
Felipe Franco | WITHIN. Exploring the possibilities of Additive Manufacturing of bio-based materials on an architectural scale | Studio 9 | Supervisor: Jonas Runberger | KTH School of Architecture | 2016

Exploring the possibilities of Additive 
Manufacturing of bio-based materials 
on an architectural scale 

THE FORESTRY INDUSTRY AS A SOURCE OF MATERIAL. FIGURES ON LUMBER PRODUCTION AND WOOD WATSE IN SWEDEN

MATERIAL RESEARCH AND EXPERIMENTATION

FRAMEWORK

“WITHIN” is a Thesis work whose purpose is to explore the possibilities of Additive 
Manufacturing (AM) of a cellulose-based material when applied on an architectural scale.

The explorations on material properties and production possibilities are carried out at 
INNVENTIA, a research institution with extensive experience studying wood and its derived 
products.

In order to upscale the application of the material, currently under research and development, “WITHIN” speculates about its 
viable properties and explores feasible fabrication methods to use it in architecture and construction.

The final purpose is to develop a design proposal that incorporates the findings of the material research and that integrates 
them into the architectural realm.

INNVENTIA supports the development of the 
thesis within the programme “TechMarh Arena 
2016”, which involves Master students with 
different educational backgrounds: engineers, 
product and fashion designers, economists, etc.

During this academic term, the team 
formulates proposals around the theme “Digital 
Manufacturing of cellulose-based materials”.
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3D printing Lab at INNVENTIA

Source: Based on “Growm material (R)evolution”. Material ConneXion. 2015. Pictures: 7-themes.com (pine), www.pixelstalk.net (birch). Sources: Eurostat, 2013. World Atlas, 2016. 
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THE MATERIAL: CELLULOSE NANO FIBRILS (CNF) GEL
POTENTIALS AND OPPORTUNITIES

Natural fibres fillers have been used in a number of plastics. So far, one of the challenges is that the natural fibres are not perfect nor uniform – there 
are variations in their physicality, and therefore their performance properties due to their growing conditions (climate, maturity, soil type), often beyond 
our control. In comparison, nanocellulose is a more defect-free, highly crystalline, rod-like fibril that can offer the consistency that fibres in their natural 
state cannot.

The opportunity to source construction materials from recycled sources such as wood, cotton, paper, cardboard, root vegetables, on a nano-scale 
gives us the chance to really engineer sustainable grown materials in a way until now not possible. This should enable performance attributes that can 
compete with synthetics.

While there is plenty of research being conducted in this area and a slew of potential applications, it should be noted that currently very few varieties 
are commercially available or affordable for widespread commodity use.

How do trees stand tall and strong for up to 5,000 years? The answer lies in the tiny cellulose structural building blocks of trees and plants. These sub-
microscopic particles, known as nanocellulose, provide mechanical stiffness and high strength while being exceptionally lightweight. Nanocellulose has 
proven to be a versatile material with a vast array of potential commercial applications including composites and foams for automotive, aerospace, and 
building construction, etc.

“WITHIN” studies how to take advantage of the physical and chemical properties of the CNF gel. The gel, combined with saw dust and other additives, 
is used as the material of the building’s main structure.

WHAT IS NANOCELLULOSE?

Nanocellulose is the current catchall term for nano-scale cellulose materials, including cellulose nanofibers (CNF), microfibrillated cellulose (MFC), 
cellulose nanocrystals (CNC) and monocrystalline cellulose (NCC) that all have a fibril-like structure and a gel-like consistency in water. The 
nanocellulose can be extracted from the cell walls of any green plant or algae by mechanical or chemical processes, or can be grown by the action of 
bacteria. The most common sources currently are wood and root vegetables.

HOW CAN IT CURRENTLY BE USED?

These new forms of natural material offer potential applications as super-low-density foams -aerogels-, as strengtheners of paper and board, as a 
composite reinforcement for plastics and as various filters, coatings and purging agents in medicine and pharmaceuticals.

Wood contains, in average, 60% of 
cellulose.

400gr of oak =
240gr of cellulose

approx.
1:20

100kg 2.0t 2.2t
wood CNF gel printable

material*
*Includes saw dust, resins and other additives.

= =
Material

efficiency ratio

240gr of cellulose =
8kg of CNF gel

8kg of CNF gel =
ca. 8.8kg of printable material

CNF gel contains ca. 3% 
nanocellulose

Graded CNF gel mixed with saw 
dust being 3D printed

MECHANICAL PROPERTIES 
OF THE NANOCELLULOSE 
SCAFFOLDING
 
• Density = ca. 30kg/m3
• Porosity = 97% air 

content
• Viscosity = Shear-

thinning material
• Tensile strength = ca. 

500MPa, similar to that 
of aluminium

• Stiffness = 140–220 GPa, 
similar to that of Kevlar

• Strength/weight ratio 
= 500 kNm/kg, 8 times 
higher than that of 
stainless steel

ASSUMPTIONS ABOUT THE FINAL MATERIAL 
CHARACTERISTICS

Main filler: grinded wood and/or saw dust
Possible reinforcements: co-extrusion of regenerated cellulose 
fibres (like Cordenka)
Extrusion stabilizer: photopolymerization of bio-based resin 
present in the mix, using UV laser
Barrier properties: Chemical water repellent treatment using 
long non-polar molecules (hydrophobic surface) 
Dimensionally stabilized by the fillers (saw dust, reinforcement 
cellulose fibres) and the photocurable resin, that partially (or 
entirely) replace the water content of the gel
The polymerized resin also contributes to an extended life span 
and rises the melting point, acting as a fire retardant
The overall volume is extremely light-weight, comparable to 
balsa wood (150kg/m3) ensuring floatability

ADDITIONAL FEATURES

• Complementary cellulose-based foams 
can be used as insulation

• At the end of the building’s life cycle, 
enzymes can be added to speed up the 
material degradation

• The tactile properties of the surface 
change according to the usability 
requirements

• The material ensures grip on walkable 
paths

• In areas with direct skin contact, the 
material will be more porous and soft, 
allowing user’s comfort

• Material density can be varied during the 
extruding process

• There is the possibility to add special 
colour treatments

HOW COULD THE CNF GEL BE USED IN CONSTRUCTION? MATERIAL PROPERTIES: CURRENT AND FUTURE POSSIBILITIES

Source: Based on “Material (R)evolution: Additive Manufacturing”. Material ConneXion. 2015.
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MATERIALS 
TYPE MATERIALS 

SLA (Stereo-
lithography) 

Liquid 
Polymers Photocurable resins 

Ceramics Suspensions of SiO2, ZrO2, Al2O3, and other 
ceramics 

3DP (3D inkjet 
printing) 
 

Powder 

Polymers Acrylic plastics, wax 
Ceramics ZrO2, SiO2, Al2O3, CaP ceramics, sands, 

Composites Polymer matrix, ceramic matrix, short fiber- 
reinforced composites 

SLS (Selective 
laser sintering) Powder 

Polymers Polyamide 12, GF polyamide, polystyrene 

Ceramics SiO2, ZrO2, Al2O3, ZrB2, CaP ceramics, 
graphite, bioglass, mullite, sand 

Composites Metal matrix, ceramic matrix, polymer 
matrix, fiber-reinforced composites 

FDM (Fused 
deposition 
modelling) 

Filament or 
paste 

Polymers PC, ABS, PC-ABS, ULTEM 

Ceramics PZT, Si3N4, Al2O3, SrO2, SiO2, CaP ceramics, 
mullite 

Composites Polymer matrix and short fiber-reinforced 
composites 

LMD /SLM 
(Selective 
laser 
deposition)  

Powder 

Metals Stainless steels, CoCrMo, Ti and Ti alloys, 
Ni-based alloys, Al alloys, Cu alloys 

Composites Metal matrix, ceramic matrix, particulate- 
reinforced composites 

Functionally 
graded materials 

Metal–metal, metal–ceramic, ceramic–
ceramic FGMs 

 
 
 
Source: Guo, N., Leu, M.C., Front. Mech. Eng., 8, 215–243, 2013. 

Source: Guo, N., Leu, M.C., Front. Mech. Eng., 8, 215–243, 2013.
Source: Based on “Material (R)evolution: Additive Manufacturing”. Material ConneXion. 2015.

Important Additive Manufacturing processes and materials used in the fabrication of complex 
components. Relevant techniques are highlighted.

Material composition and format determine both the type of processing and the atributes of the final 
product. Below are the general trends and relationships between materials and their usage.

Aimed position of CNF 
gel in construction; an 
industrial application 
that results in a nearly 
finished product.

STATE OF THE INDSUTRY STATE OF MATERIALS

CNF
gel

Project presentation during “INNVENTIA DAYS”
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MATERIAL SYSTEM

In order to achieve optimal 
size and amount of triangles, 
an optimaztion script is run on 
the surface.

The purpose is to find 
triangles that adjust properly 
to the surface, depending on 
its size, curvature, shape and 
its usability.

Here are some iterations on 
finding the suitable remeshed 
surface; the remeshing could 
be edge aware, border aware, 
node aware, etc.

Taking into account the material properties, the fabrication process and the structural principle, a 
material system is proposed.

Design challenges are tackled with help of computational techniques intended for digital fabrication.

The structure is created by defining an outer and an inner skin, and filling up the space in between with 
a mesh of tetahedra of variable dimensions.

The material system integrates a main structure built on site by robotic arms with other fabrication 
methods: traditional layer-upon-layer 3D printing, CNF gel “casting” into formworks and use of 
wooden planks.

Besides, it incorporates standard components, like glazings in differents sizes and shapes.

SURFACE REMESHING OPTIMIZATION

The proposed fabrication method derives from the 
experimentation phase. It shifts from the traditional 
layer-upon-layer 3D printing; instead, the structural 
elements are extruded using a collaborative swarm 
of robotic arms.

Bio-based photopolymerising resins are added to 
the mix in order to stabilize the 3D printed material, 
right after the extrusion, using a UV light, located 
around the extrusion head.

The variable section of the extruded struts 
is achieved throught the use of a “pixelated” 
printhead, which allows different cross-section 
configurations and sizes. 

FABRICATION PROCESS: COMBINING DEPOSITION MODELLING AND STEREOLITHOGRAPHY

UNIFORMING THE DENSITY

TRIANGULAR STANDARDIZATION

CURVATURE AWARE

GEOMETRICAL AND STRUCTURAL PRINCIPLE

The structural principle is based on the extensive use, on different scales, of the triangle (2D shape) 
and the tetrahedron (3D shape), which are the most stable geometrical figures -cannot be deformed-.

The study of different structural patterns and FEM analysis confirms that the terahedral pattern (lower 
right corner) shows the best ratio “mass vs. deflection” and is the most versatile pattern to be applied 
on the surfaces remeshing, being also compatible with computational resources.

PATTERN STUDY: DISPLACEMENT TESTS

GRID X STAR CROSS TESSERACT VINTILES OCTET DIAMOD HONEYCOMB HIGHDENSITY LOWDENSITY SKIN TETRAHEDRA

Collaborative swarm of robotic arms

“Pixelated” printhead with UV light. It allows the 
extrusion of struts with variable cross sections.

Struts and nodes with variable cross sections.

Original mesh

Merging edges

Preserving edges - big triangles

Merging edges - node aware

Preserving edges - edge aware

Merging edges, preserving triangles
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THE PROPOSAL

PERSPECTIVES

Depth = 10m
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Scale 1:2000 Photo by Eva Simonson

SITE PLAN. Hornsbergs Strand, Kungsholmen, Stockholm. CONCEPT & PROGRAM

The chosen program is a temporary middle scale landscape intervention, located in the island 
of Kungsholmen. It is a floating recreational facility that recalls Stockholm’s archipelago in an 
urban context. The projects integrates in the area by boosting the current activities of the site and 
allowing different activities all year round.

KUNGSHOLMEN

AXONOMETRIC VIEW
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THE PROPOSAL
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* All drawings Scale 1:200. Physical model Scale 1:200.

FLOOR PLAN. Lower level

Café - Bar

Café - Bar

Café - Bar

Café - Bar

Paddle pool

A

B’

B

C’

C

D’

D

A’

A

B’

B

B

C’

C

C

D’

D

D

A’

Swimming pool

Paddle pool

Sheltered outdoors space

Sheltered outdoors space

Public
WC

Public
WC

Public
WC

Public
WC

Auxiliary spaces - storage and machinery Auxiliary spaces - storage and machinery

Auxiliary spaces

The building and the seasons

While lake Mälaren’s water 
level remains almost invariable 
throughout the year, the 
floating structure can sink 
and rise to allow different 
programmatic activities; 
during summer, the lower 
walkable level remains at 
+0.30m, filling the pools with 
the lake’s water. During spring 
and autumn, the structure 
rises (lower walkable level = 
+0.70m) in order to separate 
and climatize the swimming 
pool’s water. In winter the 
structure sinks again, allowing 
to create a layer of ice that 
covers the pools and; after the 
snow and ice accumulation, 
the bar and the wellness 
center are reached be walking 
on the frozen lake.

Average water displacement 
of the structure: 16,000m3
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FLOOR PLAN. Upper evel

ELEVATION

SECTION A-A’

SECTION B-B’

MODEL

SECTION C-C’. Summer

SECTION C-C’. Winter

SECTION D-D’

SECTION C-C’. Spring /Autumn. Structure rises 40cm
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MODELS AND MATERIAL SAMPLES

BUILDING MODEL. Scale 1:200

SITE MODEL. Scale 1:1,000

STUDY MODEL. Scale 1:50 STUDY MODEL. Scale 1:50 STUDY MODEL. Scale 1:50

3D STRUCTURAL PATTERNS. Accompanied by evaluation board

BUILDING MODEL. Scale 1:200

BUILDING MODEL - SECTION. Scale 1:200

3D PRINTING EXPLORATION TECHNIQUES

MATERIAL SAMPLES. 3D printed and 3D formed demonstrators
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