BIO-COMPOSITES
FROM FOOD WASTE

Exploring the impact of waste sourced fillers from the food
industry on the functional and mechanical characteristics of bio-
composites for the possible application as a fagcade product

LARA NEUHAUS
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WHY IS THAT RELEVANT?

Depletion of
Fossil Resources

Construction Waste
going to Landfills

Emission of
Greenhouse-gases

Limited Renewable
Resources
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WHY IS THAT RELEVANT?

Circular Strategies

The benefit of using waste: economy

3

0 Rafiie Make product redundant by abandoning its function or by
Smarter SO S - offering the same function with a radically different product
product :
use and 1 Rethink Make product use more intensive (e.g. by sharing product)
manu- - -
facture St e Increase efficiency in product manufacture or use by consu-
- . ming fewer natural resources and materials

. Reuse by another consumer of discarded product which is
~still in good condition and fulfils its original function

e . Repair and maintenance of defective product so it can be
Extend Sy . used with its original function
lifespan of o —
product R5 Refurbish Restore an old product and bring it up to date
and its '
parts

» spare materials from landfill

e save on carbon emissions
on new materials

* conserve renewable
material sources
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‘ | Use parts of discarded product in a new product with the
. same function

Use discarded product or its parts in a new product with a

Useful \ o " Process materia_ls to obtain the same (high grade) or lower |
of mate- | ' ) ) L
rials RY Recover Incineration of material with energy recovery
Linear !
economy
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ROW COULD WE DO IT7?

Wgllelg
building-
product could

we make with
1t?

Which waste
could be used

for building
materials?
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WASTE-STREAMS IN THE NETHERLANDS

Waste

! |

Post-Consumer Industrial
Waste 27% Waste 73%

| |
| | l | |

Construction/

Household Waste Services Others ——— Agri-Food Industry Other Industry Energy Sector
14% 9% 4% 1% 15% 14% 3%
8362 5788 2822 [million kg/ year] 25122 9066 8381 1625
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e fibres

» variety of waste
streams/ materials

WASTE-STREAM: TEXTILES

Industrial
Leftovers

Textile Waste

20/06/2024

Post-Consumer
Waste

Domestic Textiles
(non-reusable)

Blue Bulk (Jeans)

White Cotton

Mixed Colored Cotton

Others

Mixed Sweater

by by

Mixed Outdoor

—» i.e. Tarp, Sails, Sacks
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(80+% cotton blend
with synthetic fibres)

(blends of polyester, polyamids,
elastane, acrylic, cotton, viscose, wool)

(coated multilayered fabrics)



WASTE-STREAMS: AGRI-FOOD WASTE

« yearly ~9million tonnes

Agri- and Horticultural
Waste

* bio-based

* various shapes/forms

« steady quantity and quality

Agicultural
Leftovers

Leaves

Stalks

Stems

Food Processing
Industry

Industrial
Leftovers

Field Residue

Husk

Process Residue

Seeds

Shells

Roots

Nuts and Grains

Pits and Stones

A 4

Fruit and Vegetables

Fruit Peel

Qil Cake, Meal

Snacks and Bakery

Gluten

A 4

Stimulants and
Deserts

Starchy residue

Coffee Grounds

Meat and Fish

Chitin
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ROW COULD WE DO IT7?

Wgllelg
building-
product could

we make with
1t?

Which Waste
could be used

for building
materials?
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COMPOSITE MATERIALS

source:
rce: tangentmateriats.com

Matrix

SQUrGe
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Matrix

BIO-COMPOSITES

Blrce: goldstab.com

BIO-COMPOSITES FROM FOOD WASTE

AN
X

»
A
Lh
NN
e

S

VY

source; plasticstoday.com

N



BIO-COMPOSITES

Bio-

Composites

Matrix Filler Fibre Reinforcement

5 PN =
N T M

Thermoplastics Thermoset Resins Bulk Fillers <€---» Functional Fillers Short Fibres (<2cm) Continuous Fibres

Bio-Based and/or

BIOdeg rada b|€ Coupling agents, stabilisers etc. multi-directional  uni-directional woven fabric

Bio-matter Natural Fibre
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BIO-PLASTIC MATRICES

Bio-based

Thermoplastics: (Polypropylene (PP),

Polystyrene (PS), Polylactic acid (PLA), PHA, TPS

etc.):

- Melt at high temperatures Slo-plastie

(bio-based non-biodegradable)
- Can be remelted |
e.g. bio-based PE, PET, PTT, PEF

Bio-plastic

e.g. PLA, PHA, PBS, TPS, Furane

Thermoset Resins: (Polyurethane (PU), Epoxy, % 9
Silicone, Furan Resin) e &

9 o
* Liquid Resin solidify at raised temperatures § ®

Conventional Plastics

 Resistant to higher temperatures
* Not re-meltable

e.g. PE, PP, PET

/— Cross Link

(A) Thermoplastic (B) Thermoset
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Bio-plastic
(fossil-based biodegradable)

e.g. PBAT, PCL

Fossil-based



NATURAL FIBRES

Continuous Fibres Short Fibres

AAAAAA AASAAAE
W WU DU U UL U

U -
WL U wd
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Multi-directional Uni-directional Bi-directional,
woven Wheat Straw

Banana Pineapple

e lalelalals
il UL
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FILLERS

Functional Fillers (<5wt%) used for: Bulk Fillers (~40-60wt%):

 Colouring (pigments, colourants) « Calcium carbonate (mineral) - from
limestone, marble or seashells
* Fire resistance (bromine, chlorine, borate

and phosphorus) « Kaolin (mineral) - mined clay

 Alumina trinydrate and Calcium sulphate
(mineral) - frequently used for their flame
and smoke retarding properties and low cost

« UV resistance (ultraviolet absorbers,
stabilizers)

« Ease of processing (waxes, oils, clay, silica) Bio-based alternatives?
« Electric conductivity (metal powder, carbon . Wood flour

particles)
« Biochar
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BIO-COMPOSITES AS A SOLUTION?

Potentials:

» Potential for low embodied energy

« Avoiding fossil resources by going bio-based
» Highly engineerable

« (Caninclude small particles (waste)

* New aesthetics and new design options

20/06/2024 BIO-COMPOSITES FROM FOOD WASTE
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BOUNDARY CONDITIONS

Matrix

Matrix

Mono-filler (no fibre)

BIO-COMPOSITES FROM FOOD WASTE
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100% Bio-Based

aina

Partially Waste-
Based
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RESEARCH QUESTION

BIO-COMPOSITES FROM FOOD WASTE

Matrix
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RESEARCH QUESTION

“HOW CAN WE INTEGRATE WASTE-
BASED FILLERS INTO BIO-BASED
COMPOSITE FACADE PANELS?”

BIO-COMPOSITES FROM FOOD WASTE
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CRITERIA FOR WASTE STREAM SELECTION

Most desirable

Food for people
Food for animals

Selection Criteria

e Locality (Local availability of processes that
produce waste in the Netherlands)

e Usefulness of the waste-stream to other functions

e Fase of Processing (How much pre-processing is
needed and how easy is it to handle?)

e Scalability (How much is available, could a stable
omBpustion
material flow be established?)

Least desirable
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Prevention

Reduction

Recycling

Waste
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THE SELECTION

1. Cacao-Shells, Raw 2. Cacao-Shells, Roasted
Source: Chocolate/Cocoa Industry Source: Chocolate/Cocoa Industry
Current Uses: Soil Improver, Fuel Pellets Current Uses: Soil Improver, Fuel Pellets
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THE SELECTION

3. Spend Coffee Grounds 4. De-oiled Coffee Grounds
Source: Café Chains, Drinks and Dessert Industry Source: Industrial Seller (caffe.inc)
Current Uses: Composting, Biofuel Current Uses: Composting, Biofuel

L\ - 2
< )
| A RS ~source: caffeinc.nl,
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THE SELECTION

5. Walnut Shells 6. Cherry Pits

Source: Bakery and Snack Industry Source: Cultivator or Preserves/Jams Industry

Current Uses: Incineration, Gardening Current Uses: Cosmetics, Incineration
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RAINSCREEN FACADE CLADDING

Internal Finish
’ Structural Layer

s~ Substructure
">~ _ Cladding

BIO-COMPOSITES FROM FOOD WASTE
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RAINSCREEN FACADE CLADDING

Exposure: Requirements:
N o Water/ Humidity resistance
A/ )
S OIS « Ability to take wind-loads and self-
20N :
/\ weight

o Ability to withstand impacts (nature,
9 human caused, weather related)

5 | E ¢ Heat and UV resistance

20/06/2024 BIO-COMPOSITES FROM FOOD WASTE
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THE PHASES OF EXPLORATION

1

Comparing
Waste sources
as Fillers

Which waste
materials have
potential as
fillers and why?

20/06/2024

2

Integration
into
Composite

How can we
implement the
filler in the
best way?

BIO-COMPOSITES FROM FOOD WASTE

3

Composite
Facade
panelling

How does the
material
perform as
facade
panelling?
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EXPERIMENTS

PHASE 1 PHASE 2 PHASE 3

Design of Case Study

' PRODUCING

Fabrication of Specimen ¢
Literature 6x Fabrication of Specimen Varying Compositions/Filler Specimen:
Research 1Filler/Matrix Sizes 3D-Moulded shapes

/Narrowed
Selection:
Best
recipe

Narrowed
Selection:
Best
fillers

Evaluating the outcome/
testing as needed

v

Comparison to other
Materials/Products

Material Research Testing Composites

|

Evaluating

|

Investigating Fillers properties

Testing Composites

|

Evaluating

“TESTING
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BOUNDARY CONDITIONS

Manufacturing
Method

BIO-COMPOSITES FROM FOOD WASTE
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BOUNDARY CONDITIONS: MATRIX

Matrix Choice:

Bio-based ZAIA% OH O

-

! S - O ~ \ /
I A0 "
| Exe \ \\&
: o ‘ fi i 3"
: corn cobs furfuryl alcohol : HQO NERrEFasin (uncutsd)
]: Bio-plastic
': e.g. PLA, PHA, PBS, TPS, Furane
1
@ :
_Q L]
3 i 3 Furan Resin
© : & )
1 R o] =
3 ol \ ] .
3 5 - | * Dbio-based
c o .
2 ’ * not bio-

Conventional Plastics Bio-plastic

(fossil-based biodegradable) =

degradable
e dark in colour
e heat resistant

e.g. PE, PP, PET

1
1
1
1
I
1
I
1
I
1
|
I e.g. PBAT, PCL
I
1
I
1
I
1
1
1
1
1
1
1

Fossil-based
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BOUNDARY CONDITIONS: MANUFACTURING METHOD

Manufacturing Technique: Bulk compression moulding

mould cavify moulding tbp mould
compounds
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PHASE 1A:
COMPARING
TH E WASTE‘ Samples:

Question to be answered:
Which waste materials work well as fillers in a bio-composite?
How do the different materials compare?

F | |_ |_ E RS One plate of each filler type

Processing Method:
Compression moulding

Synthesis:
) Component Description Weight %
Flllers N Resin Furan resin 50
? o"’\,g »’q', Q D

@" Filler Powdered filler, <125 pm 45

S (L

L L Catalyst HM 1448 ((2-hydroxyethyl) B
deoiled spend coffee roasted raw cacao shells walnut shells  cherry pits ammonium nitrate)

Releasing Agent | Linseed oil 2

20/06/2024 BIO-COMPOSITES FROM FOOD WASTE
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PHASE 1A:
COMPARING
THE WASTE-
FILLERS

Synthesis:

Fillers:

deoiled spend coffee roasted raw cacao shells

20/06/2024

Criteria of evaluation:

Mechanical and functional Properties (testing),
Ease of material processing

Testing:

T T | | ]
bending impact absorption frost resistance
Component Description Weight %
Q Resin Furan resin 50
% Filler Powdered filler, <125 pm 45
m Catalyst HM 1448 ((2-hydroxyethyl) 3
walnut shells  cherry pits ammonium nitrate)
Releasing Agent | Linseed oil 2

BIO-COMPOSITES FROM FOOD WASTE

1



SAMPLE PREPARATION

Step 1: Milling Filler Step 2: Sieving Filler Step 3: Drying Filler

)
T JESN

1N
D

Q o °
Qoo el —>
a

Mixing ingredients Step 5: Pressing compound
@ %S 655
> T~ IO—_Q—I\‘ |




SAMPLE PREPARATION

Step 3: Drying Filler

Step 1: Milling Filler Material
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SAMPLE PREPARATION

Step 5: Pressing
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CNC-Cutting Samples

20/06/2024

SAMPLE PREPARATION

292 mm
S
gl | I I |
g | | I |
| | | |
\. J
10 15
50
o 2 Absorption/
© Frost
(@)} o
© = o
(4] ©
Q cC
E @
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PHASE 1A - TESTING

| N
3-Point Bending (ISO 14125A) T\’T Charpy Impact test (ISO 179) /_

14
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Water Absorption _°o_____

Time intervals:

O

20/06/2024

24h

x 28 days

PHASE 1A - TESTING

Frost Resistance *_

< | |7 "=

Time intervals:

8h 4h
@ @ x 10 cycles

Freezing (-17°C) Thawing (20°C)

BIO-COMPOSITES FROM FOOD WASTE
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PHASE 1A - OUTCOME

Surface Texture

2~

deoiled coffee spend coffee roasted cacao shells raw cacao shells walnut shells cherry pits
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Absorption

4 30
2 -2 25
0
20
8
15
6
4 10
2 5
0
0123456 7 8 91011121314151617 1819202122 232425262728 Days 0
0
Spend Coffee Deoilied Coffee Cacao raw
Cacao roasted Walnut ——— Cherry

20/06/2024

A Max

PHASE 1A - OUTCOME

Absorbtion [%]

BIO-COMPOSITES FROM FOOD WASTE

Absorbtion in 24h [%]

== Glulam

Deoilied Coffee
Cacao roasted

Spend Coffee

Cacao raw
Walnut

Cherry

45
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PHASE 1A - OUTCOME

Visible change after 10 freeze cycles (right)

deoiled coffee roasted cacao shells walnut shells

spend coffee raw cacao shells cherry pits
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PHASE 1A - OUTCOME
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PHASE 1B: Question to be answered:
C O |\/| PA R| N G Which factors might influence filler compatibility?

What causes bumps and cracks?

T H E WAS T E B Possible cause of Bubbles and cracks?
F | |— |— E RS Inadequate mixing

Inherent moisture
Thermal expansion mismatch with the resin
Dispersion problem leading to air pockets

Wettability Den5|ty Powder analysis Fracture analysis
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@ PHASE 1B - DENSITY

Measuring Material Volume/ Density

Filler Average Measured
Density [kg/m?3]

Cacao, untreated 1070,1

Cacao, roasted 1100,0

Spend coffee grounds 1088,5

Deoiled coffee grounds 1117,3

Walnut shells 1469,6

Cherry pits 1145,1

Furan resin (TFC Biorez) 1210

Density [kg/m3] = W/(V1- Vo)

Vi: Volume water + filler; Vo: Volume water

20/06/2024 BIO-COMPOSITES

e
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Material Density [kg/m?3]
Calcium carbonate 2650- 2710
Kaolin 2500- 2620

Oak (hardwood) 890- 1080

Pine (softwood) 360- 440
Aluminium 2680- 2740

Steel 7800-7900

FROM FOOD WASTE

1s
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0 PHASE 1B — CONTACT ANGLE

Testing Contact Angle of the powdered Filler

I
0

test material o
camera lightsource
hydrophobic hydrophilic

tan(®) = a/b
a B =tan" (a/b)

b contact angle

20/06/2024 BIO-COMPOSITES FROM FOOD WASTE

Filler Contact angle Deviation
Spend coffee 137,6° 9,7°
De-oiled coffee | 122,5° 7,5°
Cacao, raw 126,9° 5,0°
Cacao, roasted 109,7° 8,2°
Walnut shell 100,7° 2,9°
Cherry pits 101,3° 5,3°

50
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3% PHASE 1B — FRACTURE PATTERNS

Break patterns of high strength
ceramics:

Failure mode:

S00 Lim

spend coffee

(top) Baudin & Bueno (2007); (bottom) Rizzante et al.(2020)
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Mixing problems

Cherry pits

20/06/2024

PHASE 1B — FRACTURE PATTERNS

Deoiled coffee

BIO-COMPOSITES FROM FOOD WASTE
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PHASE 1B — FRACTURE PATTERNS

Surface smoothness

Spend coffee Raw cacao shells

20/06/2024 BIO-COMPOSITES FROM FOOD WASTE 5
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2N PHASE 1B - POWDER

Different particle shapes and size composition

o s
AR g B i

coffee spend, <500um Walnut, <500um

20/06/2024 BIO-COMPOSITES FROM FOOD WASTE
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20/06/2024

PHASE 1B - OUTCOME

Findings:

Fracture behaviour comparable to ceramics
Different grain shapes for different fillers

Bio-based fillers are much more lightweight
than mineral fillers

All powders reacted hydrophobic
The least hydrophobic the better mechanical

performance was

Cracks and bumps most likely not caused by
dispersion problems or mixing issues.

BIO-COMPOSITES FROM FOOD WASTE
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PHASE 1A - OUTCOME

Raw Cacao
Shells

Deoiled Coffee

20/06/2024

Roasted Cacao
Shells

Spent coffee

Wanut Shells

Cherry Pits

BIO-COMPOSITES FROM FOOD WASTE

. Strength

. Flexural modulus

Resilience against water/frost

. Ease of processing

A



F) H A S E 2 . Question to be answered:

How to integrate the fillers best regarding

COMPOSITION

A N D G RA' N S | Z E Criteria for Evaluation:

A balance between:

* Mechanical properties

« \Waste content
* Processability

Synthesis:

FlllerS Speﬂd COffee’ Walnut She”s Phase 1 ‘ Selection of 2x Best

grain size and filler ratio?

)

performing Fillers

Investigation: effect of
filler size
(2x3 Samples)

v

Choose best

bending

Tests:

|

~—~—

Choose best
variant

———> Phase 3

M

variant

20/06/2024 BIO-COMPOSITES FROM FOOD WASTE
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Investigate volume
recipe
(2x2 Samples)




GRAIN SIZE

Samples
S 100
; S N N ™
| 4Swt% Filler ! 45wt% Filler 45wt% Filler 45wt% Filler
: <125um ! <250pum <500pm Fuller Ratio "
i (from Phase 1) ! >125um >250pm =
| ! )
1 1 =
N NG J J A
125 45 250 45 500_45 blend_45 £ 0=
§
2
A =100 x (d/D)" $
A: sieve pass through [%] =
b i Walnut: n=0.35
D: biggest grain Coffee: n=0.4
n: factor for grain shape
(n=0.5 perfect sphere; 0
n=0.4 pebbles; n=0.3 grit) 0 e 220 °00

Grainsize [um]
—— A (n=0,5 perfect spheres)

B (n=0,4 gravel) —— C(n=0,3 grit)
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GRAIN SIZE - OUTCOME (D

125/250 250/500

2~

Spend coffee

Lodao/eol . B SUGOD

<

Walnut shells
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GRAIN SIZE - OUTCOME

500—.
Chosen grain sizes '

N

o

o
|

Walnut: "blend”
Coffee: <125 um

modulus of rupture) (MPa)

.— Fir (abies alba) (I)

504 - o . @ —— Pine (pinus Iam‘berh'ana) (n S

Sample plate Bending Stiffness | Impact res. | 3 '
strength [Mpa] | [Gpa] [kJ/m?] | '
walnut_125_45 (P1) 58.71 (+8.37) |5.25 3.34 (+0.52) = 20 : —[&7P1_spend_coffee_125 45|
walnut_250_45 49.96 (+3.88) | 5.67 2.61 (+0.32) 5 oo | : g:gggg:ggz:gﬁ:jg
walnut_500_45 41.70 (£2.02) 5.74 2.07 (£0.33) Q404 S SN S L 7> P2_spend_coffee_mix_45
walnut_blend_45 50.62 (+2.74) |5.23 2.26 (+0.45) 5] | | '  ® P1_walnut 12545
spent_coffee_125_45 (P1) | 42.52 (+2.73) | 4.12 2.35 (+0.47) N - L i o bo-walnut 250 45
spent_coffee_250_45 33.23 (3.11) | 3.48 1.68 (x0.27) 3 | - Ceramic tile W
spent_coffee_500_45 31.00 (+3.81) | 3.64 1.79 (+0.46) - ;
spent_coffee_blend_45 | 27.93 (+6.45) | 3.42 1.41 (x0.12) P I S S — S — E—
2 5 10 20 50

Flexural modulus (GPa)
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COMPOSITION

___________

- NS e ™

35wt% Filler 45wt% Filler 55wt% Filler
(from previous

phase)

- D NG J

___________

- -

==

(Grain sizes:

Walnut: “blend”
Coffee: <125 um

20/06/2024 BIO-COMPOSITES FROM FOOD WASTE



2~

Spend coffee
(<125 pm)

<l

Walnut shells
(size blend)

20/06/2024

COMPOSITION - PROCESS
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Spend coffee
(<125 um)

<l

Walnut shells
(size blend)

20/06/2024

COMPOSITION - OUTCOME

1,3

Coffee_impact

Walnut_impact

Trend

------------ Coffee_bending
------------ Walnut_bending

- = = - Coffee_stiffness

0,7 - = = = Walnut_stiffness

0,6
35 45 55

Filler Load [wt%]
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Best recipe

Walnut: mix_55%

PHASE 2 - CONCLUSION

 The mixed filler sizes
worked out as
expected

N

o

o
L

100
e Walnut shows more ]

consistent results
then coffee grounds

modulus of rupture) (MPa)
8

500 -~
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:":’ 20

Sample plate Bending Stiffness | Impact res. E’

strength [Mpa] | [Gpa] [kJ/m?] @ 04
walnut_blend_35 35.01 (x3.06) 3.58 1.63 (x0.18) E’
walnut_blend_45 50.62 (+2.74) 5.23 2.26 (+0.45) g 5_'
walnut_blend_55 48.98 (£2.49) 5.12 2.33 (£0.31) £><J ]
spent_coffee_125_35 32.63 (£3.61) 2.98 2.18 (£0.45) L
spent_coffee_125_45 42.52 (£2.73) 412 2.35(£0.47) o :
spent_coffee_125_55 32.00 (£6.20) 3.97 1.53 (£0.32) 2' ' ' é 1'0 2'0

Flexural modulus (GPa)
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P HAS E 3 : Obijectives:
A P P I_ I CAT | O N « Comparison of the composite in an application
AND DESIGN

« Determine if structural optimisation is possible

 lllustrate design options
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SUSTAINABILITY COMPARISON
-
L 9

B Lime szcsne ot et

Srick roof tiies Birick, red (Dlogas Copper sheet

based)
1103 ‘”3 ’0::

Roof pane (steel)

ulreucqm a

cu,pnau
' .252,
21 Ozktree
Spruce

Fibre cement boarcs Pt

www.materialepyramiden.dk
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SUSTAINABILITY COMPARISON

primary production

cultivation of raw
material (resin)

energy use
sequestration
potential

waste-filler
“production”
sequestration
potential

\

production
(resin)

fuel use
water use
electricity use

F——— — — —— -
I

transport (resin)
I cultivation to
: production to
| processing

F—— — — — - — =
I

transport (filler)
I production to

I .
 processing
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processing

pre-processing
milling
drying

v

processing
mixing
kneading
pressing




SUSTAINABILITY COMPARISON

Primary Production

Ingredient Content Material | CO2-eq
[%] Price [ka/kg]
[€]
Walnut Shells 55 (1.5) -1.76
Furan Resin 41 3.2 213
Linseed Ol 2 6.14 2.69
Catalyst (HM1448) | 2 10 1.18
Total 100 246 -0.02
Processing

Processing step Emissions (Energy)

[kg CO2-eq/ kg composite]
Milling 0.059
Drying 0.426
Kneading 0.021
Moulding 0.099
Total 0.605

20/06/2024

8,00

7,00

6,00

5,00

4,00

3,00

2,00

Comparison per kg

6,67

3,03

1,76

1,00 0,61 0,7
0,23 0,34 0,26 4I

0,00 I - [ [ |
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Primary Production [kg Co2-eq]

M Processing [kg Co2-eq]
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CASE STUDY




20/06/2024

(L)

CASE STUDY - OUTCOME

Comparison per Panel

35,0

29,4
30,0

25,0
20,0

14,9 15,7 14,9
15,0

10,0

5,0
15
o0 N

Q B GWP [kg Co2-eq] ™ material price [€]
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CASE STUDY - OUTCOME

Facade Thickness | Weight | Material | GWP
Panel [mm] [kg] Price [kg

[€] CO2-eq]
Bio- 11 3.54 8.7 0.6
Composite
Aluminium |5 3.29 11.3 23.1
Steel 3 5.69 7.8 18.6
Ceramic 9 5.18 2.8 10.5
Tile
Granite 5 3.84 22.3 6.5
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35,0
30,0
25,0
20,0
15,0
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STRUCTURAL EFFICIENCY
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STRUCTURAL EFFICIENCY
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Y
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STRUCTURAL EFFICIENCY

3D Cross-section:

Mmax = 0.102 kNm
~3X
Equivalent Rectangular Cross- se(D higher
Mmax = 0 0304 kNm O1

0'2

0'2
o1

s

P
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Machining
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DESIGNING - MACHINEABILITY

Moulding Rules

Design As Moulded
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Cored Geometry
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DESIGNING — CURVED SHAPES




PHASE 3 - CONCLUSION




DESIGNING — ALTERNTIVE USES

Internal Finish
Structural Layer

Substructure

“~._Cladding

~

A

X

NS

1/
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=
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CONCLUSION
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