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MOTIVATIONS

Benchmark: Laminated composite foot
prosthesis
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MOTIVATIONS

Benchmark: Laminated composite foot 3D printed: Sandwich like structure
prosthesis _ - Continuos fibre skins
» Short fibre core

LFRP skin

SFRP honeycomb
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MATERIAL CHARACTERIZATION: CHALLANGES AND IMPORTANCE

What affects Material
characterization? Charac:]erlzatlo
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MATERIAL CHARACTERIZATION: CHALLANGES AND IMPORTANCE

Material
related
parameters

What affects Material
characterization? Charac:]erlzatlo
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MATERIAL CHARACTERIZATION: CHALLANGES AND IMPORTANCE

Material
Water related
content parameters
Anisotropy
What affects Material
characterizatio

characterization? .
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MATERIAL CHARACTERIZATION: CHALLANGES AND IMPORTANCE

Material
Water related
content parameters
: Tensile =
Anisotropy compression
What affects Material
characterization? characienizatio
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MATERIAL CHARACTERIZATION: CHALLANGES AND IMPORTANCE

Material
Water related
content parameters
: Tensile #
Anisotropy compression
What affects Material
characterization? Cha’a";e"zam
Process
related
parameters
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MATERIAL CHARACTERIZATION: CHALLANGES AND IMPORTANCE

Material
Water related
content parameters
: Tensile =
Anisotropy compression
What affects Material
characterization? characterizatlo
Process
related
parameters

Printing
settings
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MATERIAL CHARACTERIZATION: CHALLANGES AND IMPORTANCE

Material
Water related
content parameters
: Tensile =
Anisotropy compression
What affects Material
characterization? Cha’a":‘e"zam
No Process
standard relaten
parameters

Printing
settings
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TENSILE CHARACTERIZATION

- Material: Micro-carbon fibre reinfroced PAG, supplied by Markforged (Onyx TM)
- Specimen: 0-90° layers stacking sequence
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TENSILE CHARACTERIZATION

- Material: Micro-carbon fibre reinfroced PAG, supplied by Markforged (Onyx TM)
- Specimen: 0-90° layers stacking sequence

Meso-structure morphology of specimen’s cross-section
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TENSILE CHARACTERIZATION

- Material: Micro-carbon fibre reinfroced PAG, supplied by Markforged (Onyx TM)
- Specimen: 0-90° layers stacking sequence
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TENSILE CHARACTERIZATION

Micro-carbon fibre reinfroced PAG, supplied by Markforged (Onyx TM)
0-90° layers stacking sequence

Failure surface perpendicular to the 0°

SEM
observati £
on g -
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TENSILE CHARACTERIZATION

Micro-carbon fibre reinfroced PAG, supplied by Markforged (Onyx TM)
0-90° layers stacking sequence

Failure surface perpendicular to the 0°

SEM
observati
on
F
0° beads breakage reicenico i miano
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- Material properties could be
underestimated

- Water largely affects all properties
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COMPRESSIVE CHARACTERIZATION

Micro-carbon fibre reinfroced PAG, supplied by Markforged

(Onyx TM)

small specimens for Longitudinal and
evaluation

avoid buckling and limit

properties
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UD specimens
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concentric contour
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COMPRESSIVE CHARACTERIZATION

- Material: Micro-carbon fibre reinfroced PAG, supplied by Markforged R UD specimens
(Onyx TM) @ made up of
: S . concentric contour
- Specimen: sSmall specimens for Longitudinal and Transverse properties beads-onty
evaluation
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COMPRESSIVE CHARACTERIZATION

- Material: Micro-carbon fibre reinfroced PAG, supplied by Markforged
(Onyx TM)

- Specimen: sSmall specimens for Longitudinal and Transverse properties
evaluation
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COMPRESSIVE CHARACTERIZATION

UD specimens

- Material: Micro-carbon fibre reinfroced PAG, supplied by Markforged VRS,
(Onyx TM) %7 made up of
_ o _ concentric contour
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COMPRESSIVE CHARACTERIZATION

- Material: Micro-carbon fibre reinfroced PAG, supplied by Markforged
(Onyx TM)

- Specimen: sSmall specimens for Longitudinal and Transverse properties
evaluation
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MOTIVATIONS

3D printed composite
foot prosthesis
LFRP skin

Lightweight
Good mechanical properties

Reduced cost
Increased customisation

SFRP honeycomb

%7 Geometry versatility
Too many parameters
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MOTIVATIONS

Development of a 2D design and

L Lightweight
optimisation tool

Good mechanical properties

Reduced cost
Increased customisation

%7 Geometry versatility
Too many parameters

11 12
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VALIDATION OF THE 2D OPTIMISATION TOOL
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VALIDATION OF THE 2D OPTIMISATION TOOL
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VALIDATION OF THE 2D OPTIMISATION TOOL
i Stiffness (N/mm)
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APPLICATIONTO 3D PRINTED PROSTHESIS

Improvement by AM:
* Integrated structure

« Sandwich-like cross-sections

i b‘ | t e Spring elements
. | Plantar elements
C Heel-Support elements
SR e Rigid couplings
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Cross-section
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NEW CONFIGURATIONS

Heel support

No heel support

C-shaped spring J-shaped spring
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NEW CONFIGURATIONS
C-shaped spring J-shaped spring
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APPLICATIONTO 3D PRINTED PROSTHESIS

Material structure optimisation
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Geometry optimisation

21

Plantar b, 075 C, t
Heel _p 0.5¢,t

Spring. ¢ ¢ L

Design variables: c, t and config. #

Design constraint: same stiffness of the reference prosthesis

Objective function: minimise weight
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NEW CONFIGURATIONS

C-shaped spring J-shaped spring
d
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DESIGN CASES

o
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Design constraintsX

11 12

AM sz’N

f N .
Heel-strike stiffness as reference

\Tow—off stiffness as referenc

Mid-stance stiffness as referenB§Sign variabless

<11 12

f . .
Horizontal stiffness as refere

Design constraintsy Vertical stiffness as reference

\Transmitted torque to the pyl

rConfiguration

Core thickness plan&iin thickness = 0.9

mm
\Core thickness Spring
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DESIGN CASES
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DESIGN CASES

Optimal Design of Prosthesis at Config. 19

Core Thickness ¢ [mm]
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Optlmal Design of Frnsthesm at Config. 33
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Config. 33
REFINED OPTIMISATIONS

Plantar Skin = 0.9 mm
Plantar Core = 12 mm

‘ Prosthesis at Config. 33
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3D STRESS ANALYSIS

5,511
SHEG, (fraction = -1.0)
(Avg: 75%)

+1.231e+02
E +1.074e+402

+9.165e+01
+7.594e+01
+6.023e+01
+4.452e+01
+2.881e+01
+1.210e+01
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-4.8973e+01
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Heel Analysis

900 N

Forefoot Analysis
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3D STRESS ANALYSIS

Longitudinal stress, strength (MPa)
900

720

600 = Forefoot Analysis

50 420

Compressive Tensile

-------- Heel Analysis

500 - - - Strength

150
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CONCLUSIONS

Development of a numerical optimisation

tool
O Development of a versatile Prosthetic Feet

optimization tool.

0 The tool enables designing the material
structure and geometry of the prosthesis.

Material characterization

O Greater insight into the behavior of advanced
materials.
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3D printed composite foot prostheses seems

~ o\ possible
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