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Yasser Alizadeh, ph.p. Alizadeh.yasser @gmail.com

Design and Structural Analysis
of Composite Prosthetic
Running Blades for Athletes

A case of dynamic explicit analysis using Abaqus CAE

Yasser Alizadeh, Ph.D.

Abstract: This is a report on my mini project on designing composite prosthetic running blades for athletes. The focus
is the implementation of explicit dynamics analysis within Abaqus CAE that simulates the extreme loading and impact
conditions when such a prosthetic is used by an athlete. Material selection, static, impact, and explicit dynamic
analyses as well as the results are explained and reported step by step.
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Introduction to the problem and early initial assumptions

There are a few different designs of prosthetic running blades commercialized and used since the invention of the very
first one by Van Phillips in 1989 (For US patent see[1]). He used “polymer impregnated and encapsulated laminates,
including such laminates as carbon fibers and/or fiberglass or synthetic fibers such as Kevlar. [1]”

2

Figure 1- Van Phillips Running Blade [1]

One recent yet similar type of design to one of the Phillips is what is called C-shaped feet. These carbon-fiber based
running blades such as the one shown in Figure 3 called Flex-Run by Ossur [2], are more commonly used for jugging
pace and distance running[3] .

The other widely common design is called J-shaped feet such as the Cheetah Xtreme by Ossur Figure 2 and 1E9o Sprinter
by Ottobock Figure 4 . They are designed for sprint and “quick return of energy” but not everybody might be able to use
them effectively[3].

Figure 3- Flex-Run a C-Shaped foot by Ossur Inc Figure 2- Cheetah Xtreme by Ossur Figure 4- 1E90 Sprinter by Ottobock
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One study featured in Nature, has compared the
impact of these three different designs type, their
stiffness, and the height of blades and has concluded
that J design has the most contribution to the runner
velocity than stiffness or height [4]. Also, this type of
the running blade has been identified as the interest
of the problem, so design effort is focused on this
type in this study.

To understand the extreme loading of the blade
(worst-case scenario) as outlined by the problem, it
seems safe to assume when runner is at the
maximum speed and landing on one blade, the
maximum impact occurs. Obviously, the weight of
the runner is another important factor.

Alizadeh.yasser @gmail.com

Figure 5- J blade orientation relative to the sprint runner

I will assume a 180 cm tall runner which weigh 700 N or less with all his clothing gears (71.4 Kg). That means while

the minimum requirement for the blade would be withstanding a 700 (in case of a slow walk) when shifting his weight

completely from one blade to another as shown in
Figure 6- left, in case of extreme impact runner is
perhaps running around 6 to 10 m/s (Figure 6-
right), as explained in [4].
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By assuming the velocity of 7 m/s (7000 mm/s) the
average contact time of each blade with the ground
. oomm
per [4] would be around 0.14 seconds while the step v ¢
frequency of the runner is assumed to be 0.4 Hz .
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Figure 7- Average contact time and step frequency of 10 runners with 3 type of running blades including J-

blade by Ossur (blue line) [4]

Height of the Cheetah (Xtend and Xtreme) models by Ossur is from 375mm to 530mm, they also have Nike spike pad

to increase the traction and shock absorption. Although for the sake of simplicity, this rubber pad would not be

included in the current study. They weigh around 1 Kg each.
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Figure 8- Dimensions of Flex-foot cheetah® xtreme (online Catalogue)

These running blade are also has pretty much constant width and thickness which justifies the use of shell element type

for the case of simulation with Abaqus. I'm assuming around 100-140mm width and 5-15 mm thickness to be

acceptable for my customized design. I'm also assuming mass of each blade could be up to 40% more than Ossur

optimized fiber-carbon design, meaning up to 1.4 Kg. This seems also appropriate when taking typical ski weights into

considerations [5].

A preliminary general static analysis

I started the project with some simple explorative simulations of a simple C shaped blade (as shown in Figure 9) with

Shell element type, to narrow down the design envelope size, proportionality of the blade relative to a typical runner (as

shown in Figure 6) and test my loading, boundary conditions, symmetry, meshing and other simulation hypotheses in

small scale before investing into the actual design of the J-blade. However, I'll skip reporting those initial studies and

will jump into design,
modeling and
simulation of the J-

blade design.

5, Mises

SMNEG, (fraction = -1.0)

(Avg: 100%)
+8.556e+02
+7.845e+02
+7.134e+02
+6.422e+02
45.711e+02
+5.000e+02
+4.288e+02
+3.577e+02
+2.865e+02
+2.154e+02
+1.443e+02
+7.312e+01
+1.984e+00

A\

©DB: C-Model-1-Linesr_Close_Impact.odb  Abaqus/Explick IDEXPERTENCE R2019x HotFlx 4  Mon _

rrie_Explicit, Parzan falling on ane fact contact to hard floce from super doze to ground

1 2411: Step Time = 3.0003E-03
firmary Var: 5, Mizes
formed Var: U Daformation Scala Factor: +1.0008+00

Figure 9-An initial set of modeling of a simple C-shaped blade
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Explicit dynamic analysis

After the first rounds of simple static analysis, Figure 8 was used as a basis for designing the J-blade with the dimensions
as shown in Figure 10 to simulate the impact of the blade into the ground. As mentioned, shell type element was used
to model the part and sketch was extruded 100mm to achieve the width of the blade. Also using datum planes, blade
was split in half to use the symmetry later on if needed and partition the potential bottom surface of the blade that could
hit the ground. An analytically rigid floor was modeled for two reasons. First, stress and deformation of the floor is
out of interest of this study and including any stiff matrix adds to an unnecessary calculation time. Second, since I'm
looking for the worst-case scenario for blade design, the more rigid the ground, the highest impact and stress on the
blade. Blade was translated just above the ground (5mm clearance). The blade and hard floor assembly is shown in

Figure 11.
i
1
588 , :
“THPED
B - : i)
| I [ :
i _£ - ﬂ :
¥ :
r 5 i
---I-:-f%?:]--- - | £ O O R A P 1 OO R I B I O O B B ) O | R R O R
400 ¢ :
vasa | VHEHS :
| = j
! : .
V192, : 3 .
[l \\"\q‘;
¥ ] BN
| i H T =
1 E I :
] [ 1 L
- # HE8 |
400,

Figure 10- Design and dimensions of my J-blade, inspired by Cheetah Xtend model by Ossur
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For the material, I started by exploring the ;
possibility of using 7068 Aluminum alloy which
is one of the strongest aluminum alloys d
commercially available (developed in mid
1990’s). While density of this alloy is 2.85e3
kg/m® (2.85e-9 Ton/mm? for the entry in
Abaqus) and its Young modulus of elasticity is
68000 MPa, its yield strength and ultimate
tensile strength in average are about 100 ksi
(689 MPa) and 105 ksi (724 MPa) respectively
per manufacturer [6], [7]. That has made this a
new option for aerospace, automotive and even
medical applications such as prosthetic limbs
[8]. Figure 12 shows the material properties as
entered into the simulation.

Although in the initial simulations round,
symmetry was used to reduce the time and

validating the model, by learning that even the
full model could be simulated in around 2
minutes, 'm intentionally not going to use Figure 11- Blade and hard floor assembly

symmetry moving forward.

4 Edit Material X | 4 Edit Material X | 4 Edit Material X
Name: Aluminum 7068 Name: Aluminum 7068 Name: Aluminurn 7063
Description: | 7068-T6 alluminum alloy » Description: | 7068-T6 alluminum alloy 9 Description: | 7068-T6 alluminum alloy ]
Material Behaviors Material Behaviors Material Behaviors

Daming baming
Density Density

et e

General Mechanical Thermal  Electrical/Magnetic ~ Other be General  Mechanical Thermal  Electrical/Magnetic  Other v General  Mechanical  Thermal  Electrical/Magnetic ~ Other v
Elastic Density Damping

Type: |Isotropic v ~ Suboptions Distribution: | Uniform V- Alpha: |25

[ Use temperature-dependent data [ Use temperature-dependent data Beta: 0

Nurmber of field variables: 0t Number of field variables: 0t Composite: [0

Moduli time scale (for viscoelasticity): Long-term v Data Structural: |0

[ No compression Dh::;:y

[ No tension 1 285600

Data

Young's Poisson's
Modulus Ratio
1 68000 01
oK Cancel oK Cancel oK Cancel

Figure 12- Data entry for the material properties of 7068-T6 Aluminum

For the section type, shell is selected and an initial thickness of 5mm is assigned to the blade as shown in Figure 13.
Figure 14 provides a visual check to ensure that thickness is added in the right orientation and there is no interference
between the blade and the floor after adding the thickness.
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% Edit Section X

Mame: Homogene_Shell

Type:  Shell £ Continuum Shell, Homogeneous

Section integration: (@) () Befare analysis

Basic  Advanced

Thickness
Shell thickness: (@ Value: 3
{3 Elernent distribution: &
f(x)
() Nodal distribution:
Material: Aluminum 7068 LB

Thickness irtegration rule: @) Sirpson () Gauss

Thickness integration points: 55.;:

Optians: %

Ok Cancel

Figure 14- Verifying the blade thickness and clearance
between blade and ground

Boundary condition was then set for the ground. A reference point
was defined on the analytically rigid ground and was constrained in

all directions as shown in Figure 15.

5 Edit Load X
. . . . . . . Mame:  Gravity
For the load, first gravity was included in the simulation by adding the | e
ype! ravi

gravitational acceleration of 9.81e3 mm/S> as shown in Figure 16. Step:  Dynarnic_Explicit (Dynamic, Explicit)

Figure 13-Section assignment

% Edit Boundary Condition X

Hame:  Floor_Canstraint

Typer  Symmetry/Antisymmetry/Encastre

Stept Dynamic_Explicit Qynamic, Explicit)
Region: Picked) [3

CSYS: (Global) R A

O)XSYMM (U1 = UR2 = URI = 0)

O YSYMM (U2 = URT = URI = 0)

O ZSYMM (3 = URT = UR2 = 0

O XAVMM (U2 = U3 = URT = 0, Abagus/Standard only)
O YASYMM (U1 = U3 = URZ = 0, Abagus/Standard onhy)
O ZAYMM (U1 = U2 = UR3 = 0, Abagus/Standard anky)
O PINNED (1= U2 =3 =)

@ ENCASTRE (U1 = Uz = U3 = URT = URZ = URI = 0)

Cancel

Figure 15-Boundery condition on the floor

Region: (uWhole Modely [

Distribution: | Uniform v
Component 10| 0

Component 2| -9810

Component 3t |0

Armplitude: {Instantaneous) e r\l

Ok Cancel

Figure 16-Applying gravitational
force to the model

7|Page



Yasser Alizadeh, Ph.D.

Alizadeh.yasser @gmail.co

m

For the loading part, a 700N runner falling slowing on one foot (blade) was considered for the first iteration. Also, the
method of attaching the blade to the runner’s socket cap was considered a simple all surface bonding. Therefor the
magnitude of the load on the selected surface was calculated as 0.035 MPa (700N/(200x100) mm*?) and entered into

the simulation as shown in Figure 17.

&= Edit Load *
Marme:  Persan_Whole_Weight

Type:  Surface traction

Stepr Dynarnic_Explicit (Dynamic, Explicit)

Region: (Picked) [

Distribution: | Unifarm LA

Traction: | Shear el

Direction

Wector before projection: (0,-1,00 [3

CSYS: | Global M|

Magnitude: | 0.035

Arnplitude: -(Instantaneous) k& p\?

Traction is defined per unit | defarmed area |

Shear traction will always follow the rotation

OK | Cancé-l -

Figure 17- Implementing runner’s weight and blade weight

Finally, a small initial vertical velocity of -t0omm/s was added to
simulate runner’s slowly stepping on one blade (with whole body
weight). This is the first iteration and later on maximum velocity
(horizontal, vertical and angular) would be added Figure 18.

%5 Edit Predefined Field x

Marme:  Initial_Falling_Welocity
Typer  Welocity

Step: Initial

Region: (Picked) [

Distribution: | Uniform v i)
Definition: | Translational only !

W1

W2 -100

W

Ok Cancel

Figure 18-Initial Velocity of a slow pace
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For the contact definition of blade and the hard floor
a coefficient of friction of 0.25 was chosen as
initial value based on my prior experiences (0.1 to
0.25 coefficient of friction is seen for glass and
silicon wafers on 0.05mm surface finish aluminum
surface). In reality this number would be likely
higher for most applications including track, turf, or
concrete floor. The normal interaction was set as
hard contact Figure 19.

Meshing was done on the blade only by choosing an
S4 element type (4 node doubly curved general
purpose shell, finite membrane strain) in explicit
mode and full integration as shown in Figure 2o0.

Only quadrilateral mesh built in structured way
was used to generate the mesh as shown in Figure
21. That led to a an ideal shape (all non-distorted
squares) meshing with 1308 elements and 1430
nodes as shown in Figure 22.

Alizadeh.yasser @gmail.com

% Edit Contact Property X 3% Edit Contact Property

Hame: Close-Contact

Name: Close-Contact

Contact Property Options

Tangential Behavior

Mechanical  Thermal  Electrical ¥ Mechanical  Thermal  Electrical v

Tengential Behavior Hormal Behavior

Friction formulation: Penalty e

Pressure-Overclosure:

"Hard® Contact v

Frictian  Shear Stress  Elastic Slip

Directionalty: (® tsotropic (0 Armsotropic (Standard only)
] Use slip-rate-dependent ot
(] Use contact pressure. dependent data

[ Use terperature- dependent data

Murnbsr of Field varisbles [}
Friction
015
oK Cancel oK Cancel
Figure 19- Contact properties definition
— Element Type X
Elernent Library Farnily
rd @ Explicit | Coupled Temperature-Displacement ~
Mernbrane
Geometric Order Surface
Quad  Tri
[ Reduced integration
Elernent Controls
Membrane strains: @ Finite ) Small ) Small, warping considered ol
Second-order accuracyr () Yes @) No
Hourglass control: ]
Elerment deletion: ® Use default (O ¥es O Mo
Max Degradation: ® Use default O Specify o
< >
S4 Ad-node doubly curved general-purpose shell, finite membrane strains.
Note: Toselectan elernent shape for meshing,
select "Mesh-»Controls” from the main menu bar,
Ok Defaults Cancel
Figure 20-Element type
a
5 Mesh Controls X | 2 giobal Seeds X
Shape Sizing Controls
uad O Quad-dominated O Tri Approximate global size: §
Technique Blgorithm Options [ Curvature cantrol
Minimize the mesh transition -‘Q’- Maximum deviation factor (0.0 <h/L < 1.0): |01
O Free D (Approximate number of elements per circle: 8
® Structured n Minimurm size control
Osweep [ ] (® By fraction of global size (0.0 < min < 1.0} 0.1
Redefine Region Comers.. ) By absolute value (0.0 < min < global size} 0.8
0K Defaults Cancel oK Defaults Cancel

Figure 21-Mesh control and size control of the mesh
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Figure 22-Meshed blade

Simulation results:

A dynamic explicit simulation for the time period of 0.05, was
good enough to simulate the impact of the athlete switching
weight on one blade from smm above vertically to the
ground.

Figure 24 shows the von-mises stress changes in the blade in
a few different time intervals.

a5 Edit Step
Marne: Dynamic_Explicit
Type: Dynamic, Explicit
{Basic! Incrementation  Mass scaling  Other
Description: | Person falling on one foot contact to hard floor from super close to ground
Tirne period: | 0.05
Migeam: On
[ Include adiabatic heating effects

e

Figure 23
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3, Mises b &

SMEG, (fraction = -1.0) | BN

(&vg: 100%) [N
+1,037e+01 <
+3.506e+00 =
+8.642e+00
+7.778e+00
+6,915e+00
+6.051e+00
+5,187e+00
+4.3246+00
+3,460e+00
+2.506e+00
+1.732e+00
+8.688e-01
+5.0648-03

e ODB: J-Model-2-Linear-Close_Impact.odh  Abagus/Explicit 3DEXPERIENCE R201¢

Step: Dynamic_Explicit, Person falling on one foot contact to hard floor from sups
Increment  378: Step Time = 5.0047E-04

z WPrimary var: 5, Mises
Deformed Yar; U Deformation Scale Factor: +1,000e+00

3, Mises

SNEG, (fraction = -1.0)

(Avg: 100%)
+1.549e+02
+1.420e+02
+1.291e+02
+1.162e+02
+1.033e+02
+9.042e+01
+7.752e+01
+6.462e+01
+5.172e+01
+3.881e+01
+2.591e+01
+1.301e+01
+1.049e-01

»-

&

X

% Frame Selector

Dynamic_Explicit

Dynamic_Explicit: 0Dynamic_Explicit 100
) e s

¥ 0DB: J-Model-2-Linear-Close_Impact.odb  Abagus/Explicit 3DEXPERIENCE R201

Step: Dynaric.| Exphcn Person falling on one fum cantact to hard floor fram sup
Increment : Step Time = 1,0001E-0;

z #Primary Var: S, M\ses
Deformed var: U Deformation Scale Factar: +1,000e+00

S, Mises
SNEG, (fraction = -1.0)
(Avg: 100%)
+3.733e+02
+3.424e+02 —
+3.114e+02
+2.805e+02
+2.495e+02
+2.186e+02
+1.876e+02
+1.567e+02
+1.257e+02
+9.474e+01
+6.379e+01
+3.284e+01
+1.882e+00

f\\‘
[

X

2 Frame Selector

Dynamic_Explicit

Dynam\t Explci: QDynami Bxlict: 100
T e o

¥ QDB J-Model-2-Linear-Close_Impact.odh  Abaqus/Explicit 3DEXPERIENCE R2

Step: Dynamic_Explicit, Person faling on one foot contact to hard flaor fram s
Increment 23415 Step Time = 3.0001E-02

2 ¥rimary Var: S, Mises
Deformed Yar: U Deformation Scale Factor: +1,000e+00

Alizadeh.yasser @gmail.com

S, Mises b4

SNEG, (fraction = -1.0)

(Avg: 100%)
+8.407e+01
+7.707e+01
+7.0082+01
+6,309e+01
+5.610e+01
+4.911e+01
+4.212e+01
+3.512e+01
+2.813e+01
+2.114e+01
+1.415e+01
+7.158e+00
+1.661e-01

x

4% Frame Selector

Dynarmic_xplicit
Dynamic_Explicit: 0Dynamic_Explicit: 100
g AW,

v ©DB: J-Model-2-Linear-Close_Impact.odb  Abaqus/Explicit 3DEXPERIENCE R201¢

Step: Dynamic_Explicit, Persar falling on one fnm contact to hard floor from supe
Increment 3779 Step Time = 5.0004E-01
z Wrimary Var: S, Mises
Deformed Yar: U Deformation Scale Factor: +1.000e+00

3, Mises
SNEG, (fraction = -1.0)
(Avg: 100%)
+3.660e+02
+3.356e+02
+3.052e+02
+2.747e+02
+2.443e+02
+2.138e+02
+1.834e+02
+1.530e+02
+1.225e+02
+9.209e+01
+6.165e+01
+3.121e+01
+7.666e-01

N
)

=

35 Frame Stlector x

Dynamic_Explicit

a0

Dynarmic_Explicit: 8Dynamic_Explicit: 100
L Lt 3

¥ ODB: J-Model-2-Linear-Close_Impact.odh  Abaqus/Explicit 3DEXPERIENCE R201

Step: Dynamic_Explicit, Person falling on ane Fuul contact to hard floor from sup
Increment 15455 Step Time = 2.0001E-0:

z Wrimary Var: S, Mis
Dformed var. U Dafarmation Scale Facter: +1.0002+00

S, Mises
SNEG, (fraction = -1.0)
(Avg: 100%) <
+1.366e+02 s
+1.253e+02 C’
+1.13%e+02
+1.025e+0
s,

+7.9808 +01
+6.84de+01
+5.707e+01
+4.571e+01
+3.43de+01
+2.297e+01
+1.161e+01
+2.427e-01

3 Frame Selector x

Dynamic_Explicit

Dynamic_Bxplicit; 0Dynamic_Explici
L e Rl

v ODB: J-Madel-2-Linear-Close_Impact.odb  Abagus/Explicit 3DEXPERIENCE R201%

Step: Dynamic_Explicit, Person falling on one foot contact te hard floor from supe
Increment  31244; Step Time = 4,0000E-02
z ¥Primary \ar: S, Mises
Deformed Yar: U Defarmation Scale Factor: +1,000&+00

Figure 24- Von Mises stress on the blade in different time intervals
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At no point the max Von-misses gets even close to the yield strength of the Aluminum 7068 which 689MPa, which
means blades at this scenario stay in elastic region (no plastic deformation).

About the deformation aspect, displacement of the top surface on the Y axis is of interest. As Figure 25 shows the
maximum elastic deformation on Y axis gets to around 165mm before blade start sliding on the ground horizontally
(due to my surface traction loading setting).

U, Magnitude ? U, Magnitude ?
+2.877e-01 +1.655e+02
+2.638e-01 +1.517e+02
+2.398e-01 . +1.380e+02
+2.158e-01 +1.242e+02
+1.918e-01 +1.104e+02
+1.679e-01 +9.657e+01
+1.439e-01 +8.277e+01
+1.199e-01 +6.898e+01
+9.592e-02 +5.518e+01
+7.194e-02 +4.139e+0T
+4.796e-02 +2.759e+01
+2.398e-02 +1.380e+01
+0.000e+00 +0.000e+00

= 45 Frame Selector X

Dynamic_Explicit Dynamic_Explicit

1 50

Dynamic_Explicit: 0Dynamic_Explicit: 100 Dynamic_Explicit: 0Dynamic_Explicit: 100

Y 0ODB: J-Model-2-Linear-Close_Impact.odb  Abaqus/Explicit 3D Y 0ODB: J-Model-2-Linear-Close_Impact.odb  Abaqus/Explicit 3D

Step: Dynamic_Explicit, Person falling on one foot contact to hard floor from supel Step: Dynamic_Explicit, Person falling on one foot contact to hard floor from sup
Increment 378: Step Time = 5.0047E-04 Increment 19453: Step Time = 2.5001E-02

2 XPrimary Var: U, Magnitude z XPrimary Yar: U, Magnitude
Deformed Var: U Deformation Scale Factor: +1.000e+00 Deformed Yar: U Deformation Scale Factor: +1.000e+00

Figure 25- U2 at step 1 and 50

But before changing the loading setting to test for the real worst-case scenario (like jumping down from a height
vertically) or adding 6-7 m/s velocity on X direction. I checked for two things; first weight of the blade, and second ratio
of artificial strain energy to total internal energy.

Weight is important as part of the design goals. Getting a query on mass properties reveal the mass of the blade is 1.24e-
3 ton or 1.24Kg. This falls within our initial acceptable design goal and is only 24% above the top of the line commercially
available Ossur Extend blade with around 1Kg weight.

Ratio of artificial strain energy to the whole model kinetic energy, is an important indicator of proper meshing and
minimum hourglass phenomenon in explicit dynamic analysis. While the maximum artificial strain energy reads as
8.219joule the maximum value of the whole model kinetic energy is calculated as 55150 joule, leading to a ratio of
0.00014, which is mush less than 2% as the rule of thumb for the acceptable limit.
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Energy

Time

[—  ALLAE Whole Model

Figure 26- Maximum artificial strain energy of the whole model is calculated as 8.21 joule

[x1.E3]
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40.b
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30 F

Energy

20.F

.
S0@.02 0.03
Time

——  ALLAE Whole Model
——  ALLKE Whole Model

Figure 27-Maximum kinetic energy of the whole model is calculated as 55150 joule

In the next round of simulation, I add an initial velocity of 7 m/s on X direction and increase the initial Y velocity to
simulate a condition of falling 1 m while running (a situation like hurdling). Also, to further reduce the weight of the
blades, material is changed to composite as explain below. That also helps with the extreme loading situation since most

likely the max Von-mises would exceed the yield strength of 7068 alloy too.
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Explicit dynamic modeling of composite blade in hurdling situation

Although it’s impossible to imagine the “worst-case scenario” for this open-
ended problem, a reasonable extreme loading could be imagined for when the
runner is participating in a hurdling event. Hurdles are 3 foot and 6 inches
tall (1.06m) in an Olympic event. So, a vertical fall of 1000 mm is added to the
simulation. That translates to 4420 mm/s as the vertical velocity just before

the (v=,u®+2gdu whreu=0,g =

9810 Zl—zm ,and du = 1000mm) . Horizontal velocity of the runner perhaps

hitting ground

has little effect overall on the extreme loading situation, yet we will consider
an initial velocity of 7000 on the horizontal axis as well.

Alizadeh.yasser @gmail.com

5 Edit Predefined Field *

Marme:  Initial_Falling_\elocity

Type:  Melocity

Stept Initial

Region: (Picked) [3

fix)

Distribution: | Uniform i
Definition: | Translational only d
W1t 7000

Wa | -4420

Wi

000
000

Ok Cancel

Figure 28- Modified initial velocity for the
extreme loading scenario

Also as mentioned earlier, the typical contact time of each blade on the ground is 0.14s [4]. This is added as the

amplitude for the unloading as below.

Name: Amp-1

Type: Tabular =

Time span: Step time | h
0.80
Smoothing: © U e
Os

Amplitude Data

TimejFrequency

2 014

oK Cancel

0.12

—— Contact Time

Figure 29- With a 7m/s the average contact time of runner's each blade is 0.14 [4]. With the blade being modeled in close distance of
the ground, it’s reasonable to model this as unloading amplitude from time zero to 0.14s

To add the composite, the section assigmnet was deleted and a composite layup was

built using conventional shell as shown in Figure 30.

% Create Composite Layup %

Marne: | hulti_Layer Cornposit
iF

Initial ply count:

Element Type

Conventional Shell

Continuurm Shell
Solid

Figure 30-Creating Conventional
Shell Composite Layup

Cancel
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For the tensile and shear mdolus of composites avilalbe online sources were used and HM Carbon Fiber UD and
two layers of Kevlar were picked for composite layup [9]. To maintain the overall thickness of 5mm two kevlar layers
of 1.5mm thickness were used around a 2mm core Carbon Fiber UD. Ultimate tensile stregth of the carbon fiber and
Kevlar fabrics are outlined as 1000 MPa and 1300 MPa longitudinally (for reference the ultimate tensile stregth of 416
stainless steel alloy is 741 MPa) and 40Mpa and 30MPa respectively at 9o degree. Density of these materials are even
less than previous case of aluminum at 1600 Kg/m? and 1400 Kg/m? respectively (enetred in Abaqus as ton/mm?).

e
& Edit Material X & EditMaterial x
Name: HM_Carbon_FiberUD Narme: Kevlat Fabiic

Description: §  Duistion: >

Material Behaviors Material Behaviors

Density Density

Genersl  Mechanical  Thermal  Electrical/Magnetic  Other o General  Mechanical Themmal  Electrical/Magnetic  Other ”
Elastic Elastic

_ o = .
Type: |Lamina Suboptions Tyt | Larmina gl = Suboptions

[ Use temperature-dependent dats 1 i tirmperabine-depadens avti

Murnber of field variables: 0 Number of field variables: e

Maduli time scale forviscoelasticity): Long-term Modulitime scale forviscoelasticiti [Longtemn ]

[ No campression
[ Na compression

[ No tension Dl e tssisian
Data Data
E1 2 Lo s a3 s E1 E2 Nu12 G12 G13 G23
L i L o 10 1 30000 30000 0z 5000 12000
i L < >
oK Cancel oK Cancel
Figure 31-Properties of two carbon fiber UD and Kevlar fabric used in the composite layup
S Edit Composite Layup x

Marme: bulti_Layer_Composite

Elernenttype: Cornwventional Shell Descriptian: |

Layup Orientation
Definition: | Part global ™| %

Part coordinate systerm

Mormal direction: (O &xis 1 () Axis 2 (@) Auxis 3

Section integration: (@ During analysis (O Before anakysis
Thickness integration rule: @ Simpson (O Gauss

Plies  Offset  Shell Pararneters  Display

[] Make calculated sections symrnetric

s e |

Ply Name Region Material Thickness C5YS RDA:'agtli:n Intl:aogi:lattsion
1 " Keular_Fabric_in (Picked) Kewlar_Fahric 1.5 <layups -45 3
2 & A _Carbon_fiber | {Picked) A_Carban_Fiber_ 2 <Layups 0 3
13 % Zevlar fabric_owl (Picked) Kewlar_Fabric 1.3 <Layup» 45 _E
0K Cancel

Figure 32- Composite layup of the blade
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A query on the ply stack plot confirms the right orientation of the composits on the blade sections.

= Query 4

General Queries

Distance

Angle

Feature

Shell element normals
Beam element tangents
Mesh stack orientation
Mesh

Element

Mesh gapsfintersections
Mass properties
Geometry diagnostics v |

Praperty Module Queries

egions missing sections
Beam orientations
Material orientations
Rebar orientations

Ply stack plot
Disjoint ply regions

Layup: "Multi_Layer Composite"
Total thickness: 5.000000.

kgp\ot of plies 1 to 3, of 3,

Figure 33- Ply stack up query to confirm the lamina orientation

One more time the artificial strain energy relative to whole kinetic energy of the model is calculated well below 2%
acceptance limit (~o. 079%).

100 [”rﬂ
]

>
8
g
2
&
40. / \
N
20.1 / \/\\\A / \j\/\ A /\\ /\N/V\V\_/\\[/\Mww
W v -
0 , . .
0.00 0.05 0.10 0.15
Time
—— ALLAE PI: RUNNING_BLADE_SHELL-1 ELSET MULTI_LAYER_COMPOSITE-1
[x1.E6]
|z
/4
12

TAGAN

0.00 0.05 0.10 0.15
Time
——  ALLAE PI: RUNNING_BLADE_SHELL-1 ELSET MULTI_LAYER_COMPOSITE-1
——  ALLKE PI: RUNNING_BLADE_SHELL-1 ELSET MULTI_LAYER_COMPOSITE-1

Figure 34- Artificial strain energy (top) vs Kinetic Energy and artificial strain energy (bottom)

16|Page



Yasser Alizadeh, Ph.D.

Alizadeh.yasser @gmail.com

Also max von-mises stress stays below ultimate tensile strength of the materials as shown below.

S, Mises
SNEG, (fraction = -1.0), Layer = 1
(Avg: T5%)

+3.199+01

+2.9398+01

+2,679e+01

+2,419e+01

+2,1588+01

+7.8228-01

x

% Frame Selector

Dynamic_Explicit

Dynamic_Explicit: 0Dynamic_Explicit: 100
1 iLr )

v QODB: 1-Model-2-Linear-Close-Impact-Composite-Carbon_Kevlar.odb

Step: Dynamic_Explicit, Person falling on one foot contact to hard floor from super close to gr

Increment  1680: Step Time = 1,5002E-03
z KPrimary Yar: 5, Mises
Deformed Var: U Deformation Scale Factor: +1,000e+00

S, Mises

SNEG, (fraction = -1.0), Layer = 1

(Avg; 75%)
+3.716e+02
+3.407e+02
+3.098e+02
+2.789e+02
+2,480e+02
+2,171e+02
+1.862e+02
+1.553e+02
+1.244e+02
+9,351e+01
+6.261e+01
+3.170e+01
+7.997e-01

4= Frame Selector X
Dynamic_Explicit

10

Dynamic_Explicit: 0Dynamic_Explicit: 100
|

v 0DB: 1-Model-2-Linear-Close-Impact-Composite-Carbon_Kevlar.odb

l Step: Dynamic_Explicit, Person falling on one foot contact to hard flaor from super close to gr

Increment 17117 Step Time = 1.5000E-02
z wPrimary Yar: S, Mises
Deformed Var: U Deformation Scale Factar: +1.000e+00

Abagus/Explicit 3DEXPE

Ahagus/Explicit 3DEXPE

s, Mises

SHEG, (fraction = -1.0), Layer = 1

(Avg: 75%)
+1.1028+02
+1.010e+02
+3.189e+01
+8.276e+01
+7.362e+01
+6.449e+01
+5.535e+01
+4.622e+01
+3.708e+01
+2.7958+01
+1.881e+01
+3.679e+00
+5.4432-01

3¢ Frame Selector

Dynamic_Explicit

Dynamic_Explicit: 0Dynamic_Explicit: 100
=L

i

¥ 0DB: J-Model-2-Linear-Close-Impact-Composite-Carbon_Kevlar.odb

Step: Dynamic_Explicit, Person falling on one foot contact to hard floor from
Increment 8481 Step Time =  7.5000E-03

z wPrimary Var: S, Mises
Deformed Yar: U Deformation Scale Factor: +1.000e+00

S, Mises

SMEG, (fraction = -1.0), Layer = 1

(Avg: 759%)
+1.5068+02
+17383e+02
+1.260e+02
+1.137e+02
+1.0148+02
+8.909e+01
+7.673e+01
+6.448e+01
+5.217e+01
+3.937e+01
+2,7568+01
+1.5268+01
+2.855e+00

= Frame Selector X

Dynamic_Explicit
Dynamic_Esplicit: 0Dynamic_Explicit: 100
|

20

¥ QDB: J-Model-2-Linear-Close-Impact-Composite-Carbon_Kevlar.odb

Step: Dynamic_Explicit, Person falling on one foot contact to hard floor from
Increment  34399: Step Time = 3,0000E-02

z wPrimary Var: S, Mises
Defarmed var: U Defarmation Scale Factor: +1.000e+00

Abagus/Explicit 3DEXPE

super close to gt

Abagus/Explicit IDEXPE

super close to qi

Figure 35- Von-Mises stress in 0.0015 second, 0.0075 second, 0.015 second, and 0.03 second after contact

Max von-mises happens at time (0.018 seconds) for a region shown in

in Figure 36.

Figure 36 shows the Von-Mises stress for a node at this region that
experiences the highest stress throughout the simulation as 465 MPa.

S, Mises
SNEG, (fraction = -1.0), Layer = 1
(Avg: 75%)

+7.7226-01

% Frame Selector x

Dynamic_Bxplicit
Oynarmic_Explicis QDynarmic_Explicts 100
i i

¥

Primary Var: S, Mises

0DB: J-Model-2-Linear-Close-Impact-Composite-Carbon_Kevlar.odh  Abagus/Explicit 3DEXP

Step: Dynarmic_Explicit, Person faling on one
« Increment  50574: Step Time = 1.8000E-0:

foot contact to hard floor from super close to g
2

Figure 36- Region that experiences the max Von-mises
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Stress

—  SiMises (Avg: 75%) SPi1 PI: RUNNING_BLADE_SHELL-1 N: 1180
——  S:Mises (Avg: 75%) SP:9 PI: RUNNING_BLADE_SHELL-1 N: 1180

Figure 37- Von-Mises stress at Node 1180 through simulation

Figure 38 in the other hand shows the amount of displacement on Y direction in the same time intervals.

u, Uz U, Uz
+0.000e+00 +2.152e+401
-8.462e-01 +1.198e+01
-1.6938+00 +2.450e+00
-2.5398+00 082e+00
-3.385e+00 -1.661e+01
-4,2328+00 -2.6158+01
-5.078e+00
-5.024e+00
-6.771e+00
-7.617e+00
-8.463e+00
-9.310e+00
-1.016e+01 -8.287e+01

&

3% Frame Selector X

Dynamic_Explicit Dynamic_Explicit
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Dynamic_Explicit; 0Dynamic_Explicit: 100 Dynarmic_Explicit: 0Dynamic_Explicit: 100
L1 L
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Increment 81: Step Time = 7.5000E-0

z stPrimary War: U, U2

Deformed var: U Deformation Scale Factor: +1.000e+00

Increment 1689: Step Time = 1.5002E-0
wPrimary Var: U, e
Deformed Var: U Deformation Scale Factor: +1.000e+00

I Step: Dynamic_Explicit, Person faling an cne foot contact to hard floor fram =3

>..

u, uz

+8.785e+01

+5.951e+01

+3.117e+01

+2.831e+00 z
-2,5518+01

-5.385e+01

-8.219e+01

-1.105e+02

-1.389e+02

-1.672e+02

u, vz

+2.035e+01
+8.65%9e+00
-3.032e+00
-1.472e+01
-2.641e+01
-3.810e+01
-4.980e+01
-6.149e+01
~7.318e+01
-8.487e+01

-1.955e+02
-2.23%+02
-2.522e+02

-9.656e+01
-1.083e+02
-1.199e+02

4F Frame Selector

Dynamic_Explicit
. Dynamic_Explicit: QDynamic_Explicit: 100

Dynamic_Explicit

0 T Dynamic_Explicit: 0Dynamic_Explicit: 100
0 |
v ODB: J-Madel-2-Linear-Clase-Impact-Composite-Carhon_Kevlar.odh  hagus/Explicit- 3DEXPE
v 0DB: J-Maodel-2-Linear-Close-Impact-Compasite-Carban_Kevlar,odh
Step: Dynamic_Explicit, Person falling on ane foot contact ta hard floor from super close ta g
Increment 17117 Step Time = 1.5000E-02 Step: Dynamic_Explicit, Person falling on one foot contact to hard floor from
z wPrimary Var: U, Uz Increment 34399 Step Time = 3.0000E-02

Deformed Var: U Deformation Scale Factor: +1.000e+00 z wPrimary Var: U, U2

Deformed var: U Deformation Scale Factor: +1,000e+00

Figure 38- Displacement on Y direction at 0.0015 second, 0.0075 second, 0.015 second, and 0.03 second after contact
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Conclusion

This design, with all the assumption mentioned earlier meet the design goals. First the maximum Von-mises in the
blade is always less than 465MPa for the composite design that is at 30% of the ultimate tensile strength of the composite
materials. So, assuming the feasibility of making a three layer composite as mentioned earlier and overlooking the
properties of the bonding, material should withstand the extreme loading situation and even high cycles of loading.

Also moving from Aluminum 7068 to this composite material while maintaining the same thickness, weight of blade
was reduced to 0.647 Kg which even considering the extra weight of the socket cap, bolts and shock absorber elastomer
add-ons, the total weight should stay below 1Kg, which is the ideal goal.
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