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ABSTRACT

Developmental research and characterization was conducted on novel biomaterials for a larger
project of product and architectural scale digital fabrication using natural bioplastics and hierarchical
computational design carried out by the Mediated Matter team, led by Laia Mogas-Soldevila and Jorge
Duro-Royo. Chitosan and alginate (among other natural polymers) are processed from shellfish
waste and algae, respectively, and highly viscous solutions are extruded as a layer-by-layer printing
material which dries into a solid, single material product with spatially variable functionality.
Additional solid materials are added including cellulose microfibers and kaolinite platelets as
volumetric aggregates, strengthening or stiffening aggregates, and as modes for directional
properties. All materials used for aggregates, like that of the hydrogel matrices, were naturally
sourced and recyclable. These composite materials were analyzed through microscopy and
mechanical testing to begin to determine their agency in the aforementioned purposes.

The most promising materials were selected and then discussed at length in an attempt to
understand the factors behind ease of production, scalability, and potential for optimization, and as
the research continues, they will be tested in the digital fabrication platform at the installation scale.
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1. Introduction
The abundance and utility of natural fabrication materials in the form of structural
biopolymers is no secret to the scientific world. Obviously, global use of cellulose, the most
abundant naturally generated polymer(Klemm, 2005), at least in the form of utilizing wood
or fibers, is beyond ancient. The oceanic equivalent of this is of course, chitin and, fittingly, is
the second most abundant biopolymer (by mass) and is accompanied by several similar
polymers used by oceanic flora including alginate (alganic acid) and carrageenan (a family
of helical elastic polysaccharides found in edible seaweeds). While using these polymers in
the same way as cellulose is largely overlooked due to their functionality being dependent
on water, we certainly do not waste any thought extracting the material from its place in
oceanic creatures like shrimp, crabs, and lobsters, and leaving it outside its biome in landfills
all around the world. The shellfish industry is enormous and one of the few whose waste
seriously displaces megatons of biomass from its native biome. It is estimated that European
shellfish consumption produces 750,000 tonnes of waste per year (Fraunhofer Institute,
2014). There are companies and projects who seek to utilize this waste. As a composite,
shellfish shells contain minerals that can be extracted and utilize (Fernandez et al, 2015;
Kroschwitz et al, 2003; Kumar et al, 2000), and the chitin is used at scale as agricultural
nutrients or dietary additives. However the approach of bio-inspired design and use with
chitosan, especially at structural or architectural scales, is quite young, or else indeed, unique
to research conducted in the Mediated Matter group. My research on materials for such a
platform is, in fact, only a facet of the overall program referred to as a study of material
ecology (Oxman, 2010). This incorporates the use of sustainable materials in conjunction
with sustainably minded digital fabrication technology to begin building forms which are
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designed and resourced parametrically with the properties and ecologies of the building
material and its continued use.
Chitin is a polysaccharide very similar to cellulose in structure and composition, a poly-dglucose macromolecule, and like its terrestrial counterpart is largely insoluble in anything
but the harshest solvents (Nordqvist et al, 2007). The key differences to the chemistry
include the amine and acetyl functional groups exhibited by chitin, which is in truth,
polyacetylglucosamine. These afford the molecule more in the way of responsiveness to
solvents, and so with modification to the polymer, in the form of deacetylization, can be
converted to chitosan. The resulting polymer, which has an available, pH dependent, charge
state, is now moderately water soluble and entirely soluble in even small (<1M)
concentrations of weak acids as a highly viscous solution, making it moldable or extrudable
and of course, reclaimable using the same solvents. High pH treatments can also deprotenate
functional groups, allowing for adjustable solubility and swelling. Additionally the process
of deacetylization of the original chitin polymer can be achieved safely and at an industrial
scale (i-Chess, 2014). It is this functionality that affords us the possibility for construction
and fabrication using water as a processing, mediating, and recycling agent.
Chitosan's prospects as a hydrogel have relatively recently been studied at length in the
biomedical industry. Its water mediated properties make it an ideal candidate for processes
like ice templating and lyopholization (Kroschwitz et al, 2003; Kumar et al, 2000). This,
combined with its antimicrobial agency has produced some extremely successful tissue
scaffolds (Fernandez et al, 2015) and drug delivery devices (Narayan et al, 2010; Buranachai
et al, 2010; Oliveira et al, 2006). These technologies, while successfully implemented within

6

all parameters of the industry do seem exceptionally expensive in cost per unit and cost per
volume for such a naturally abundant material. So then the modes of further materials
research in the form of integrated design have involved utilizing these properties at a much
lower cost, larger scale and more diverse functionality. The question to answer is whether
there are capabilities of structure, fabrication, or product within this resource.
Tissue engineers at the WYSS Institute for Bio-inspired Design (Harvard University) showed
the materials' capabilities at the product scale, a bio-sourced plastic that could be injection
molded or dried as a film (Fernandez et al, 2008, 2009, 2014). These allowed for nothing
new in terms of functionality but offered exceptional quality for biodegradation and easy
recyclability of mass produced items, cups, egg cartons. Additionally, composite materials
were explored using wood pulp and silk fibroin, which yielded stronger compressive
materials (Fernandez et al, 2014).
Initial testing at the MIT Media Lab (Mediated Matter) showed promise for the material as a
plastic film with tunable degradation based on pH treatments, and the design scale expanded
to architectural and pavilion scale. While film production and injection molding require low
viscosity, quickly homogenized solutions ranging from 0.5% to 3% chitosan by weight in 1%
acetic acid, more precise construction was found to be available at much higher, much more
viscous concentrations, up to 12% chitosan in 6% acetic acid.
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Figure 1.1 a) Experimental setup: custom-designed portable multi-chamber extrusion system
mounted as end-effector of a Kuka KRAGILUS robotic arm (KR 10 R1100 SIXX WP). b) Robotic endeffector with mounted extrusion system. c) Front and side view of the three-chamber extrusion
system with direct actuation of the plungers mounted on aluminum water-jet cut plates allowingfor
deployment and replacementof custom nozzle tips. Figure taken from Mogas-Soldevila et al, 2014

A novel fabrication platform was designed and implemented by the group, led by Jorge DuroRoyo and Laia Mogas-Soldevila, to explore the capabilities of the material under these new
production parameter (figure 1.1; Mogas-Soldevila et al, 2014). Robotic arm technology is
utilized with a custom, pressure-actuated extrusion head to print viscous chitosan solutions
in "2.5" dimensions (multilayered prints but not full three dimensional capabilities). Material
is dissolved at in tens of liters with viscosities roughly between 5,000 and 10,000 cP, and the
pressure system is designed to adjust for variable viscosity and deposition volume and rate.
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Printing capacity is up to several meters in length/width and several millimeters in height
(once the solvent is completely evaporated) with resolution at the sub-millimeter scale. As a
design, and not just construction, platform, the complexity of fabrication is tested in prints
that resemble leaves or insect wings, structures in nature which utilize the hierarchical
capabilities of the same kinds of polymers an example of which is shown in figure 1.2. The
platform is capable of both film morphologies and structural members, but is somewhat
limited in that the single material system allows for only one set of properties, and it not
truly tunable. Inspired by single material systems in nature that modulate various
mechanical and chemical properties, to produce something similar, a further step is required
to start to increase complexity of functionality and form.
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Figure 1.2 An example of
Mediated Matter's largescale 2.5 printing products.
The layered toolpath used in
robotic extrusion (left), the
bioplastic
self-folded
product (center) and the
same product unfolded to
show its scale, transparency,
hierarchical
and
patterning
construction
to its
contributes
which
structure and form (right).
This piece was produced
with a multi extrusion of 9%
as
solutions
chitosan
structuralmembers and 3%
solution as the infill skin
Figure
them.
joining
adapted from Jorge DuroRoyo, Laia Mogas-Soldevila
and Neri Oxman, 2015

ECU

It is this research precedent that calls for an extensive characterization of the material used
and exploration of potential new materials capable of adding such functionality or form.
Being a highly viscous solution that sets into a solid as water is evaporated, chitosan and
other non-crosslinked (or weakly crosslinked) polysaccharides have potential for use as the
matrix in composite material, a concept which has been briefly explored using wood pulp
and silk(Fernandez et al, 2012). The research outlined in this thesis was conducted using
insoluble cellulose fibers and kaolinite ceramic nanoplatelets. While some precedents have
been set for chitosan or alginate based composite materials (Fernandez et al, 2012; MogasSoldevila et al, 2014; Nordqvist et al, 2007), the lack of extensive data and especially the
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vastness that are the possibilities for future applications

make this undertaking

exceptionally open to both data acquisition of almost any kind as well as material
possibilities and adaptations to usage and application. Mediated Matter's Ocean Pavilion is a
standalone architectural installation, but very little has ever been constructed in the same
manner or with similar materials, so materials characterization requires a bit more
substantial process of understanding. In essence, displaying only the materials' mechanical
properties is only so relevant, if at all, because there is almost no standard or common usage
to compare it to. The most important questions are as follows in order of which are the most
realistic areas for improvement.
(1) In creating 2.5 dimensional prints with the robotic arm fabrication tool, does the
material offer different or increased levels of control over the final shape of the
products?
(2) Does the material offer better mechanical stability or strength to production of the
same fashion as the Ocean Pavilion?
(3) Does the material facilitate a different production fashion to that of the Ocean
Pavilion, such as full 3 dimensional printing?
(4) Is the material just as sustainable as chitosan alone in terms of material availability
and recyclability?
With all the materials testing and iteration that is possible, even these very simple questions
could, and probably do, have a mountain of answers. And so this work cannot realistically be
taken as the true review of "architectural scale hydrogel based composites," but rather as an
initial foray into their possibilities. It should show bluntly but effectively the efficacy of some
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of the first possibilities that come to mind for the designers stepping into this new kind of
fabrication, how these possibilities effect the processing and future design of the platform,
and what properties the materials themselves exhibit.
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2. Methods and Materials
2.1 Polymers
Medical grade chitosan powder/flake was purchased from Sigma Aldrich in medium and
high molecular weight varieties and from VWR (Alfa Aesar chemicals) in medium molecular
weight. Additionally, samples of chitosan obtained from i-Chess chemicals and Primex ehf
(an Icelandic biotechnology company) were also tested.
Food grade alganic acid was purchased from the Molecule-R culinary supplier as sodium
alginate sold for culinary spherulation, which is a process in molecular gastronomoy of
thickening liquids with polymers and crosslinking them with salt to form small fluid filled
spheres to eat.
Carrageenan was obtained from an art supply store as a sample of thickener for artistic
marbling of liquids. The powder was of somewhat unknown origin, but was not tested other
than to observe its qualities as an aqueous solution.
Cellulose microfibers were obtained as a gift from CreaFill Fibers Corporation in bulk
normally sold for housing insulation filling. The fibers have an ellipsoidal cross section on
average twenty microns across at the widest point. In length, they vary greatly due to nature
of processing but never exceed one millimeter. A powder of microfibrilated cellulose was
purchased from Sigma Aldrich chemicals.
2.2 Ceramic
Kaolinite was gifted to the lab from the Imerys Mining Corporation in Contour Extreme,
Barrisurf LX, and Barrisurf HX slurry varieties corresponding to different average particle
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sizes. The slurries are aqueous suspensions of extremely high aspect ratio (up to eight
hundred to one) kaolin platelets developed by Imerys Performance Materials as a water
based coatings and coating additives for machine parts subject to wear and distress from oil,
water, and gasses. As an aqueous colloid, the material lends itself extremely well to mixing
with neutral or slightly basic polysaccharide solutions, in particular alginate, and is
consistent with the platform of water based manufacturing.
2.3 Materials Processing
Solutions of chitosan and alginate are produced with as little high shear force mixing as
possible. To maintain relevance at an increasingly large scale, it was deemed that the mixing
process could not be subject to a costly mixing apparatus, either in terms of monetary cost
or volumetric cost. So, powders of chitosan and alginate are simply stirred by hand, or, for
larger batches, by a rotating mixing head electric drill attachment and allowed to dissolve
and degas over a period of hours to weeks depending on concentration. Chitosan is dissolved
in a solution of acetic acid of concentration equal to half that of its own (e.g. for a 5 weight%
solution of chitosan, the powder is dissolved in a 2.5% solution of acetic acid). It is observed
that chitosan is soluble in concentrations as low as 1% acetic acid, but the saturation
threshold is below that of desired higher concentrations of chitosan, so to compensate for
solutions up to 12% chitosan, a rule was generated calling for effectively a 2:1 ratio chitosan:
acetic acid. Alginate solutions are produced in the same way, but as alginate is soluble in
neutral to basic solutions, simple tap water (pH -7.5) is used.
Composites slurries are also mixed using very simple methods and equipment. Once the
matrix is completely dissolved and degassed, the dry aggregate is added incrementally while
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stirring (again, by hand for small batches, or with a drill and mixing attachment) until the
material is visually homogeneous. The same method is used for kaolinite slurries as
aggregates. Because of apparent reactions between alginate and kaolinite, that take place on
the order of seconds, for any composites using both dry aggregate and kaolinite slurry, the
dry aggregate is mixed in first. For composites containing microfibrilated cellulose powder,
the powder is suspended in water overnight prior to mixing. As expressed in the results
section, this allows the particles to completely separate and evenly disperse in the water,
ensuring that the effects of their smallest scale geometry is not negated by even small
amounts of clumping together.
Films are produced by pouring solutions or composites onto flat polystyrene substrates, and
in the case of the robotic printing platform on anodized aluminum, which has higher
wettability with regards to chitosan solutions, necessary for consistency during multi-hour
prints. The material is left to dry in a cool dry place until solid, usually 2 to 3 days. The films
are then laser cut using an Epilog Laser Cutter for precise 'dog bone' shapes and as little
damage to the samples a possible.
Compression cylinders are cast in custom 3D printed molds for a period of several days and
ejected and allowed to dry completely for several more days.
2.4 Materials Testing
Imaging of materials was performed using a Jeol 6610 LV (low vacuum) tungsten source
scanning electron microscope, at varying settings described in the image footers. Samples
were fractured in tension to expose the bulk composite structures.
Mechanical testing was performed using Instron models 8841 for tensile testing.
15

0

0

HO
HO

OH

OH

OH

HO

NH 2

'

0

H

NH 2

OH

0
o0-O

-O

n-deacetylpoly-D-glocosamine

NH 2

OH
OH

alginate/alganic acid
O01-

HO

HO

chitosan

0
HO

n-D-mannuronate m-L-guluronate

OH
OH

O

0

0
OHOH

cellulose
poly-D-glucose

.

HO

HO

Figure3.1 Chemical structuresof biopolymers used in our research (with notablefunctionalgroups,
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3. Composites: Motivations, Research, and Precedents
3.1 Cellulose
Cellulose as, a material, is theoretically very fitting to use as an insoluble aggregate in
chitosan solution bound composites. Its composition is similar and performs better,
mechanically, but only its processing is more difficult as it will not form an extrudable
solution without hazardous solvents. Its availability is also greater than chitosan's and its
cost even lower (-$0.002/lb.). Thus, using an extrudable form of cellulose itself would be
ideal, but unrealistic in any attempt to reach the same degree of scalability and nonhazardous processing. So, mating the two polymers as a composite, assuming little loss in
strength from the material interface could afford the platform's extruded products with
greater tensile and compressive yield strengths, and more importantly for the precision and
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homogeneity of the products, lower shrinkage and higher elastic modulus, which would
prevent pieces from self-shaping in a less than predictable fashion.
The next consideration for such a composite is the chemical compatibility between chitosan
and cellulose, their structures shown in figure 3.1.

Cellulose actually forms a highly

crystalline polymer network due to the large number of hydrogen bonding sites ordered
along the chain. For a given monomer, the hydroxymethyl group of the 2-carbon contains an
H-bond acceptor and donor, as do the hydroxyl groups of the 5 and 6-carbon atoms, and the
3-oxygen acts as a donor (figure 3.1). As these are entirely reformable bonds exhibited both
in the bulk and on the surface of crystalline regions of material one can assume that similar
bond donor and acceptor sites placed at similar intervals on a second material would provide
for a comparably strong interface. Of course, the bond density or bond strength density
would be significantly lower in any non-crystalline region very likely including an interface,
but as cellulose itself contains amorphous regions, and the chitosan matrix is almost entirely
amorphous, the interfacial bond density could be somewhat lower without dramatically
decreasing the strength of the composite. While less crystalline than cellulose, chitosan does
have similar bonding capabilities. Hydroxymethyl groups, hydroxyl groups, amine groups,
and oxygen bound lone pairs can all participate in hydrogen bonding, and are exhibited on
every monomer (figure3.1). The main difference between cellulose and chitin/chitosan
however, is the presence of acetyl groups, which can not only form hydrogen bonds with
donor and acceptor sites, but can form even stronger chemical bonds with other species,
often in the form of amide linkages. Presence of such linkages were characterized and
described in Javier Hernandez's research on chitosan/silk composites (Fernandez et al,
2012). Fourier transform infrared spectroscopy (FTIR) is the preferred method for

17

identifying the presence of such linkages in composites of unknown bonding. Despite the
potential for chemically strong linkages using acetyl groups, this is in no way to be relied
upon without a much closer study and design precision on the nanoscale as chitosan, which
is n-*de*acetylated chitin, will have randomly spaced acetyl groups and the percent of
deacetylization can vary dramatically, anywhere from 70 to 90 percent in medical grade
material to as low as 10 percent in food or agriculture grade, and whether this is uniform
across a given powder sample would be extremely difficult to know. Still, the effect of
hydrogen bonding between the two polymers has great potential for a composite that
maintains at least close to the strength of the chitosan plastic on its own.
Cellulose, in this context, could understandably be considered a rather vague term as in
considering a composite for large scale applications, an aggregate of cellulose could take any
number of morphologies, sources, qualities, etc. The diversity of available samples is
enormous, from wood chips to purified nanopowder. For the scale of sub-centimeter sized
extrusions, which is what the Mediated Matter printing platform is mostly compatible with,
it was determined that an aggregate of comparable, but smaller, scale would be ideal and so
the choice material was loose cellulose microfibers extracted from trees. Normally this is
produced at enormous volume for use as insulation filling, most common in building
renovations. This makes the material extremely inexpensive, but with small enough
geometry to be compatible with the systems already in place. Fibers have a roughly 20
micrometer cross section and vary in length but are never longer than a millimeter. While it
has not been studied at much length in this particular research process, fiber alignment
facilitated by the shear forces in a viscous extrusion process would be achievable at or near
this size and aspect ratio range. Preliminary characterizations were made, but it could be an
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entirely new functionality for the printing platform, and one that would require more precise
material samples rather than the bulk, non-uniform materials used in this research.
Mixing chitosan solutions and cellulose fibers proved to be completely feasible. The fact that
cellulose, while capable of hydrogen bonding, is largely chemically inactive in that it is easily
incorporated into both low and high pH solutions. This is not the case for any of the other
aggregates used in this research project and so nearly all of the most successful composites
tested contained cellulose fibers.
3.2 Kaolin nanoplatelets
As the inspiration and motivation for the water based manufacturing platform as whole is
rooted in highly efficient biological systems, one of the most evocative and drawing
precedents in nature is nacre, a ceramic-hydrogel composite produced by mollusks (for their
shells) for the last five hundred and forty million years which incorporates chitin and
aragonite in a highly ordered composite that is three thousand times tougher than the
ceramic on its own. There are many factors that contribute to this toughness including
extremely precise crystal growth templating requiring an array of proteins produced by the
animal specifically for this purpose, so to even pretend to replicate such a material would be
a monstrous task. Still, as the hydrogel printing platform is the nascence of a new kind of
fabrication, this research attempts to find the beginnings of a ceramic-hydrogel to pair with
it, perhaps one which in the future can be modified to replicate some of the more detailed
aspects of natural examples like nacre. The place to start, of course, would be in finding a
compatible ceramic material to begin testing with.
Kaolinite is a naturally occurring crystalline clay and is the principle ingredient in many
ceramic processes and products that have been used all over the world for centuries, most
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notably porcelain. It is also the most abundant clay in the world, and yet few people recognize
and still fewer utilize some of its more nano-scale properties that would make it a potential
candidate for bio-inspired composite materials.
The crystal is made up of layers of silica tetrahedra (pure silica tetrahedra organized without
long range order is sand/silicate glass) covalently bound to alumina octahedra (these on
their own are a class of ceramics used in many high temperature production process), and
these, in turn, are bound by hydrogen bonds to the next layer of silica. This makes the
material incredibly pliable and weak to shear forces across the face of any given layer,
cleaving easily along the plane of hydrogen bonds, but extremely strong in tension.
Because of this anisotropy, and in contrast to most other clay or ceramic crystals, the
material forms platelets (hexagonal or pseudo hexagonal) rather than large crystals, and it
is this structure that allows us to start thinking in terms of geometric and long range
alignment, layering, and hierarchical composites, the key being the tiny scale (10 0 -10 2nm) of
the platelets.
In terms of mechanical properties, strength is more complex to characterize than the
standard plastic materials used in the extrusion platform because clay products are highly
dependent on porosity, aggregate chemistry (if any), and of course water content, all of
which are dependent on manufacturing and environmental conditions (disregarding oven
fired or glazed ceramics). As well, the strength of a piece that uses the platelets in a long
range ordered manner will surely be different to one that does not. That said, as a crystal,
kaolinite has a Mohs Hardness rating of -2.5, which is very similar to that of aragonite and
calcite crystals that compose calcium carbonate (2-3 Mohs rating), the former being the
polymorph found in nacre.
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It was theorized that these platelets, arranged properly, and immersed in a chitosan matrix
may be a platform for a nacre-inspired composite which could be produced at increasingly
large scales. The processing of the nanoplatelets is simple but must be precise. In their dry
powder state, they are packed closely and without long range order, but to hydrate them, or
use them in a hydrated manner, it is ineffective to simply immerse them in water. Normal
stirring and mixing would yield a suspension of clumps of platelets, still smaller clumps if
one is quite vigorous, to the point that it would appear a consistent slurry, but in fact,
negating any effects of the nano-scale geometry. To break up these micro-clumps, incredible
amounts of shear forces are required. Once the forces are applied, the individual platelets
are separated and individually hydrated, now susceptible to arrangement by design. Thus,
supply of the material is best to obtain pre-mixed in a slurry, a production process very
efficient and economical a large scale and provided by at least one kaolin production
company, rather than in powder. Then, for alignment, calculated shear force may be applied
in the dispensing nozzle, or merely by spreading the material very thin with a blade. While
this last step was not calibrated for Mediated Matter's printing platform (Mogas-Soldevila et
al, 2015), the prospects of a long range ordered composite remain one of the end goals of the
project, and because the extrusion process already produces direct shear forces within the
material, extruded samples of the composite will be analyzed to see if any effect could be
observed.
This is certainly not as chemically inert of an aggregate in these hydrogel matrices as the
cellulose microfibers. The very reason the clay is able to be processed so well for pottery etc.
is the fact that the hydrogen bound layers are very susceptible to disruption by other
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molecules. So for processing the clay into a slurry, water molecules are actually soaked up in
between layers of the crystal, swelling it considerably.
This kind of infiltration, termed intercalation, is not only possible with small water
molecules, but even relatively enormous polymers, given that they can complete the
hydrogen bonds on either side of planar channel. So this bonding nature could react in a
complex or unpredictable way when exposed to the chitosan in solution. Testing the
composites, it was actually found that kaolin platelets intercalated in an aqueous solution
will only mix with a range of concentrations of chitosan, but will mix very easily in neutral to
basic solutions of alginate.
Equally interesting is the material's pH sensitivity. These hydrogen bond donors and
acceptors on the outside and inner planes can be protonated in much the same way as the
hydrogels (which are polyionic polymers). In a basic environment, the platelets are
negatively charged, which can contribute to alignment in some way, while in acidic
environments are neutral, making alignment more difficult. Any complexity with respect to
these properties is compounded in their association with polyionic solutions of chitosan or
alginate, and the possibilities of long range order may be hindered due to completely
disordered polymer chains, thus necessitating a processing environment which facilitates
the ordering. Ordering by shear force is an absolute possibility for such an environment, as
has been shown in several 3D printing precedents (Muth et al, 2014). The shear forces
generated by the extrusion head are substantial given the required pressures (15 - 40 psi)
and small nozzle sizes (<1mm to 7mm) used by the fabrication tool. It has even been shown,
in research separate to my own, that the extrusion process in printing 12% chitosan
solutions creates enough directional shear forces to cause an alignment in the crystalline
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regions of the chitosan in the direction of printing. This effect has been shown using ultra
high power x-ray diffraction equipment at the Brooke Haven National Synchrotron Light
Source thanks to James Weaver, our collaborator from the Wyss Institute at Harvard.
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4. Composites: Results and Discussion
4.1 Cellulose
Micro- or nano-geometry cellulose proved, initially, to be the most competent and reliable
candidate as a volumetric and structural aggregate to the chitosan gel printing platform. It
mixes with minimal mechanical input, in both chitosan and alginate, and reduces shrinkage
considerably, with the potential to maintain comparable, if not improved, structural stability
compared to the single material chitosan prints, though under some conditions, the actual
tensile strength does appear to be reduced considerably, though under others, is barely
reduced.
4.1.1 Mechanical Strength
Cellulose-chitosan composites were the only materials, it turns out, which formed consistent
and controllable enough forms to actually be tested using standard methods. As was stated
in section 2, composites were cast into thick films and then laser cut into 'dog bone' shapes
for tensile strength testing. Figure 4.1 shows what was a predicted drop in strength from
composites of cellulose and chitosan, and figure 4.2 shows two characteristic stress/strain
curves for both pure chitosan and the cellulose fiber composite.
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While cellulose fibers exhibit higher strength than chitosan on its own, the fibers are not
aligned in the direction of tension and cannot contribute the entirety of their strength.
Additionally, as is discussed in section 4.1.4, to maintain the full strength of the material, the
interfaces between the two components will need to be as strong as or stronger than the
weaker of the two materials independently, which is not to be expected, though these
interfaces do seem to be favorable and carry some strength. Finally, cellulose-chitosan
composites possess massively more porosity and volume than either single material (neither
of which is porous at all), which also contributes to the loss in strength. The discrepancies in
strength testing between batches, however, are certainly of some interests as they point to
other strength factors besides aggregate concentration. Adding 50% by volume loose
cellulose fiber only decreases the tensile strength by 10 MPa but adding only 30% by volume
decreases it by 24 MPa. One would expect the reverse. Instead this points to potential
differences in mixing and density of material, where 50% aggregate could actually be
showing lower porosity, higher density, and increased strength overall. No porosity
measurements have been done on the material to date, however. The most important data
points to take away are the retained order of magnitude in strength and these seeming
inconsistencies. It is extremely important that the composites maintain the same order of
strength for their functionality as a part of a hierarchical construction form, but perfect
strength is not necessary, as the material is not spatially predictable enough (yet) to rely on
it. And that strength is not so consistently diminished across a range of composites indicates
that there is plenty of room left for optimization of all concentrations, with significantly more
iterations of testing, of course.
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4.1.2 Optical properties
Chitosan films are transparent or translucent depending on their concentrations. In the
initial design process, films of 3% chitosan by weight in 1% acetic acid were even termed
'windows' when discussing hierarchical production designs, with the higher concentrations
being referred to as less transparent structural 'members'(Mogas-Soldevila et al, 2014). The
difference in mechanical properties then, is only a fraction of the design criterion for
production with these materials, and retaining or removing, and ideally modulation of
optical clarity is of interest to the research as well. Generally speaking, any insoluble
aggregate introduced into the fully dissolved chitosan gel would decrease its transparency,
and the addition of cellulose insulation fibers is no exception. And of course, increasing the
ratio of fiber volume to solution volume increases the opacity. Cellulose fibers on their own
however, are somewhat translucent themselves, and so a high degree of light transmittance
remains even at fairly substantial volume ratios. In our research, this remains true for up to
roughly 50% cellulose by volume, when working with a 6% chitosan solution. While a
translucent film is not quite as desirable as the fully transparent single material films, it does
still maintain the color and light transmittance, the warm, glowing, gold aesthetic of the
products seeming to be one of their most powerful visual characteristics.
Furthermore this is of course, not the end of the story in terms of modulation of optical
properties for chitosan-cellulose composites. It seems it is possible to maintain almost the
entirety of chitosan's optical clarity by using extremely fine microfibrilated cellulose, and
swelling it in water for hours prior to mixing into the chitosan gel. While our attempts to
replicate these results have been only somewhat successful, precedent has clearly been
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shown in conjunction with plasticizers in the form of starches, to create transparent plastic
films from renewable, naturally sourced materials (Nordqvist et al, 2007), though its efficacy
at larger scales remains to be seen as the extra processing steps are extremely involved and
time consuming.
Chitosan - CelluLose Microfiber

4.1.3 Fabrication control
Cellulose has also proven extremely promising
in increasing precision and control from the
fabrication platform. As discussed, materials
shrinkage of nearly a hundred percent for even
the most concentrated and viscous chitosan
solutions has created an environment of high
internal stress within the material itself and
what amounts to a very unpredictable vector
field and creep system. Figure 4.3 gives clear
examples of both well-ordered shaping and
completely

unpredictable

shaping

with

composite materials, the latter also being
indicative of pure chitosan pieces. A given print
will never maintain its shape entirely, even if
the result is roughly predictable. Adding the
system of high volumetric concentrations of
microfibers seems to have a high degree of

Figure 4.3 Chitosan-cellulose composites
defining helical and cylindrical 50cm and
1m long grids and surface structures. High
degrees of rigidity in grids but still
unpredictable as a surface modifier. Figure
adaptedfrom Mogas-Soldevila et al., 2015
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success in partitioning stress within the product, causing it to shrink just as much between
the fibers, but not translating that stress beyond that local shrinkage and thereby
maintaining the final shape of the product as the shape actually printed (figure 4.3, top). This
also creates voids between fibers and the increased porosity also contributes to the more
predictable shaping and form retention.
The loss in optical clarity is certainly limiting for designers working with the material despite
its success at assisting in formal structuring. However, adopting a technique of limited use
of composite material in specific structural members as distinct high elastic modulus rods,
effectively, allows for a much higher degree of global shape control by taking advantage of
the material's pliability to internal stresses during shrinking and simply limiting the
directionality of those stresses.
4.1.4 Aggregate Matrix Interaction
The physical linkage between matrix and aggregate appears to be extremely stable in this
case as well. As discussed previously in the initial materials studies, we do not expect any
covalent bonding between the two and so will struggle to be able to prove definitively, by
FTIR analysis, the bonding characteristics (though an extensive thermal analysis of both
materials independently and a controlled specimen of their composite could yield something
specific), the physical nature of their interface does suggest that hydrogen bonding between
the two to be highly favorable. The ease with which the fibers are immersed in chitosan
solution initially belies the favorable nature of the interface, and electron microscopy
confirms this at the micron scale. Figure 4.4 shows the fully dry interface between a single
fiber and the chitosan matrix. It is clear from this image and others in the study, that there is
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very strong wettability with respect to
chitosan solutions and the surface of
these cellulose fibers. While it would be
possible to conduct a study on that very
specific wetting case, analyzing the
actual products after the fact would
appear to be more accurate. While it is
subject to the other parameters involved
in

chitosan

processing

and

manufacturing composite slurries-and
so not isolating that wettability as a
variable-the surface

texture that is

specific to the fibers, as well as their
spatial distribution in the slurry, would
have the greatest effect on wetting.
Therefore, the simple visual analysis
should yield the most compelling results.
4.2 Kaolinite
Kaolin nanoplatelet slurries combined
with chitosan and alginate hydrogels
show

significant

promise

not

in

a Figure 4.4 Scanning electron microscopy - cellulose
chitosan composites (50% cellulose by volume)

volumetrically enhanced but as a hard and Fracturedsection of material(A), sliced section of
material(B), close up of matrix-fiber interaction(C)
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tough composite inspired and resembling bioceramic composites like nacre. Precise control
of the processing and fabrication use of these novel composites is massively behind that of
the natural examples and that of the other composites within this study, but the results of
even these most preliminary trials show that they may yet be ideal as the structural
component capable of taking the human scale installation pieces produced by the robotic
arm extrusion platform to more standalone and potentially larger scale applications.
4.2.1 Miscibility in hydrogel solutions
As a clay product used in producing porcelain, or in the case of the slurries tested in our
research, as a barrier or coating for chemical vessels and transportation infrastructure,
kaolin nanoplatelets are suspended in water. This generally makes for optimal efficiency and
cost. However the activity and anisotropy of kaolinite's surface chemistry are of much
greater concern when working with even weak acids or bases, which of course, the chitosan
and alginate solutions are. The mining and performance materials company, Imerys, who
donated samples of their kaolin slurries, have conducted preliminary research on the effect
of pH on the suspended platelets and found that higher pH solutions, result in negatively
charged surfaces of the plates contributing to their stacked, planar alignment useful for
surface coatings (e.g. Imerys performance product BarrisurfTM). As mentioned before, the
anisotropy of the platelets is a critical factor in facilitating alignment and the modulation of
stiffness and strength, as these properties track directionally with the geometry of the
platelets. Recall that tensile or bending strength is highest along the face of the plates, and
weakest in the direction of the stacks. So, an environment that facilitates this alignment will
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be key if the fabrication platform is to take advantage of directional strength when producing
hierarchical structures like those of the Ocean Pavilion.

4.2.2 Alginate-Kaolinite Composites
The weak base of a low concentration aqueous alginate solution provides an ideal
environment, then, for the suspension and potential alignment of kaolinite nanoplatelets.
Mixing kaolinite slurries in 2%, 4%, and 6% solutions of alginate in water all yielded
extremely homogeneous mixtures even stirring manually and in less than one minute. The
slurries were mixed at 30%, 50%, and 60% by volume kaolinite slurry, all producing
homogeneous mixtures immediately. Their product is a viscous paste no more viscous than
the alginate solution on its own, which is on the order 5,000 cP (Mogas-Soldevila et al, 2014).
This is a rough number because, unlike chitosan solutions, alginate solutions will lower their
viscosity often by over an order of magnitude over a period of months if unused in the
printing process. Samples were prepared several days after mixing the initial solution, when
the viscosity is roughly that of molasses. This is of serious concern to the scalability of
composite products using alginate solutions as a binder, but in this case, it is a problem still
unsolved. When dried, the material is much stiffer than chitosan or alginate alone, but only
as strong if not weaker, and so would have to be described as very brittle. In fact, during the
period of this research, the team has found it impossible to prepare a sample usable for
strength testing as it does not function in films and molding and casting is hindered by
unpredictable porosity. And yet, the resulting material is extremely hard, much more so than
chitosan or alginate. Furthermore, the control afforded by the stiff ceramic plates within the
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gel matrix is substantial. Similar to the cellulose-chitosan composite, kaolinite-alginate
composites do not appear to be subject to the shape finding shrinkage forces that affect the
pure gel products. We believe this happens through the partitioning of stresses between
aggregate particles, microfibers in the case of cellulose and nanoplatelets in the case of
kaolinite.
A second test was performed using kaolinite in excess of alginate solution. This was a ratio
of roughly 80% by volume kaolinite slurry, and resulted in the densest samples created in
the study. More intriguing to the researchers tough, is that when mixed with this relatively
small amount of alginate solution, without any mixing, the material instantly becomes a very
dense clay, moldable only really by hand, certainly not extrudable, and not really even
mixable. Because we cannot effectively claim it is a homogeneous mixture of all amounts of
alginate and kaolinite slurry used, it is difficult to say what the resulting material's ingredient
proportions actually are. When dried, a process that takes one or two days for a piece a few
inches in scale, this clay material can form extremely hard three-dimensional objects, but
because of the difficulty of processing, they can possess irregular porosity and form. Through
inspection by scanning electron microscope (figure 4.5), we are able to see the
microstructure of these composites. What is observed is a local but not global alignment of
platelets. It is very possible that this is due to the introduction of the negatively charged
alginate polymer chains, and could possibly be a case of high volume intercalation
(Buranachai et al, 2010). If this local platelet alignment is possible simply through favorable
chemical interactions, there may be a very good chance of more global or long-range
alignment by the introduction of unidirectional shear forces in the extrusion process. While
the ultra dense clay will require a different apparatus to that of the gel-printing tool, we

33

believe there is likely a ratio of alginate solution to kaolinite slurry that exhibits both the high
density and reasonable viscosity.

Figure 4.5 Scanning electron microscopy of kaolinite-alginatecomposite. A tensile fractured pore
wall at 200 micron (A), 50 micron (B), and 2 micron (C) scales, showing the size and local alignment
of high aspectratio kaolin platelets. (All images centered on the same point).
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4.2.3 Chitosan-Kaolinite Composites
Conversely, these same studies on pH affecting kaolin platelet colloids suggest that lower pH
solutions result in platelets which are only charged on one face, and at low enough pH not
charged at all, which seems to result in a lack of alignment and at very low pH, flocculation
(Elsabee et al, 2015). This presents a new challenge when mixing kaolinite in a chitosan
solution, the most concentrated of which can have pH as low as 4 (a 12% chitosan solution
in 6% acetic acid). Even mixing small proportions (<15% by volume, figure 4.6) of the
ceramic slurry in a 6% solution of chitosan (pH 5) results in an extremely uneven local
distribution of kaolinite. The ceramic material forms clumps an average of a millimeter in
diameter, surrounded by pure chitosan, though this distribution cannot be said to be global,
as the clumps do not distribute themselves uniformly in a given batch (figure 4.6). While this
could theoretically be optimized to some degree through the advent of higher shear force
mixing apparatus, distributing the ceramic clumps in an even closer formation and
continuing to take advantage of the enhanced fabrication control afforded by seemingly any
volumetric aggregate introduced, this would entirely defeat the purpose of using a
directionally high strength nano-scale particle. Where stiffness could be directionally
modulated in the production process by the use of globally aligned particles and taking
advantage of their modulus anisotropy, if they have formed clumps, even micro scale ones,
any anisotropy of material properties is entirely forfeit.
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One way to counteract this effect would be to change the pH of the chitosan solution, a task
that, while somewhat complicated, could be possible. The most limiting factor for this
solution is that, depending on the polymer length and degree of deacetylization (though the
relation to these is not precisely known) chitosan will form solid but weak crosslinked
complexes when in salt solutions of pH -7.5 or higher. Researchers at the WYSS institute
report using sodium hydroxide as a 'post-curing' agent for dried chitosan (Fernandez et al,
2012). The solution (4% sodium hydroxide in water) deprotenates the chitosan, causing it
to become insoluble in water by eliminating the hydrogen bonding sites along the polymer
chains. When the same solution is applied to liquid chitosan solutions it forms solid but very
weak gels that do not dry into the tough plastic material that low pH chitosan solutions do.
Still, while this is the case at relatively high pH, there is certainly room between the more
extreme acidity of most chitosan solutions and the alkalinity at which this effect is observed.
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Likewise, while particle dispersion of kaolinite platelets is ideal in very basic solutions, it
remains possible at lower pH, so between the two, there may be some overlap of the
favorable states where we might observe the strong plastic chitosan material and well
dispersed aggregates.
4.3 Triple Composites
Another solution would involve something of an intermediate material, one that has very
favorable interactions with both chitosan and kaolinite, even if those two have very
unfavorable interactions in the solution environment. This material would seemingly need
to be soluble or dispersible in both basic and acidic environments. There is any number of
small molecules that would fit this description, and perhaps the most obvious are various
amino acids, which possess an anisotropy of amide binding sites, one on either side, that
could easily function as hydrogen bond donors and acceptors, respectively. Still a small
molecule is of a much smaller scale than that of the kaolinite platelets and so may act as more
of a coating than anything else, and while this may result in the desired miscibility of platelets
in an acidic solution, the surface chemistry of kaolinite is, again, so critical to the alignment
and dispersion of nanoplatelets that it may be a much more complex problem to solve. Really,
a material whose form is roughly the same size as those of the platelets, but which can still
interact with chitosan and kaolinite is ideal. It so happens that cellulose can be dispersed
easily in both acidic and basic environments, and we have observed this by mixing
microfibers in both chitosan and alginate solutions. In its crystalline phase cellulose polymer
chains are bonded to each other by an abundance of hydrogen bond donors and acceptors,
which are partial negative and partial positive charges. This allows them to have somewhat
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favorable interactions, or at the very least a lack of repulsion forces, with a polycation like
chitosan, a polyanion like alginate, or a negatively charged ceramic particle like kaolinite.
Kaolinite researches have also found that kaolinite slurries can be used as a dispersion and
swelling agent for cellulose microfibers or powder (e.g. Imerys performance product,
FiberLeanTM). This is a similar process to that of the pretreatment of cellulose used in
manufacture of product scale cellulose-chitosan composites for plastic films (Nordqvist et al,
2007). In this case, to maintain as much optical clarity, plasticity, and homogeneity as
possible, the cellulose powder needs to be suspended in water for hour before mixing with
chitosan, allowing the particles to separate by their favorable (but slow) swelling in an
aqueous environment. It seems this keeps the fibers from clumping at all when mixed in the
chitosan matrix contributing to the clarity and plasticity of the resulting material.
Kaolinite platelets are also effective at this kind of fiber dispersion, and so another promising
composite material is a triple composite comprised of a chitosan matrix with both cellulose
microfibers and kaolinite nanoplatelets. The result is, as expected, not as stiff as the
kaolinite-alginate composite, but still harder and tougher than the pure chitosan material. It
is also more porous than composites made with single aggregates, making it volumetric
enough to be a compressive structural material. Further study using scanning electron
microscopy (figure 4.6, 4.7) reveals some alignment of platelets to the cellulose fibers,
effectively neutralizing any global alignment that may have been possible without the
alignment of randomly organized fibers. This does however give insight into why the
composite is able to be fabricated homogenously relative to just chitosan and kaolin, the
kaolin platelets show favorable interactions with the fibers, seemingly preventing them from
clumping together as much as without the fibers (figure 4.5).
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Figure 4.6 Scanning electron microscopy of the surface of a triple composite sample at the 500,
100, 10 micron scales (top left, top right, bottom, respectively) showing the material's porosity
and homogeneous ceramic-gel matrix encasing cellulose fibers.
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Figure 4.7 Scanning electron microscopy of a cross section of a triple composite sample at the 500,
100, 10 micron scales (top left, top right, bottom, respectively), again showing the material's
porosity and homogeneous ceramic-gel matrix encasing cellulose fibers.
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Still, like the other kaolinite composites, it is too brittle to be used as a single extrusion
material in the same fashion as chitosan or cellulose-chitosan composites with our
fabrication platform, but it does overcome the problem of kaolinite's immiscibility in acidic
chitosan solutions and this leaves us with a set of materials that can be used in a hierarchical
fabrication method. While hard, but subject to crumbling very easily, if it is used in a layered
macrocomposite, sandwiched between layers of pure chitosan, we can access both sets of
properties, similar to the way that natural materials like nacre function on the micro or
nanoscale. This material hierarchy, of a microcomposite material as the structural
component of a macromposite (both using the same gel matrix) is precisely the sort of
material the robotic arm multi-extrusion platform was designed for. The additive
manufacturing approach allows for modulated use of materials properties, and so does the
production of these triple composites. We can manufacture a material with the correct
stiffness to compliment the pure chitosan, and then design the geometry of the products and
the selective placement of that structural component to produce large scale and
multifunctional forms.
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5. Conclusion
From this perspective of an initial pass at hydrogel building technologies, the landscape of
possibilities for materials research looks, in a single word, intimidating. One of, if not the
most, persistent conclusions we have drawn from the last fifteen months of research is the
unpredictability of such complex polymer networks and their tendencies when fabricated
into large scale objects or products. There is already a great deal of new research into the
materials(J. Baird, et al 2007; Bouville et al, 2014; Fernandez et al, 2015; Fraunhofer
Institute, 2014; Oh et al, 2013; Schaaf et al, 2015; Sun et al, 2012), new ways to produce
them(i-Chess, 2014), and new ways to use them(Duro-Royo et al, 2015; Fernandez et al,
2012, 2014; Mogas-Soldevila et al, 2014, 2015). It is inspiring work and very much affords
us with the curiosity and confidence to explore combinations of them in a rather alien
context. The road to truly reliable building or even pavilion scale chitosan architecture by no
means ends concurrently with this thesis. And while 'intimidating' would still be an
absolutely appropriate term to describe it, the richness of possibilities, and indeed their
ecological efficacy, is also of intense interest and promise. It seems there can be very little
question as to the design-scale implications of fabrication using the two most abundant
biopolymers and the most abundant ceramic clay, all mediated using water, and without
necessarily consuming that water or the materials. While the term biomimicry is arguably
quite often overused or used blindly, without consideration as to whether simply copying
natural behaviors and materials is even best way to solve a human problem- and if one were
to simply describe this project as an attempt to make synthetic nacre from natural materials,
one would be doing just that -these, I feel are more fundamental considerations much closer
to the core principles of fabrication as a whole. Right now, if we were to reconsider this
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modality of making, manufacturing, building, from the ground up, and given the technology
available, where would we start? What materials would we use and how would we process
them? What would the product look like and what tolerances, if any would go into the design?
While these questions are very likely inappropriately unrealistic in the true context of
materials design, the results are far more compelling than a mere thought experiment. At
this point they are not so much products as enabling technologies. We have a better
understanding of the scalable possibilities of the materials that are very readily available and
entirely recyclable. We also have a platform for using them, one that also allows us to explore
new possibilities in deposition 2.5 or 3 dimensional printing. The materials and their
fabrication together give us platform for researching new methods that make use of the
material's biocompatibility. Not only does the material come from biological factories, but it
can also be used to template, augment, supply or contain life. This functionality during the
usage life of the material completes a closed loop for our, and others', projects in this vein,
and is very much an example grown from the idea of material ecology. Material comes from
the living world as a reusable, biocompatible resource, is processed and utilized
harmoniously with respect to its properties and capabilities, lives with and augments the
lives of the beings using it, and finally is degraded into solution, to be reprocessed or even
reproduced in its initial state.

With what will eventually be a complete or near complete

understanding of the parameters affecting chitosan's properties at all of these life stages, in
conjunction with a high resolution, but scalable digital fabrication platform,

one will

describe the material and its products as extremely conscious of its own usage, impact, and
sustainability.
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