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Abstract. Formula Student represents the main motorsport activity for
future professionals during their academic preparation. There is intensive
migration from the prototypes with an internal combustion engine to
electrical vehicles. The challenge of electric vehicles is the weight of the
batteries which has to be compensated. The Topological Optimization
process represents a method of removing volume and mass of the component
(elements of mesh) with the aid of the discretization allowed by the finite
element method (FEM) until a mass or stress constraint is attained. The
results come in a complex shape, the material being kept only in the stress-
strain directions. The manufacturing process is usually as complex, being
employed high complexity technologies such as Selective Laser Melting
(SLM). Improved strength-to-weight ratio materials are to be considered to
obtain the most performant design of a specific component. The present
paper presents the topological optimization process of the steering knuckle
for the Formula Student electric vehicle of ART-TU Team of Technical
University of Cluj-Napoca. It means that the part is simulated and optimized
through Ansys Static Structural and there is done post-processing of the
component along with Data Validation. The conclusions consist of the
viability of the Topological Optimization process when designing complex
components for performance automotive.

1 Introduction

A Topological Optimization procedure is a means of optimizing the structure of a component
to achieve the most favorable strength-to-weight ratio. The method consists of the
discretization of the CAD model and removing by iterations elements that are redundant into
the structural strength of the part. The constraints consist of the mass, volume, or stress limit
which is imposed on the optimized design. [1]
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Fig. 1. ART-TU Formula Student Mono-Post

Formula SAE represents a competition made by Formula SAE International Organization
from the USA where students from around the world develop a fully functional racetrack
prototype. The design of the steering knuckle was carried out for the Formula SAE vehicle
developed by the ART-TU team from Technical University of Cluj-Napoca, the prototype
which can be observed in Fig. 1. It is an electric vehicle (EV), where the overall weight is a
challenge due to the battery pack. The main challenge in design is to conduct an optimization
process on components to have a lightweight design, keeping the functionality to the same
standards. [2]

The methodology for the paper is the complete parametrization and enabling the top-
down design methods in CATIA V5. After the design phase, there are carried out FEM static
simulations, including analytical calculus of loads, materials assignment. The topological
optimization process is done through the Ansys Topological Optimization module and it is
post-processed with Ansys SpaceClaim. The Simulations are to be discussed in Chapter 3.1
and the feasibility of the design and simulation methods are concluded.

2 Materials and Methods

2.1 Materials

There were distinguished two cases of manufacturing technologies (and different materials
for this application). At first, there is considered a machined part. In this case, there was
found that aluminum is the most suitable material for the machined component. The study
case has taken as an option the AA 7075. It is used widely in the automotive and aerospace
engineering fields due to its ratio of strength in comparison with weight [3].
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Fig 2. Tensile Diagram for AA-7075 [4]

The mechanical characteristics of AA 7075 are presented in Table 1. Its density is higher
than pure aluminum (2810 kg/m? vs 2700 kg/m®) due to alloying elements, but the tensile
strength is significantly higher than ordinary AA 1050 which is widely used for ordinary
parts manufactured from aluminum (375 MPa in comparison to 110 MPa) as one may notice
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in Fig 2. The tensile diagram shows that the profile of the AA7075 has a smaller strain until
rupture, but significantly high yield strength compared to the ordinary AA 1050. [5]

Table 1. The Mechanical Properties of AA 7075 T6 [6]

Mechanical Property Value
Density [kg/m?] 2810
Yield Strength [MPa] 375
Modulus of Elasticity [GPa] 71.7
Poisson Ratio [-] 0.33

For Selective Laser Melting, there is a limited supply of materials. There are several
stainless-steel alloys (widely used 306L), titanium alloys (Ti-6Al-4V, Ti-6Al-Nb), and
Inconel 718 or Hastalloy (nickel-based alloys). Due to the strength to weight ratio needed for
this application, the material chosen was Ti-6Al-4V grade 5, a common titanium alloy used
in automotive and aerospace industry and in some cases in medical applications. In Table 2
are enlisted the characteristics of the material as SLM printed samples. [6]

Table 2. Mechanical Properties of Ti-6A1-4V Grade 5 alloy in form of SLM specimens [7]

Mechanical Property Value
Density [kg/m?] 4430
Yield Strength [MPa] 1098+45
Modulus of Elasticity [GPa] 109+6.3
Poisson Ratio [-] 0.342

In comparison, with AA 7065 T6 presented previously, the Titanium alloy has a density
of 4430 kg/m? (it is considered 100% relative density for the simplification) which is roughly
1.5 times more than aluminum alloy chosen for the machined variant of the steering knuckle.
The Yield Strength is significantly increased (from 375 MPa, to 1090 MPa), which is 1.75
times higher. [7]
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Fig. 3 Tensile characteristics of specimens obtained by SLM and Forging Ti-6Al-4V alloy [8]

In Fig. 3, one may notice that all the samples of Ti-6Al-4V printed on SLM with 250W
and different scanning speeds are superior to the forged-based samples. This fact is
explainable because the printing includes a secondary complex heat treatment onto the SLM-
based samples. The forged-based material is around 880 MPa, while SLM based part has a
yield strength of 1250 MPa for 275W laser power and 850 mm/s scanning speed.
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Alternatively, the printed parts are subjected to stress-relief sonic or heat-treatments to
eliminate the residual stresses and re-crystallization annealing for having an equiaxed grain
structure. [9]
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Fig. 4.Tensile Curve for Ti-6Al-4V SLM Samples [7]

The materials are defined in Ansys with the properties defined in Table 1 and Table 2. in
the Engineering Data of Ansys structural simulation, the material assignment being one of
the steps of pre-processing FEM simulations.

2.2 Design of the Component

The design of the part is made by Boolean Design Method using intense parametrization of
dimensional measurements. The component is designed for a Formulae SAE EV. Taking into
consideration this aim of the part, the design should be flexible to be customized and
accessible to be adapted to different configurations of the concept car, using intense
parametrization and top-down design.

The steering knuckle (upright) represents a key component linked to suspension, steering,
braking, and powertrain systems. It is a static part that is among the mobile parts. The stiffness
of the part needs special attention in the design phase, due to its influence upon the wishbones
of the suspension, which are dynamically loaded onto a regular driving routine. It links as
well as the steering system through tie rods. The braking phenomenon includes intense
vibrations into the vehicle. Nevertheless, the rotation of the wheel is driven by the wheel hub
which is mounted with the aid of bearing couplings onto the steering knuckle. There are
highlighted all the links presented before in

Fig. 5[10].
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Fig. 5. The Design of the Steering Knuckle
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The Boolean Design Method relies upon a specific procedure that makes use of
defining different bodies with a single feature. The final product is represented by multiple
Boolean operations such as Add, Remove, Intersect, Assemble, or Union Trim.

2.3 The Boundary Conditions and FEM Pre-Processing

The Boundary Conditions for steering and suspension systems in this simulation are
considered in Table 3. There is considered a similar vehicle developed by California
Polytechnic State University from San Luis, California for a Formula SAE Vehicle. [11]

Table 3. Forces for the Suspension System on Steering Knuckle [11]

Force [N] Value
Upper Wishbone Left 929.8
Upper Wishbone Right 892.8
Tie Rod 2318.5
Lower Wishbone Left 1720.8
Lower Wishbone Right 2258.4
Pull/Push Rod 4239

For the Braking System, there was considered a calculation based on the weight of the
vehicle and the deceleration needed for the vehicle to fulfil the regulation rule to lock all 4
wheels, resulting in the force on the brackets of 2207 N. The calculus was carried out in
Mathcad and based on the formulas presented in [12] and on the regulation of Formula
Student (FSAE). [13]

W=m-g=4000N @)

Fonax= Wrtp=2207 N )

Where: W-Gravity of the vehicle [N];
m-mass of the vehicle [kg];
g-gravitational acceleration (9.81 m/s?).
Finax — Maximum braking force [N]
Up — Friction coefficient (0.55) [-]

The bearing loads (interface with the power-train system) were calculated. The
approximate weight was considered as 400 kg for the entire vehicle and the weight
distribution was considered 80% for the front wheels during the braking of the vehicle and
steering with a lateral force of 1.7G (values from the design recommendations of FSAE
competition, which is 1.5G and a 0.2G addition as a safety factor). The parameters were
calculated with the formulas (3) and (4), the axial load and F,= 6800N and radial load F=
1600N. [14] [15]

F.=0.4-W = 1600N 3)
Fu=1.7-W= 6800N @)

Where: F; — radial force [N]
F, — axial force [N]

The Boundaries are applied similarly on the coordinate systems like the ones defined in
the Design Phase of the Steering Knuckle. One may see in Fig. 6 that there were defined
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coordinate systems for the central bearing, where axial and radial forces on the bearing are
applied.
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Fig. 6. The Reference Coordinate Systems on the Steering Knuckle

In Fig. 7 a), there were measured the upper wishbone angle, which is around 46°, which
was set up equally for the arms at 23°, to have a uniform distribution of forces through the
upper wishbone of the suspension. The lower suspension angle was considered roughly 41.3°
with a 20.75° between the lower arms of the suspension and the neutral line as one may notice

in Fig. 7. b).

(2) (b) ©
Fig. 7. Suspension Angles: a) Lower Wishbone; b) Upper Wishbone; c¢) Pull/Push Rod.

The pull/push rod was considered on the lower wishbone due to vehicle dynamics and
calculated within the Formula Student Team of Technical University of Cluj-Napoca, with
an angle of roughly 50° angle difference from the horizontal plane as measured in Fig. 7. c).

Into a FEM simulation, the degrees of freedom should be limited. Because of the dynamic
movement of the entire axle, there was considered a simplification. The central hole of the
steering knuckle on which bearings and wheel hub are mounted was considered fixed because
the wheel should maintain its relative position to the steering knuckle whatever bump is
approached. The orientation of forces is presented in Fig. 8. with the values presented in this
Table 3, and the fixed support that was considered.
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Fig. 8. The Boundary Conditions of the Simulation

2.4 Topological Optimization for SLM based Design (Organic-Shape
Design)

The Topological Optimization consists of the computerized processing of the part with the
loads applied on it and eliminating elements from the mesh, implicitly from the part to reduce
mass. The excluded area are the couples where boundary conditions are applied and results
come in complex irregular shapes such as Fig. 9 shows.

Fig. 9. The Topological Optimization Result (Uncleaned Version)

Through SLM those areas will suffer in dimensional accuracy and post-processing
machining processes are needed for the functional areas presented in Fig. 8 and finishing
treatments such as sandblasting could be employed. To ensure the depth of cut in this case
and the shrinkage of the part during cooling phase of SLM, the part will be scaled with 1%.
The criterion of optimization is the mass reduction of the component to 40%.

The primary design, the resulted “.stl” from the Topology Optimization of Ansys is
relatively rough due to discretization and the algorithm of optimization. which removed
unnecessary elements. The part is smoothed and post-processed and then the faceted part is
skinned to have a closed volume with fewer surfaces, which can be edited and easier to mesh.
After, there were executed Boolean Operations in Ansys SpaceClaim as noticeable in Fig 10
from the Topological Optimized part to have smooth faces in the couplings area (ball joint,
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brake caliper, steering bracket, and bearing). These operations are similar in approach in real
life, where the part is post-processed to obtain the functional dimensions, and the tolerances
needed. The other advantage is to adjust geometry on the added faces to influence the design,
an example being wishbone couplings which can be increased either in diameter or in
thickness.

X

A
.Y

Fig 10. Post-Processing of Topological Optimized Component

A comparative volume design is shown in Fig. 11. The initial part is represented in a
semi-transparent volume, which is significantly high visually. The gray part represents the
Topological Optimized component. The difference in volume is visible and the parts attached
to the suspension wishbones are significantly thinner. The difference in volume reflects the
time needed for manufacturing in the case of the SLM variant, the build-up rate of the SLM
machines being one of their main specifications.

Manufacturing Volume
Method
Machined 343.3cm’?
SLM 157.3 cm?

Fig. 11. Comparison between machined and 3D printed part
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Fig. 12 Mass and Volume Statistics for Machined Component from AA 7075
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Fig. 13. Mass and Volume Statistics for SLM Component from Ti-6Al-4V

As one may notice in Table 4, the original mass was reduced from 1.51 kg (if machined
from Ti-6Al-4V) or 0.965 kg (machined from AA 7075 as one may see in Fig. 12) to only
0.683 kg (visible in Fig. 13) which is about 45.2% of the original mass, lower than the
aluminum machined component with 29.28%, assuming a relative density of the SLM part
of 100%, even though this is virtually impossible, but relative density of 99.7% can be
obtained. The aluminum variant manufactured through SLM is the lightest, but it is
unfeasible as it will be presented in Section 3.2.

Table 4. Mass Comparison between the Constructive Variants

Manufacturing Method | Material Mass (kg)
Machining AA-7075 0.965
Machining Ti-6Al-4V 1.512
Additive Manufacturing | AA-7075 0.442
Additive Manufacturing | Ti-6Al1-4V 0.683
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3 Results and Discussions

3.1 The Simulation Results and Safety Coefficients

The simulation was carried out with Ansys Static Structural to assess the design of the
steering knuckle machined from AA 7075-T6 considered in Section 2.2 and the boundary
conditions presented in Section 2.3.
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Fig. 14. The Stress and Strain Results of the Static Simulation

In the first place, the stress figures are to be considered. The maximum stress was 71.7
MPa as visible in Fig. 14. They are compared to the Yield Strength of the material (AA-7075
T6 and then assuring that the maximum value of Von-Misses stress does not exceed the yield
strength). The equivalent strain has a peak value of 6e-5 mm/mm (0.11%) almost half under
the conventional value of 0.2% as admissible for the elastic domain. For the same component
manufactured from Ti-6Al-4V, the strain decreases to 0.076%.
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Fig. 15. Strain Values for Machined Ti-6Al1-4V Component

For the machined variant, there could be noticed in Fig. 16. the safety factor. In the case
of AA 7075, there is a minimal safety coefficient of 5.27, whereas for titanium is almost 10.
This means that the components are over-sized based on the strength needed and optimization
should be done.

10
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Fig. 16. Safety Factor for Machined Upright from AA 7075-T6 and Ti-6Al1-4V

3.2 Data Validation

The Topological Optimized part is subjected to FEM simulation with similar loads presented
in Section 2.3, to test the optimized part whether it fulfills strength and strain criteria,
ensuring that the component works only in the elastic domain. As one may notice in Fig. 17,
the maximum stress value (Von-Misses) is around 200.37 MPa and strain to 0.001748
mm/mm (0.175%) for the Ti-6Al-4V, which is relatively high in comparison and happens at
the adjoint faces of the faceted body resulted from topology optimization and the faces added
with Boolean Operations in SpaceClaim. The strain value is close to the conventional yield
strain (0.2%), which means the optimization could not go further.
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Fig. 17. The Data Validation Stress Simulation and Strain Simulation

By changing the material from AA 7075 to Ti-6Al-4V, the tensile strength is changing
from 375 MPa to 1090 MPa as presented in Section 2.1. Nevertheless, SLM manufactured
specimens shown a superior strength due to a complex laser heat treatment up to 1090 MPa.
In Fig. 18, the strain for aluminum peaks at 0.00296 mm/mm (0.296%), which means that
the knuckle made from aluminum by SLM is not feasible, being plastically deformed.
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Fig. 18 Strain Results for AA 7075 SLM

The Fig. 19. presents the safety factor for the part considered being manufactured from
Ti-6Al-4V with a minimal safety coefficient of 5.47 and from AA 7075 where the minimal
value is only 1.87. This means that the part for titanium is more than 2, which is satisfactory
for this application, whereas for the aluminum variant the chances of breaking the part are
quite high, resulting in an unacceptable component in terms of safety. The strain as presented
before is the limit condition for the component to maintain its elastic behavior. [16]
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Fig. 19. Safety Factor for 3D printed part from Ti-6A1-4V and AA 7075-T6

4 Conclusions

To conclude, the FEM simulations presented in this paper made assess the functionality of
the part in the context of an assembly. It is a relatively simple solution to adjust the design
concerning the loads which are withstood by the steering knuckle. The Topological
Optimization process enables the organic design which is mainly focused on the strength-to-
weight improving ratio of the component and the 3D printing CAD model, which is the final
aim of this paper.

Considering that the part has been reduced through Topological Optimization to only
45.2% of its original mass (compared for same materials) and 29.28% of the machined variant
from AA 7075, the method proved feasible for the design of such components. In addition,
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the safety coefficient is increased with 3.06% (comparing the unoptimized AA 7075 and the
optimized Ti-6Al-4V design variants), the strain being the only limitation for further
optimization. For a Formula SAE electric vehicle, such reduction means that for all the 4
uprights the mass was reduced with more than a knuckle. The topological optimized variant
could be directly printed by SLM, being a suitable study-case for Design for Additive
Manufacturing Method. However, due to the prohibitive cost of such technologies, there
could be employed a less expensive variant of making a silicone rubber mould after a Fused
Deposition Modelling (FDM) based model from poly-lactic acid polymer (PLA), casting a
wax master model which is used for casting the Ti-6Al-4V steering knuckle, eventually
machining only the functional joints.

The original contributions in this paper are largely FEM simulations in Ansys, especially
topological optimization, the post-processing of the model being considered crucial to obtain
not only functional parts in term of geometry, but also a fluid design which tends to come
closer to natural shape design, with a striking similarity to bones, this kind of component
being crucial in the skeleton of the EV presented in Chapter 1 of the present paper.
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