospheric values. The filter
assembly with the screw-container could then be removed and coated with silicone grease
before being vacuum-sealed into a latex envelope. In a second step, the assembly was then
sealed in a nitrile rubber envelop under vacuum before being isostatically pressed.
4.4.10 Critical point drying
Samples were supercritical dried from 1,4-dioxane or isopropanol using a Tousimis 931 GL
critical point dryer.
4.4.11 Archimedes method
The porosity of the green bodies was determined using the Archimedes’ method. After
pressing, samples were solvent exchanged as described in chapter 4.2.2.3.2 for 2-propanol
(≥99.7%, AnalaR NORMAPUR® ACS, VWR international). Before heating the samples to 80°C,
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the weight of the liquid-impregnated sample was determined while being immersed in 2propanol, as well as after wiping its surface with a tissue for the liquid-impregnated weight in
air. The dry weight of the sample in air was determined after drying the samples for 1 day with
the pinhole technique at 80°C followed by 100°C for 1 hour. Eight different specimens were
used for the reported values. The following equations were used to calculate the total, the
open and the closed porosity:

𝑂𝑂𝑂𝑂 = Open Porosity

𝑂𝑂𝑂𝑂 =

𝑊𝑊𝐼𝐼𝐼𝐼 − 𝑊𝑊𝐴𝐴
∙ 100
𝑊𝑊𝐼𝐼𝐼𝐼 − 𝑊𝑊𝐼𝐼𝐼𝐼

𝑊𝑊𝐴𝐴 = Weight of dry sample in air

𝑊𝑊𝐼𝐼𝐼𝐼 = Weight of impregnated sample in air

𝑊𝑊𝐼𝐼𝐼𝐼 = Weight of impregnated sample in the liquid

𝜌𝜌𝑠𝑠 = Envelope density of solid

𝜌𝜌𝑠𝑠 = 𝜌𝜌𝑤𝑤 ∙

𝑊𝑊𝐴𝐴
𝑊𝑊𝐼𝐼𝐼𝐼 − 𝑊𝑊𝐼𝐼𝐼𝐼

𝜌𝜌𝑤𝑤 = Density of immersion liquid, for 2-Propanol at 23°C: 0.785 g/cm3 36

𝑃𝑃 = Total Porosity

𝑃𝑃 =

𝜌𝜌𝑇𝑇 − 𝜌𝜌𝑆𝑆
∙ 100
𝜌𝜌𝑇𝑇

𝜌𝜌𝑇𝑇 = Theoretical density of dense solid, for amorphous silica: 2.196 g/cm3 37
𝐶𝐶𝐶𝐶 = Closed Porosity

𝐶𝐶𝐶𝐶 = 𝑃𝑃 − 𝑂𝑂𝑂𝑂

4.4.12 Gas sorption measurements
N2 gas sorption measurements were performed on a Quantachrome Autosorb iQ at 77 K. Prior
to the measurements, the samples were outgassed at 80 oC for at least 18 h. The surface area
was evaluated by the Brunauer-Emmett-Teller (BET) method and the pore size distribution
was determined by a density functional theory (DFT) analysis using a Non Local DFT (NLDFT)
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calculation model for nitrogen at 77 K on cylindrical pores in silica based on the adsorption
branch of the measurement.
4.4.13 SEM
SEM images were obtained on a LEO-1530 instrument. Samples were coated with 3 nm of
platinum using a sputter coater (CCU-010, Safematic GmbH) prior to their investigation.

4.5 Supplementary information
4.5.1 Isostatic pressure densification of 3D printed CNC materials
3D printing of composites reinforced with anisotropic particles has been successfully
demonstrated in recent years, but the maximum concentration of anisotropic particles
achievable in the case of cellulose nanocrystals remains limited to below 40 wt% with an
optimum rheology around 20 wt%.30 This limitation arises from the high viscosity of inks
containing high volume fraction of solids, which eventually prevent ink deposition and
alignment through the 3D printing extrusion nozzle. One possible strategy to address this issue
is to 3D print composites with a lower concentration of particles and in a second step increase
the volume fraction of solids of the object using a densification process.
In an attempt of combining the densification achieved through colloidal isostatic consolidation
and the design freedom of 3D printing, a CNC paste was coprinted with an elastomeric
polymer to directly obtain the ceramic filter assembly necessary for isostatic pressing. It was
hypothesized that it would be possible to print objects with this intermediate volume fraction
of particles and then in a second step consolidate them to reach very high volume fraction. In
order to achieve that, the isostatic pressure applied to the paste-like printed object should not
deform and squash the sample. Therefore, the pressure needs to be exerted via an elastic
envelop that closely follows the surface of the CNC paste object. An elegant way of doing this
is by co-printing the rubber envelope and the CNC paste. The same geometries and the same
consolidation process were used for the coprinting as described in previous chapters. Here,
firstly, the bottom part of the rubber shell containing the filter ceramic was printed. Secondly,
the filter ceramic was inserted into the shell and then the print continued. The CNC paste was
directly printed together with the remaining parts of the rubber shell on top of the filter
ceramic. Since the ceramic was directly the substrate for the CNC object, and the side walls of
the rubber envelop were directly printed in close contact with the CNC paste, no air was
trapped in the setup. Because of the flow imposed along the printing direction,30 the CNCs will
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effectively be oriented perpendicular to the water flow direction during the isostatic
consolidation step when they are printed on top of the filter ceramic (See Figure 4-22). It was
observed that a cube with a height of 1 cm could not be fully densified even at pressures of
350 MPa over a time of 6 hours. This extremely slow densification was attributed to the low
permeability of the CNC material if it is aligned perpendicular to the water flow direction. In
an attempt to increase the densification rate of the CNC paste, in one trial, the CNC object was
printed next to the filter ceramic, which resulted in CNC alignment parallel to the flow of water
during the pressing step. Indeed, in this configuration a fully de-watered object with a
maximum width of 1 cm was achieved after 6 hours of pressing. It was therefore concluded
that indeed the orientation of the CNCs would determine their filtration kinetics. Since the
CNC objects shrink considerably during consolidation, we demonstrated that it is possible to
further consolidate 3D printed objects via colloidal isostatic consolidation.

Figure 4-22: Influence of CNC alignment on consolidation kinetics. (a) CNCs printed perpendicular to water flow.
(b) CNCs printed parallel to the water flow.

4.5.2 Methods for multimaterial coprinting of CNC materials
For the coprinting of the CNCs with the filter envelope, the setup described in chapter 3
(printing of gradients) was used. The direct ink writing printer was operated with two
extruders of the type Eco-PEN300 (Viscotec). The elastic ink was adapted from the softest
material described in chapter 3 (pure component B) and prepared accordingly. Only the
photoinitiator was replaced for one that reacts at longer wavelengths (0.5 wt% Irgacure 819,
BASF). The printer was additionally equipped with an LED and nitrogen purging setup that
allowed for automatic curing of every layer in the print process. 405 nm LEDs were used and
every layer cured for 30s under nitrogen. The CNC ink used in these experiments were based
on the same TEMPO-CNCs described in section 4.4.3. 20 wt% of freeze dried CNCs were
dispersed in deionized water to form the ink. The blue color of the ink (as it can be seen in
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Figure 4-22) was caused by freeze drying the CNCs in a copper dish, the CNCs suspension
attacked the copper, which lead to the blue copper ion contamination of the CNCs.
4.5.3 Silica objects made by filter gel approach
The idea of using a particle gel as filter medium for the nanoparticles instead of a solid
membrane inspired an additional project. It was hypothesized that it would be possible to
densify a colloidal object by embedding it in a colloidal filter gel and applying an isostatic
pressure (see Figure 4-23). It was assumed that such a consolidation would lead to faster and
more homogeneous consolidation, since the entire surface of the colloidal object was
available for expelling the water instead of only the one side in contact with the filter ceramic.
The experimental setup would be the same that was used generally for the colloidal isostatic
consolidation, but the mold cavity would be filled with two different colloidal suspensions
(green and blue). One would densify under an applied filter pressure (blue), while the other
would not (green). The suspension that is supposed to densify is embedded in the nondensifying one and an external pressure is applied. The external pressure acts via the green
suspension on the blue one. If the particle sizes are sufficiently close between the two
suspensions and the green suspension is initially already of sufficiently high volume fraction,
the green suspension will act as a filter gel for the blue suspension allowing for the outwards
flow of water but not the interpenetration of particles. The blue suspension will therefore be
densified over time. The densification behavior of a suspension can be predicted by colloidal
science. More precisely, a suspension that is stabilized by pure long range electrostatic
repulsion will be more easily densified than a suspension that is stabilized via a weakly
attractive short range steric forces.16

Figure 4-23: Concept sketch of colloidal isostatic consolidation with a filter gel. (a) Densification behavior of filter
gel (green) and consolidating suspension (blue). (b) Setup used for filter gel consolidation with consolidating
suspension embedded in filter gel material.

95

Chapter 4: Colloidal isostatic consolidation of nanoparticles into high-density ceramic compacts

Following this hypothesis, two suspensions were prepared. One was a colloidal silica
suspension (Ludox TM50) with a particle size of 28 nm 29 that is stabilized by having a strong
negative surface potential and was used as received. It will act as the densifying suspension
(blue). To obtain a non-densifying suspension that acts as the filter particle gel (green), the
same suspension was used as a starting point. The surface of the silica nanoparticles was
modified using a short glycidyl silane that was intended to impart additional steric stabilization
to the suspension. To test the hypothesis of the steric stabilization induced colloidal filter gel,
the two suspensions were densified using colloidal isostatic consolidation. The modified TM50
suspension was poured first into the cavity of the silicone mold. Then the unaltered TM50
suspension was injected into the modified TM50 suspension using a syringe. The unaltered
TM50 suspension was dyed with Rhodamine B in order to identify the two different
suspensions. The filter assembly was sealed and pressed (Figure 4-24a). After demolding of
the filter assembly, a seemingly solid block of the transparent filter gel with the embedded
red silica object was retrieved. An interfacial region of light red color was noticeable between
the two suspensions, likely because of dye diffusion and of the pressure induced (red-) water
flow from the inner to the outer silica gel. The silica compact was immersed into deionized
water (Figure 4-24b,24c). This resulted in the dissolution/redispersion of the silica of the filter
gel. The red center silica material did not redisperse and a red silica compact was left behind
(Figure 4-24d-24f). The red silica object was easily dried without cracking (the cracked dry
object was the result of the experimenter dropping the object, but not caused by drying).

Figure 4-24: Consolidation of a colloidal silica suspension using a filter gel approach. (a) Filter assembly with
consolidating silica suspension in red. (b), (c) Redispersion of consolidated filter gel object after pressing. (d) Wet
consolidated silica object retrieved after redispersion of the filter gel. (e) Dried consolidated silica object (crack
induced by dropping the object, not by drying). (f) Except for its rough surface, the dried object showed high
transparency.

It was concluded that indeed the concept of a filter gel for the densification of a suspension
was feasible. The chemical modification of the silica suspension led to an additional steric
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stabilization of the suspension. This additional stabilization would allow for some densification
of the filter gel under pressure, but not lead to the irreversible agglomeration as evidenced by
the easy redispersion of the particles when additional water is added to the gel.
4.5.4 Methods to fabricate silica objects by filter gel approach
The filter gel experiments used the same experimental procedures as described for the
colloidal isostatic consolidation. The inner, densifying Ludox TM50 suspension (Sigma-Aldrich)
was slightly increased in concentration using rotary evaporation until a honey-like viscosity
was achieved. The suspension was additionally dyed using a Rhodamine B dye. The filter gel
suspension was based on Ludox TM50 as well. The suspension was modified with (3Glycidyloxypropyl)trimethoxysilane (Sigma-Aldrich) as described elsewhere.38 In short, first
the glycidyl silane was prehydrolized by mixing the pure silane with deionized water in a 1:1
ratio. The mixture was stirred over night at room temperature. Next, 50g of Ludox TM50
suspension was sonicated for 2 min and then heated to 60°C using an oil bath while stirring
magnetically at 1400 rpm. The prehydrolized silane/water mixture was then added drop wise
to the silica suspension using a syringe pump at a rate of 1.25 ml/h. A total amount of 8 ml of
water/silane mixture was added. The suspension was additionally stirred for 1h after the
addition of the entire amount of the silane/water mixture. The resulting modified suspension
was slightly concentrated using rotary evaporation until a honey-like viscosity was achieved.
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Chapter 5
Conclusion
3D printing proved to be a promising route to fabricate heterogeneous architectured
materials. The heterogeneity was achieved by developing a set of printable inks that could be
processed into architectured materials via multimaterial direct ink write 3D printing. Control
of the materials architecture was achieved following three distinct strategies.
In a first approach, a fabrication platform termed multimaterial magnetically assisted 3D
printing was introduced that combines direct ink writing with magnetic alignment of
functional filler particles. Several photopolymerizable polyurethane acrylate based inks were
developed and their rheological behavior was characterized. The yield stress of the ink was
shown to be crucial to reduce geometric distortions of printed lines caused by the Laplace
pressure acting on the material. Inks with well-defined yield stress can be formulated through
the addition of fumed silica as a rheological modifier to the monomer mixture. Such shaping
inks were combined with texturing inks without fumed silica but a functional filler in the form
of magnetically responsive alumina microplatelets. Low rotating magnetic fields were used to
biaxially align the platelets and thus reinforce the base resin of the texturing ink in a defined
plane. The kinetics of this alignment process was characterized using image analysis of
microscope pictures. The potential of the method for the fabrication of heterogeneous
architectured materials was demonstrated in the example of a complex textured object with
an internal helicoidal staircase structure. The ability of independently tuning functional
properties by using the control over the local chemistry and the local texture was illustrated
with a series of shape changing cuboid objects that showed morphing behavior based on the
local texture and chemistry. The MM-3D printing process presented in this chapter was based
on a particular set of materials with a defined polymer chemistry and especially a particular
functional filler mainly offering reinforcement to the resin. The functionalities investigated
were therefore mechanical and swelling properties. Since other fillers or resins could be used,
the concept of combining local chemistry control of direct ink writing with local texture control
as provided by the MM-3D process is not limited to the materials presented here. The MM3D printing process is promising for the fabrication of heterogeneous architectured materials
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combining several functional properties in one object, as it is known from biological materials.
It thus offers an effective additional tool for the fabrication of complex functional parts.
In a second route, the fabrication capabilities offered by 3D printing were used with a distinct
materials library. Two inks based on polyurethane acrylates were developed that could be
mixed in any ratio leading to polymers with elastic moduli in a range of 0.12 MPa to 319 MPa
and strains at break ranging from 67% to 753%. The material properties range achievable by
this system allowed for 3D printing of complex 3D gradients. It was shown that these gradients
could be used to manipulate the strain energy density in mechanically loaded objects to tune
their failure behavior. In one example, stiff glass islands were imbedded in a stretchable
matrix. At the interface between the glass and the polymer, a strain energy density peak led
to premature failure of the system under mechanical load. By implementing different gradient
designs, the strain energy density peak was shifted from the interface to the bulk of the
polymer leading to greatly enhanced stretchability of the films. Similarly, complex graded
objects replicating the geometry and the heterogeneous materials architecture of the human
intervertebral disc were fabricated. It was shown that implementing a specific gradient design
led to a shift in the strain energy density distribution allowing for tuning of the discs failure
under load. The concepts developed in this work help clarifying the role of stiffness gradients
in biological materials and might be used in engineering applications to limit damage to parts
of a component where the onset of failure can be easily recognized and repaired.
In a third approach, we demonstrate a new process termed colloidal isostatic consolidation
that allows for densifying colloidal particles into highly packed wet compacts. To this end, a
porous ceramic was combined with a colloidal suspension in an elastomeric mold. This
assembly was sealed and pressurized in a liquid bath. The simple setup enabled the application
of isostatic consolidation pressures of up to 350 MPa. Using this process, very high relative
green densities of 56.9% were achieved for a model system of 8 nm colloidal silica particles.
The process is not limited to the water-based colloidal silica suspensions used to illustrate the
method. It is therefore expected that this process can be exploited for high volume fraction
composite materials by dispersing nanoparticles in a polymerizable resin instead of inert
water. This would allow for the polymerization of the liquid phase after the particle
consolidation, effectively forming composites with a high volume content of solids.
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In summary, it was shown that a wide range of architectured materials with different local
textures and functionalities could be achieved by 3D printing of specially designed inks.
Materials employing stiffness gradients were also investigated and a novel concept for tuning
the failure behavior of a structure was demonstrated. Finally, the volume fraction of filler
particles in composites made by 3D printing can be potentially extended using an isostatic
consolidation process. The thesis therefore introduces promising routes for the fabrication of
a variety of heterogeneous architectured materials and contributes to the understanding of
their structure-property relations.
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Chapter 6
Outlook
Within this thesis, several novel processing techniques for the fabrication of heterogeneous
architectured materials were presented. The development of processing strategies and
materials as specified for the goals of this thesis was very challenging, leaving several
interesting research questions to be tackled in future work.
For example, the possibility to manufacture complex graded or textured objects opens several
opportunities for tuning materials architectures, but poses the challenge of identifying
meaningful designs for the intended functionalities and applications. When working with such
novel 3D printed heterogeneous materials, it becomes evident that besides fabrication tools,
further developments are also needed in structural design processes, characterization tools
and modelling approaches. These different tools are not yet developed far enough to allow
for treating heterogeneous materials in a standardized way. If one takes the traditional
development of new materials or processing methods as a reference, the differences and
challenges involved in heterogeneous materials become apparent. If a new alloy is developed,
the material is typically optimized for distinct material properties. The variable to optimize for
can be easily selected if one has an application in mind. As an example, a structural material
might be optimized for increased strength. Once such a new material is synthesized it can be
characterized using a multitude of standardized tests that enable the assessment of the
strength unambiguously. The value of strength thus determined can be used to compare it to
other materials or to design a structure for a distinct application. This workflow fails in the
context of heterogeneous materials, since the use of such a heterogeneous material is only
meaningful in a given context. Standard material characterization with the aim of determining
a property that can later be used for the design of any structure is no longer applicable. A
heterogeneous material needs to be designed in a certain context with given boundary
conditions. Therefore, any discussion of heterogeneous materials is inherently
multidisciplinary and application specific. It involves the design and optimization of an object
for a certain function using computational tools, the fabrication of this object using novel
processing strategies and the testing of the final object for the predetermined application.
Multidisciplinary teams of engineers specialized in design and optimization of heterogeneous
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objects and material scientists specialized in processing will be needed to make real progress
in the field of heterogeneous architectured materials. Otherwise, the material scientist might
not know what to print and the engineer might not know how to print. In a collaborative effort,
the limitations and benefits of heterogeneous materials can be most effectively investigated.
It is important to notice that progress is needed in many practical details. As indicated above
the design and optimization tools need to be adapted to the problem of heterogeneous
materials. As an example, classical computer aided design tools are not optimized for the
handling of continuous variation in material properties. In the field of structural optimization,
a lot of effort is still invested in improving the tools that allow for the optimization of single
material objects. Multimaterial problems are rarely considered and even less so problems
including continuous changes in material composition. Once an optimized design is found for
a given application and range of materials, the problem lies in translating the design into a 3D
printable code. Current software packages are limited in the handling of multimaterial objects
and the toolpath generation from such designs for 3D printing. The use of continuous material
variations in direct ink writing is so far not possible with readily available software. Although
the MM-3D printing platform allowed for the fabrication of complex graded and textured
objects, a lot of manual labor was still involved in the fabrication process. The engineering
challenge of optimizing and automating all the steps involved in the printing process is
necessary to allow for an efficient investigation of a broader set of graded and textured
designs.
As for materials scientific challenges, many points remain to be further studied and optimized.
The biggest materials challenge for the MM-3D process is the increase in volume fraction of
functional fillers. The volume fraction is currently limited by the light-induced polymerization
step. Since the alumina platelets are rendered magnetically responsive by the addition of iron
oxide nanoparticles, the resins become brown due to the absorption of blue light by the iron
oxide. Since blue light is used for polymerization, the material does not cure anymore if a
limiting amount of functional filler is surpassed. It is therefore necessary to optimize the
amount of iron oxide per alumina platelet, the magnetic field strength, the type and amount
of photoinitiator as well as the light intensity and exposure times. Dual curing systems could
be considered to mitigate the problem. Another issue of the process is the incompatibility of
magnetic alignment with inks with a yield stress. This hinders the printing of texturing inks
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without a sacrificial ink supporting the geometry before the texturing ink is cured. Local
application of vibration or acoustic waves might potentially be used to locally overcome the
yield stress of the ink and therefore allow for alignment. So far, the MM-3D printing platform
was used with alumina platelets. Although these particles are readily available and provide
the functionality of local biaxial reinforcement, they do not impart functional properties other
than a mechanical one to the composites. It remains to be investigated if the potential of the
MM-3D printing process could be further leveraged by the use of particles that offer other
functional properties. With appropriate filler particles, the process can be used to fabricate
heterogeneous materials with locally tuned anisotropy in electrical, optical, magnetic,
acoustic or thermal properties. These would add further functionalities beyond the
anisotropic mechanical properties.
As for the fabrication of graded heterogeneous objects, the materials library used in this thesis
is not fully optimized yet. Cure kinetics and conversion could be studied in more detail, as well
as how individual resin components influence the final properties. The investigation of other
mechanical gradient designs including variations in gradient steepness and adding printed stiff
islands would allow for further exploration of the vast design space available in graded
materials.
For the colloidal isostatic consolidation, the next step would be to examine and understand
the process kinetics and the influence of pressure on the achievable densities. Further work
could include an investigation on how to realize true shaping capabilities with the process.
Additionally, a more comprehensive study is necessary to better compare this process with
conventional consolidation procedures. The process should be applied to a variety of
nanoparticle types, carrier solvents and possibly reactive resins to shed light on what types of
materials can be produced.
In summary, progress along the research directions discussed above are necessary to allow
for more streamlined design processes, fabrication and testing of heterogeneous
architectured materials. Doing so will enable novel scientific discoveries and the
manufacturing of architectured components with unprecedented properties and applications.
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Appendix A: Supplementary information to “Multi-material
magnetically-assisted 3D printing of composite materials”
7.1 Supplementary figures
Stiff material
de-swelled

Stiff material
swollen

Soft material
de-swelled

Soft material
swollen

Figure 7-1: Photographs of polymer films before and after swelling in ethyl acetate. Each row shows an
independent specimen of a total of four used to obtain an average value for the swelling strains.
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Figure 7-2: Photographs of the cuboid 1 object after swelling in ethyl acetate.

Figure 7-3: Stress-strain data obtained from tensile tests of materials made from the texturing ink containing
platelets with different orientations. Data was compared to results measured for the polymer matrix alone.
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+39 %

+30 %

Figure 7-4: Photographs of the cuboid 2 object. Images were taken before (left) and after (right) swelling the
object in ethyl acetate. Swelling strains of 39 and 30% were measured for the top and for the bottom parts,
respectively.

7.2 Supplementary tables
Table 7-1: Chemicals and consumables used in this work.
Name

Abbreviation

Difunctional aliphatic urethane acrylate

Bomar BR-571

Aromatic difunctional urethane acrylate

Bomar BR-302

oligomer
1.3 Functional aliphatic urethane

Bomar BR-3641 AJ

acrylate oligomer
2-Hydroxyethyl methacrylate; 97%

Brand name

Supplier
Dymax Oligomers and
Coatings
Dymax Oligomers
and Coatings
Dymax Oligomers
and Coatings

HEMA

ABCR-Chemicals

Isodecyl acrylate

IDA

Sigma-Aldrich

Isobornyl acrylate

IBOA

Pentaerythritol tetrakis(3mercaptopropionate) >95%

SR506D

PTM

Sartomer
Sigma-Aldrich

Hydrophilic pyrogenic silica

HDK T30

Wacker Chemie AG

Hydrophobic pyrogenic silica

HDK H18

Wacker Chemie AG

Irgacure 819

BASF

Irgacure 907

BASF

Bis(2,4,6-trimethylbenzoyl)phenylphosphineoxide
2-Methyl-1[4-(methylthio)phenyl]-2morpholinopropan-1-one
Alumina platelets
Ferrofluid
Static 2 component mixer
Glass hydrophobisation treatment

RonaFlair White
Sapphire

Merck

EMG 705

Ferrotec

MLT 2.5-10-D

Sulzer Mixpac AG

Rain-X water repellant

Rain-X
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Table 7-2: Ink formulations used in this work (wt%).
Rheology
PUA oligomers
BR 302 BR 571
Helix

Reactive diluents

BR 3641
HEMA IDA
AJ

modifier Photoinitiator

IBOA

PTM

HDK HDK Irgacure Irgacure
Platelets
T30 H18 907
819

Shaping ink

-

41.00

-

-

-

50.00

-

7.00

-

2.00

-

-

Texturing ink

-

40.61

-

-

-

49.52

-

-

-

1.98

-

7.89

-

41.84

-

-

-

51.02

-

7.14

-

-

-

-

Stiff shaping ink

42.00

-

-

50.00

-

-

-

-

6

2.00

-

-

Soft shaping ink

21.00

-

0.25

-

7

2.00

-

-

-

45.75

-

-

8

-

0.5

-

Sacrificial
shaping ink
Cuboid 1

19.75 25.00 12.50 12.50

Cuboid 2
Stiff shaping ink

Soft texturing ink 19.29

-

45.75

-

-

-

18.54 22.96 11.74 11.74

0.23

-

-

-

0.5

15

10.50

-

30.28 12.50 19.17 19.17

0.38

-

8

-

-

-

Stiff shaping ink

-

45.75

-

-

8

-

0.5

-

Soft shaping ink

20.89

-

0.25

-

8

-

0.5

-

-

-

-

-

0.5

15

0.26

-

8

-

-

-

Sacrificial
shaping ink
Key-lock
fastener

Stiff texturing ink
Sacrificial

42.25
21.00

-

Rheology

-

46-50

3D Shaping

-

shaping ink

-

45.75

-

-

20.08 24.86 12.71 12.71
-

42.25

-

-

20.19 25.00 12.78 12.78

Rheology,
Shaping and
Alignment

Alignment
analysis
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-

45.9547.95
29.7

-

46-50
45.9547.95
69.3

-

-

-

-

0-8

-

-

-

-

-

-

-

4-8

-

0.1

-

-

-

-

-

-

-

-
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Table 7-3: Input parameters used for the estimation of the time required for alignment of platelets in the presence
of an external magnetic field.
Fluid viscosity, η (Pa.s)

1.15

Volume fraction of iron oxide nanoparticles relative to alumina

0.91

Magnetic field (mT)

40

Platelet thickness, 2a (µm)

0.4

Platelet diameter, 2b (µm)

8

Magnetic shell thickness, d (nm)

12

Magnetic permeability of free space, μ0 (m kg s-2 A-2)

1.255×10-6

Magnetic susceptibility of the particle shell, χps

2.879

Table 7-4: Printing parameters used for the fabrication of the different objects investigated in this study.
Alignment

Curing

Rotation
Magnet
speed
Time
distance
magnet
[min]
[cm]
[rpm]
Helix

Setup

Printing

Lamp Feed Layer Needle Line Start Stop
Time
Power distance speed height diameter width delay delay
[min]
[cm] [mm/s] [mm] [mm] [mm] [s] [s]

500

2.5

5

Omnicure

100%

10

10

0.3

Cuboid 1

-

-

-

Omnicure 0.5 100%

10

10

0.3

Cuboid 2

200

4

2

5

10

0.3

Fastener

200

4

2

5

10

0.3

2x440nm
1x405nm
2x440nm
1x405nm

1

2
3

1.6 A
3.6V
1.6 A
3.6V

0.41
metal/
0.41
plastic
0.58
metal
0.58
metal
0.58
metal

0.4

1/183/18

1

0.8

5/18

1

0.8

5/18

1

0.8

5/18

1

Table 7-5: Printing parameters used to fabricate the top layer of the helix object.
Printing parameters
start delay
[s]
21/18

extrusion
speed
[µl min-1]
79

suckback
volume
[µl]
2

Mixer flushing parameters
suckback
speed
[µl min-1]
300

extrusion
volume
[µl]
200

extrusion
speed
[µl min-1]
500

suckback
volume
[µl]
4

suckback
speed
[µl min-1]
1000
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Table 7-6: Mechanical data for materials made from the texturing ink used to fabricate the cuboid 2.
Elastic modulus (MPa)

Strength (MPa)

Strain at rupture (%)

average

SD

average

SD

average

SD

5.4

0.13

8.2

0.30

151.3

5.0

5.6

0.21

4.9

0.58

101.8

4.2

8.5

0.16

7.3

0.35

104.0

6.8

Polymer matrix
Composite with platelets
aligned out-of-plane
Composite with platelets
aligned in-plane

Table 7-7: Parameters used in the shape change simulation of the cuboid 1 object.
Estiff

6.63

MPa

Esoft

2.03

MPa

εstiff

0.149

-

εsoft

0.377

-

Density stiff mat

1.1

g cm-3

Density soft mat

1.1

g cm-3

Poisson’s ratio

0.4

-

Table 7-8: Comparison of the curvature values measured for the swollen cuboid 1 object and the finite element
simulation.
Curvature (m-1)
experiment

simulation

inside

outside

inside

outside

convex

68

60

91

66

concave

44

53

54

74
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7.3 Supplementary methods
7.3.1 Platelet modification and size analysis
The alumina platelets used in this study (Ronaflair WhiteSaphire, Merck) were magnetized as
described by Erb et al.

1

Typically, 10 g of platelets were dispersed in 200 ml of double

deionized water. Then, 375 µL of the ferrofluid EMG 705 (Ferrotec) were dissolved in 20 ml
double deionized water and dropped into the alumina suspension. The suspension was left to
stir over night, filtered in a Büchner funnel with the aid of vacuum suction and washed with
ethanol. The filter cake was dried in the oven at 100°C for at least 2 hours.
The maximum Feret diameter was measured by fitting circles to platelets imaged by SEM using
the software Fiji. A total of 337 platelets were used for the diameter analysis, following the
protocol described in an earlier publication. 2 The thickness was determined on a cross section
of an aligned platelet composite from SEM images kindly supplied by Hortense Le Ferrand.
300 platelets were analyzed for thickness determination. An average diameter of 8.3 ± 4 µm
and an average thickness of 403 ± 139 nm were found for these platelets.
7.3.2 Printing protocol
Before every printing procedure, the ink cartridges were equipped with needles and inserted
into their respective positions in the printer. xy- and z-calibrations were performed for every
needle individually. The pressure-controlled extruded volumes, as well as start-stop delays,
were calibrated using a specifically designed printing pattern.
Glass slides were hydrophobised using a commercial surface treatment (Rain-X water
repellant, Rain-X) to serve as printing substrates. A feed speed of 10 mm/s was used in all
printing procedures. The exact printing parameters and needle diameters can be found in
Table 7-4. For the printing of the gradient structures, the two component dispenser mixer unit
was used. This unit is equipped with more advanced additional control options, as indicated
in Table 7-5. Unlike the pressure controlled syringes, the dual-dispenser enables direct control
of the extruded volume. Moreover, after printing each filament, the extruder can be
programmed to suck back a minute amount of material with a predefined speed. Using this
feature, material dripping and accumulation at stop points is avoided. Due to the finite dead
volume of the static mixer component, the dispenser had to be flushed after each change of
mixing ratio. This typically occurred before printing a new line with a new composition.
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7.3.3 Alignment protocol
In addition to the alignment results reported in Figure 2-2 for one specific ink (main text), we
also conducted experiments to determine the time required for platelet alignment in other
ink formulations. To this end, single printed layers were exposed to the rotating magnet for
different time periods and the degree of platelet alignment was afterwards assessed under an
optical microscope. On the basis of these experiments, we defined the alignment time for
each of the printed objects. For the cuboid and fastener samples, the alignment time was set
to 2 min at a magnet rotational speed of 200 rpm. The helix sample was printed using an
alignment time of 5 min and rotating field of 500 rpm for every layer. These time periods were
rather conservative to ensure effective alignment of the platelets.
7.3.4 Curing/masking protocol
The helix and the cuboid 1 samples were cured using an Omnicure UV-lamp (18.5 W cm-2 for
320-500 nm). Individual printed layers of the helix and cuboid 1 were illuminated at 100%
intensity for 1 min and 30 s, respectively. For the helix sample, the top and bottom layers were
programmed to show areas exhibiting different platelet alignment. To cure only specific areas
of those samples, we used customized masks made out of paper glued on glass slides for
stability and easy manipulation. Also in this case, areas of the layer with different platelet
alignment were illuminated for 1 min.
The cuboid 2 and the fastener objects were cured using a different setup. A custom LED array
was built using two 440 nm 3 W and one 405 nm 3 W LEDs. The diodes were mounted in a
plastic housing with reflective walls. A plastic hose connected to a nitrogen gas supply was
attached to the housing. This setup allowed for increased light intensity and a locally enriched
nitrogen atmosphere that prevents O2-deactivation of the initiator present in the ink. Layers
of the cuboid 2 and fastener objects were cured under nitrogen flow for 2 min and 3 min,
respectively.
Overall, the direct writing, particle alignment and curing steps described above lead to printing
times within the range of hours, depending on the number of printed layers. As an example,
the cuboid 2 shown in Figure 2-4 has 51 layers and required a total printing time of 5 hours.
In this study, we used the following typical values for the individual steps: 2 min for direct
writing, 2 min for alignment and 2 min for light curing. These values are all very conservative
and were chosen to ensure complete alignment and monomer conversion. Further
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optimization of the ink formulation and processing conditions should decrease the total
printing time. Parameters that can be further optimized to reduce the printing time include:
the light source, the iron oxide content on the platelets, the printing layer thickness or the
illumination time of the samples.
7.3.5 Structural characterization of the Helix object
After printing the helix, the support material was removed using a razor blade and the surface
of the object was ground using grinding paper before taking the photograph shown in Figure
2-3. To better visualize the orientation of the platelets, single layers were printed directly on
a non-hydrophobized glass slide and investigated by transmission light microscopy. The
micrographs showing the gradient in the top layer (Figure 2-3) were put together from a
sequence of different microscopy images that were obtained with the same exposure settings.
Prior to taking these images, the sample was ground to reduce effects of topography.
7.3.6 Swelling strains in polymer films for shape change simulation
The expansion behavior of the individual constituent materials of cuboid 1 was first
independently measured in homogeneous films prepared with the same ink composition
leading to the soft and stiff elements of the object. To this end, 300 µm thick films were cast
and polymerized between two glass slides using an Omnicure S1000 mercury lamp for 1
minute under full illumination conditions. Square specimens with a length of 12.7 mm were
cut out of these films (Figure 7-1). These specimens were then immersed in ethyl acetate
overnight, dried and swelled for 20 mins, following a procedure similar to that applied to
trigger shape changes in the cuboid 1 sample. Photographs were taken as a function of time
to determine the dimensional changes induced by swelling of the polymer. Swelling strains
were calculated with respect to the initial side length of 12.7 mm before the swelling. The
results show a difference of 0.228 in the swelling strain between the stiff and the soft
polymers. The strain was found to be 0.377 for the soft phase and 0.149 for the stiff phase.
7.3.7 Swelling strains measured directly in cuboid 1 object
In addition to the independent measurements discussed above, the swelling strains of the soft
and stiff phases were also determined by quantifying dimensional changes directly on the
cuboid 1 object. Because the 3D sample exhibits complex topography, such direct strain
measurements are expected to show limited accuracy. Therefore, this analysis is only
intended to verify if the measurements made on individual films provide results in the same
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order of magnitude of the actual deformations in the cuboid sample. This comparative analysis
also allows us to evaluate if the time period used for swelling of the films was sufficiently long
to reach the equilibrium state expected after swelling of the more complex cuboid geometry.
Figure 7-2 shows an image of the cuboid sample used for the direct measurements of the
swelling-induced strains. The strains were determined to be 0.368 for the soft phase and 0.156
for the stiff phase. The results obtained from such direct measurements agree very well with
the data acquired from individual films (see section above).
It is important to note that the direct measurements on the cuboid were performed after
immersion overnight in ethyl acetate as opposed to a timeframe of only 20 min used for the
swelling of the individual polymer films. We found that 20 min was clearly not enough time to
swell the cuboid 1 to an equilibrium state (data not shown), which is probably due to the
thicker walls of the object as compared to the cast films. On the basis of the comparable
results for the swelling of individual films and the direct measurement on the final object, we
conclude that the different swelling times used in the two experimental series was long
enough to allow the materials to reach an equilibrium state.
7.3.8 Determination of the elastic modulus for shape change simulation
Besides swelling strains, the elastic modulus of the constituent materials is another important
input parameter to simulate the shape change of the cuboid object. To determine this
mechanical property, we first printed plates with a thickness of 3 mm using the cuboid 1
materials. Discs with a diameter of 12 mm were then punched out of these plates and soaked
in ethyl acetate overnight before mechanical testing. Compression tests were performed at a
crossbar speed of 0.5 mm min-1 while keeping the specimens completely immersed in ethyl
acetate. Samples were loaded up to a force of 50 N. The elastic modulus in compression was
calculated by fitting the linear section of the obtained stress-strain curves. The moduli in the
swollen state were found to be 2.033 ± 0.05 and 6.633 ± 1.46 MPa for the soft and stiff
materials, respectively. This corresponds to a stiffness ratio of 3.27.
7.3.9 Shape change simulations
The simulated geometry of the cuboid after swelling is indicated by the blue lines shown in
Figure 2-4a. The geometry obtained from the simulation is superimposed on an image of the
top of the actual cuboid in order to directly compare the finite element analysis with the
experimental result. We find that the simulation slightly overestimates the overall dimensions
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of the object. Very good agreement is obtained for the curvature of the concave and convex
surfaces, as indicated in Table 7-8. This result indicates that finite element analysis is an
effective tool to predict and program the shape change of MM-3D printed objects.
Based on the good agreement between simulations and experiments for the cuboid object,
we used the finite element method to qualitatively predict the shape change of the key-lock
fastener (Figure 2-4c) without knowing a priori the exact mechanical properties of its
constituent materials. Taking the elastic moduli of the soft and stiff polymers utilized for the
cuboid sample as a first approximation, we determined the difference in swelling strain
between the stiff and the soft phases needed to match the simulated and the experimental
curvatures of the shape-changing part of the fastener. Under these conditions, we find that a
swelling strain mismatch of 0.1 is required to qualitatively describe the shape change of the
fastener. Since this value is within the same order of magnitude of the value of 0.228
experimentally measured for the soft and hard phases of the cuboid, we conclude that the
input data shown in Table 7-7 may be used to obtain a first qualitative picture of the shape
change to be expected from objects printed from the soft and stiff ink materials developed in
this work. A more quantitative prediction requires more accurate determination of the
swelling and mechanical input parameters, as shown above for the cuboid objects.
7.3.10 Platelet alignment dynamics theory
The time t required for the alignment of an individual platelet subjected to a rotating magnetic
field H in a Newtonian fluid can be theoretically estimated by performing a torque balance at
the edge of the platelet, as previously suggested in the literature. 3,4 Considering that platelet
rotation occurs when the magnetic torque reaches the same order of magnitude of the viscous
torque, one can arrive at the following expression for the alignment time:
(1)

where:

η is the viscosity of the Newtonian fluid,
(2)
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(3)

V is the volume of the platelet given by

,

(4)

a and b are half the thickness and half the diameter of the platelet, respectively;
d is the thickness of the magnetic shell coating the platelets,
f/f0 is the Perrin friction factor given by

,

(4)

p is the aspect ratio of the platelets (b/a),
,

(6)

μ0 is the magnetic permeability of free space,
and χps is the magnetic susceptibility of the particle shell.
Equation 1 was used to estimate the time required for the alignment of platelets used in the
experiments reported in Figure 2-2g,2h. The input parameters depicted in Table 7-3 were used
in these calculations.
7.3.11 Mechanics of platelet-containing texturing ink used in cuboid 2
The mechanical properties of materials obtained from the texturing ink used in cuboid 2 (Table
7-2) were measured in tensile mode to evaluate the effect of different platelet orientations as
compared to the pure polymer matrix. To this end, polymer films were printed using the setup
described in the method section (main text) for the printing of the cuboid 2. The curing time
was set to 5 min instead of 2 min to exclude any possible influence of the stronger light
absorption characteristics of iron oxide coated-platelets on the properties of the printed
material. Small dogbone samples were cut from the polymer films. Tensile tests were
performed by applying a pre-load of 0.05 N, followed by continuous loading at a crosshead
speed of 5 mm/min. The elastic modulus was determined by fitting a straight line to the stressstrain data in the strain range of 0.1-50% (Figure 7-3).
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The in-plane alignment of platelets parallel to the loading direction was found to increase the
strength and the elastic modulus of the composite by 49% and 52% as compared to specimens
with platelets aligned out-of-plane (Figure 7-3 and Table 7-6). Interestingly, this reinforcement
effect of magnetically aligned platelets occurs without any loss in the stretchability of the
composite. When compared to the pure polymer matrix, such reinforcement represents a 57%
increase of the elastic modulus of the material, upon the incorporation of aligned alumina
platelets. Such effect is accompanied by a 31% decrease in the total stretchability and 11%
decrease in strength of the material. These results confirm our ability to control the
mechanical properties and resulting swelling response of the printed composites by
magnetically changing the orientation of reinforcing platelets.
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Appendix B: Supplementary information to “3D printing of materials
with tunable failure via bioinspired mechanical gradients”
8.1 Stiffer non-graded IVD design
As an additional control in the analysis of the impact of the gradient design on the failure of
the artificial IVD, a stiffer non-graded IVD was also printed and mechanically tested. The design
was similar to the non-graded IVD discussed in the main text with the only difference being
the composition of the annulus fibrosus material. For the stiffer design, the annulus fibrosus
consisted of 50% resin A instead of the 30% resin A used for the standard non-graded design.
The elastic modulus of the polymer made of 50% resin A is 19.9 MPa, whereas the one made
of 30% resin A is 3.3 MPa. The compression test data displayed in Figure 8-8 show that this
IVD design is stiffer than the standard non-graded design, but reaches a similar maximum
displacement before fracture. The fracture images in Figure 8-9 reveal very similar fracture
paths for both non-graded IVD designs. Only one out of 8 stiff non-graded IVD specimens
tested shows a fracture path similar to the graded IVDs with only a wedge at the mid-height,
whereas the remaining specimens show cracks spanning from the edge to the mid-height.

8.2 Supplementary tables and figures

Figure 8-1: 3D rendering of the artificial hand design. The different colors represent the five different materials
used (amount of component A)
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Figure 8-2: Comparison of materials tensile test data with Neo-Hookean material model. The dashed lines indicate
modelled materials properties, while the solid lines refer to representative experimental curves.

Figure 8-3: Meshes used for FEA simulations

124

Chapter 8: Appendix B

Figure 8-4: Comparison of stress, strain and strain energy density maps for the different 2D gradient designs.
Stress maps show peak stresses at the glass interface for non-graded, ascending and descending designs. The
strain maps show strain concentrations at the interface for non-graded, descending and soft layer designs. Strain
energy density maps show peaks at the glass interface only for non-graded and descending gradient samples in
agreement with the observed early experimental failure of these designs.

Figure 8-5: Comparison between simulated (top) and measured deformations (bottom) obtained via FEA and DIC
for the non graded and the soft layer design.
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Figure 8-6: IVD model geometry for FEA and printing experiments. The images show a top (left) and a crosssectional view (right). The colors correspond to the Lamé parameter µ, which reflects the local stiffness of the
material.

Figure 8-7: Complete data set from the mechanical testing of 2D graded films.
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Figure 8-8: Complete data set from the mechanical compression testing of artificial IVDs including a stiffer IVD
design.

Figure 8-9: Fracture patterns of artificial IVDs after compression testing. Vertical cracks in selected samples are
due to a cut made after testing to visualize the cross-section of the samples and are not a consequence of
compression testing. Pictures from the two sides of the sample are shown in pairs (left and right adjacent images).
A total of 9 tested samples are displayed for the Graded IVD and Non-graded IVD, whereas 8 samples are shown
for the Stiffer Non-graded IVD.
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Table 8-1: Ink compositions
Resin A: Monomer solution
Name

Final ink wt %

Mass [g]

BR 302

0.42

29.40

HEMA

0.50

35.00

Irgacure 907

0.02

1.400

Resin B: Monomer solution
Name

Final ink wt %

Mass [g]

BR 3641 AJ

0.395

27.65

Isodecylacrylate

0.25

17.50

IBOA

0.25

17.50

PTM

0.005

0.35

Irgacure 907

0.02

1.40

Name

Final ink wt %

Mass [g]

Monomer Solution A

0.94

61.10

Wacker HDK H18

0.06

3.90

Name

Final ink wt %

Mass [g]

Monomer Solution B

0.92

59.80

Wacker HDK H18

0.08

5.20

Resin A: Final ink

Resin B: Final ink

Table 8-2: Printing parameters for different specimen types
Hand

2D gradients

Artificial IVD
EcoDuo450

EcoPEN300

mixing-dispenser flow rate

79 µl/min

150 or 300 µl/min

64 µl/min

64 µl/min

line width

0.4 mm

0.8 mm

0.4 mm

0.4 mm

layer thickness

0.3 mm

0.3 mm

0.3 mm

0.3 mm

Suckback volume

3 µl

3 µl

2 to 4 µl

5 µl

Suckback speed

700 µl/min

700 µl/min

700 to 1000 µl/min

500 µl/min

flushing volume

200 µl

150 µl

150 µl

-

flushing speed

500 µl/min

500 µl/min

2000 µl/min

-

printer feed speed

10 mm/s

10 or 20 mm/s

8 mm/s

8 mm/s

Needle inner diameter

410 µm

510 µm

437 µm

410 µm
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Table 8-3: Material model parameters used in the FEA model
Component A (%)

µ (MPa)

λ (MPa)

W max (MJ/m3)

0

0.05

26

3.20

17

0.32

160

1.41

23

0.56

280

2.42

30

1.14

568

3.24

37

1.92

959

3.52

43

2.97

1482

5.17

50

4.13

2060

4.96

57

5.43

2710

5.54

63

8.54

4259

6.02

70

13.59

6783

7.79

77

19.45

9707

8.09

83

28.89

14415

10.19

100

68.76

34312

9.44
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