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ABSTRACT

During the spring of 2011 the PACE Formula-1 race car is scheduled to complete an
official time trial at the Miller Motorsports Park, Tooele, Utah, USA. While the car will
be racing solo, there exist potential structures that the car could impact. University
and track officials have requested, as a result, an analysis of the Formula-1 race car
crash worthiness to alleviate concerns about the driver's safety and verify the
mechanical integrity of the car. In order to validate the crash worthiness and overall
safety provided by the monocoque design and fabrication, students at BYU performed
two FEA crash simulations and analyzed the results. The two crash simulations
performed are a frontal impact with a wall and a side impact with a pole. These
students commenced this project by using a NX CAD model simplification of the race
car, preprocessing this model in HyperMesh, and solving various crash scenarios with
LS-DYNA. The students were mentored by an application engineer from LSTC and
faculty from BYU. This paper discusses the processes of taking the NX car assembly
model that was created by students from 26 different PACE universities and the steps
taken to perform the two FEA crash simulations. Some of the post processing involved
in the development of the FEA simulations included, simplifying it into exterior surface
models, importing the surfaces into HyperMesh for meshing and mesh optimization,
assigning material properties, assigning loads and constraints, and impact structures
This paper concludes with a discussion of the results of the two FEA crash simulations
and the verification of crash worthiness. Crash worthiness will be defined as the ability
of the car to absorb the energy from impact as well as, the ability to avoid foreign
material in the monocoque area.
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1 INTRODUCTION

As the top tier of racing, Formula One is an accumulation of high performance technology to maximize
speed and control, while also ensuring the safety of the driver. Formula One cars frequently race at
speeds of up to 220 mph and are capable of a lateral acceleration nearing 5g. High-speed stability and
control for these extreme maneuvers are provided by precise aerodynamic calculations, finely tuned
hard suspensions and tight grip tires. However, as stable and grounded a car can be made, it needs to
be safe – safe for the driver and safe for the environment and surroundings it collides with.

The FIA – Formula One’s regulating body – has regulated the design of Formula One cars with
specific safety requirements to protect the driver because the majority of Formula One crashes occur
at high speeds [1]. These requirements, introduced in 1985 and supervised closely by the FIA, comprise
dynamic (moving) crash tests, static load tests and rollover tests [4]. In addition to the driver’s
protective equipment and gear (see Figure 1), the F1 car itself is designed for crashworthiness and
possesses special sacrificial impact structures which absorb the race car’s kinetic energy and limit the
decelerations acting on the human body [5]. For a Formula One car to be approved and authorized for
racing, the driver’s cell or cockpit must remain undamaged throughout all crash tests except the
rollover test, wherein damage (up to 50 mm of deformation) is expected for rapid, cyclic and high
intensity collisions. Static load tests are carried out on the chassis’ front, side and rear structures to
ensure that they can withstand the levels of collateral pressure to the floor below the fuel tank
(diffuser), the nose mount, and to the chassis’ sides at leg and seat levels [4]. The surfaces in question
may only deflect or deform with specified limits and there must be no damage to the structural
integrity of the survival cell or gearbox [4]. The main philosophy behind crashworthiness regulations is
to assure that the driver is enclosed within a strong survival cell, surrounded by energy-absorbing
structures in the front, back and sides [5]. Upon impact, these energy absorbing structures, such as the
monocoque (see Figure 1 [2]), wings and side panels, and nose heads, made of composite or carbon
fiber material, or component connections such as rivets and bolts, must either absorb the energy by
self-deformation or transmit the energy to structures that will absorb the impact forces. The driver,
consequently, must be surrounded by such components and structures that diffuse the high-impulse
energy.

Although the FIA uses physical tests to determine the crash worthiness of a Formula One race car,
FEA is emerging as a popular method to gain a greater understanding of a race car’s structural integrity
[6]. FEA or finite element analysis is the numerical method for solving the partial differential
equations associated with a simulation by breaking down the geometry into small, independent units
and concurrently solves for each of these elements. Subsequent to breaking down the geometry (or
meshing), constraints are added which establish locations of the mesh that do not translate or rotate,

Fig. 1: Illustration showing the two components of F1 car safety. From left to right: (a) an
example of protective equipment for F1 drivers – the helmet. A F1 helmet is a complex
product and one of the most important safety components (b) the second component of F1
car safety – the survival cell or monocoque. This image shows the high levels of stress a
monocoque experiences under low impact conditions.
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setting up the way in which all elements connect with one another. These connections determine how
energy is transmitted from one element to the next. Hence FEA includes designing a product model,
meshing that model, determining boundary conditions and loads applied to that model, performing a
numerical analysis to solve element equations, and using a post processor to interpret the results.

The PACE Formula 1 car was a collaborative effort among 26 different schools from across the
world. Several engineering companies such as General Motors and Siemens took part actively along
with the students. Crash analysis was not performed during the design stage of the race car and was
needed to check the car’s safety and structural integrity; the crash worthiness of the race car had to be
determined. Students at Brigham Young University, in collaboration with LSTC (Livermore Software
Technology Corporation) Inc. took on this project. The objective was to understand the crash
dynamics of the PACE Formula 1 race car and optimize and enhance the car crash strength thereafter.

The students were mentored by an Application Engineer, Suri Bala, from LSTC as well as Dr. Greg
Jensen from BYU. Students worked on the model 10-15 hours a week with a one-hour coaching session
from Suri Bala weekly. This report focuses on the work done collaboratively by BYU Mechanical
Engineering students and the LS-DYNA engineer, Suri Bala to create a crash simulation of the PACE race
car testing energy absorption and cockpit safety. This work is in continuation to such an effort for the
front half of the car, completed in the winter of 2010, with the same collaboration. The process of this
work is detailed below with a description of the collaborative tools used, the methodology adopted, the
procedure of the analysis (along with an understanding of what makes a quality FEA analysis), and
concluding with an interpretation of the results obtained.

2 COLLABORATION TOOLS

As all interactions between BYU Mechanical Engineering students and LSTC engineer Suri Bala were
done remotely, certain collaboration tools were very useful in organizing the projects work and results.

2.1 D3View

D3VIEW, an online collaboration tool for LS-DYNA projects, was used as a repository for all work done.
D3VIEW allows users to share information with each other. The version control feature of D3VIEW was
particularly useful in backing up and logging the progression of the car model. This feature allowed
the user to save a revision of a file so that by default the newest revision would always be opened. If
needed though the user could go back and open older revisions of that file. The milestone and tasks
features were also useful in helping everyone working on the project, know specifically the tasks that
needed to be completed by each student each week and also when weekly meetings would be held.
Once the LS-DYNA simulation results were available, D3VIEW was used extensively to review model
information, time-history plots and media files such as images and movies generated from D3PLOTs
and BINOUTs files (see Figure 2)

Fig. 2: D3View enabled the project to be updated and systematic. From left to right: (a)
Simulations of this project (the entire car) can be viewed, analyzed and de-bugged within
d3view itself (b) Files and simulation runs can be deleted, revised, updated and tagged for a
very simplistic yet highly organized project.
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2.2 Cisco Webex

For review of the each week’s work, and for instruction, Cisco Webex, an online desktop sharing
application, was used to share desktops between BYU students and Suri Bala. WebEx allowed Suri to
review the student’s work and provide recommendations on meshing and constraining of the race car.

2.3 Skype

Skype was a method of communication between students. As the project carried on beyond the end of
the Winter Semester (2011) and the team became dispersed across the country, it became imperative
for the team to re-assemble, report progress and updates, plan out the execution strategy and debug
obstacles any team member was facing with regards to meshing and constraining of the car. Such
communication was performed using Skype.

3 METHODOLOGY AND ASSUMPTIONS

3.1 Methodology

A well charted out methodology was critical for accurate crash analysis. The PACE Formula 1 race car
being a high profile, highly collaborative complex project in itself meant that a well executable method
of implementation was necessary. Figure 3 shows the methodology adopted by the team.

3.2 Assumptions

Several assumptions were made throughout the modeling procedure for the sake of simplifying the
calculations, while maintaining the accuracy of the analysis. Most of these assumptions were made
with respect to the NX model and amongst them the most significant was material properties. Precise
material data on several components, both structural and non-structural, were missing or were
previously estimated. On certain highly structural components such as the Engine Cover, material data
sheets were available but contained properties and specifications irrelevant to crash analysis. Likewise
was the case with the Underbody Diffuser. However, the core material or core material types were
known for these parts. Using the known materials as a start the properties such as Poisson’s ratio and
elastic modulus were estimated. Estimation accuracy was achieved by researching the material types in
material handbooks, journals and the internet as well as by re-connecting with some of the PACE
partners that were responsible for those particular components. For example, the wing components
were manufactured by University West, Sweden. The material properties for these components,
originally unknown, were obtained by corresponding with PACE professors at University West. Other
components, such as the Drivebox, needed greater levels of online research and material analysis. For
Aluminum components wherein relevant material data was either missing or insufficient, Aluminum
6061 and 6111 alloys were selected for their relevance and high abundance in the development of
automotive components. For Steel components that lacked definite properties, Carbon Steel AISI 1040
was selected as a Medium Carbon Steel. Accurate material properties were obtained for Carbon Fiber
and Resin components within a range of ± 5%. Overall there were 6 Aluminum and 2 Steel components
that had to be estimated.

NX Model
Correction

HyperMesh
Discretization

Constraining
in LS PREPOST

Solving in LS
DYNA

Fig. 3: Methodology and simulation process: beginning with correcting and updating the NX
6.0 CAD model of the race car followed by meshing in HyperMesh and then constraining the
parts as rigid or elastic bodies. Finally solving in LS DYNA would lead to simulation results.
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The second assumption was the stiffness of the car suspensions. The manufacturer rating was
not available and so calculation of the spring stiffness was done both mathematically through equation
solving and also through comparison with typical stiffness values for race cars. The spring stiffness
equation (see Figure 4) relating the number of turns of coil to the thickness of the coil and material
properties of the spring coil was solved to get the stiffness of the suspension spring. The spring was
then modeled in Hypermesh as a spring element and connected to the brackets and the rest of the car
by specific joint connections in LS PrePost. The spring stiffness was calculated to be -94.5 kN/ m.

K = - d4G/8ND3

Assignment of which component should be a rigid body and which other should be flexible
was also a matter of judgment and assumption. For example the wheel components (wheel, wheel rotor
disk, brake caliper and brake pad) were made as lumped masses with their combined inertial
properties a single component. This was an educated judgment but was at the same time a
simplification or assumption.

Finally an assumption was made on the thickness of some out-of-date components. The Roll
Cage had been modified in the physical race car but was not updated in its CAD (NX 5.0) construction.
As there was no way of knowing the exact thickness of the Roll Cage, an educated guess based on the
thickness of the out-of-date Roll Cage was performed by contacting students who had developed the
Roll Cage several years ago. A tube thickness of 4 mm was reported and the model was updated
thereafter.

4 EXPORTING CAD GEOMETRY

Significant attention was given to the CAD Geometry. As the NX 6.0 CAD model of the race car was the
starting point for the analysis, it had to be assured that the components were all present, up to date,
correctly sized and created and, in the same units as the rest of the car (see Figure 5). The crash
analysis was to account for only structural components; parts that have moderate to high energy
absorbing capabilities. As a result several solid block components such as the car battery and the
alternator were not included in the analysis and were deleted from the model.

Other components such as the driver seat was also excluded as neither was it determined to have a
structural contribution nor was the CAD model of the seat correctly dimensioned and created. Several

Fig. 5: The project began with the available CAD model. Due to the high complexity of the
project being worked on by more than 20 universities and several hundred students, the NX
6.0 CAD model was not updated and several parts were missing and incorrect. From left to
right: (a) Overview of car at start with an incorrect engine cover and missing nose cone and
front wing (b) Roll cage and roll cage side bars missing (c) Completely outdated and old
underbody diffuser.

Fig. 4: Equation used for the calculation of the spring/ suspension stiffness. d: Wire
diameter; G: Spring shear modulus; N: Number of turns; D: Diameter of coil.
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Fig. 6: From left to right: (a) Roll cage (corrected for dimensions and size) and roll cage
supports (constructed) (b) Redesigned and corrected underbody diffuser with central air
channels (that also serve a strong structural purpose)

Tab. 1: A table of the different operations performed on several structural and non-
structural parts. While many components such as the engine plate and monocoque were
correct, many parts had to be modified, imported, created or simplified for crash.

components as a result had to be either corrected and re-dimensioned or created from scratch (see
Figure 6).

.

Table 1 represents the various operations that were performed on the CAD model of the race car.

* Minimally structural components deleted
** Some components of the Drivebox were created while some were modified

Components besides those mentioned in Table 1 were present in their current versions. The
missing and imported parts were assembled in addendum to the current assembly and then
constrained fully to the rest of the model. Once constrained correctly, the parts were exported in their
current reference co-ordinate frame (co-ordinate system of the entire assembly). The parts were then
exported as STP 203 files to Altair Hyperworks Hypermesh v.10.0 software for meshing. All parts were
exported from the entire assembly of the race car by making each component a “Work Part” before
exporting them individually. This was done so the global co-ordinate frame of reference was
maintained in order for these parts to maintain their position with respect to the rest of the car when
imported into LS PREPOST, subsequent to meshing in Hypermesh. Exporting individual part files would
have resulted in the parts being in their local co-ordinate system instead of the global co-ordinate
system of the entire car, delaying any simulation efforts by more than a month. Parts exported were
then ready for meshing.

Created (New
Parts)

Corrected
(Modifications)

Imported
(Missing Parts)

Deleted (Non-
Structural

Components)

Simplified
(Complex

Parts)
Underbody Diffuser Engine Cover Brake Assembly Battery Main Engine
Roll Cage Supports Drivebox** Rear Axle Alternator Transaxle

Monocoque – Engine
Attachments

Rear Wing Assembly Scallop (Side Wings) Electrical Boxes Drivebox

Driveshaft Radiator Rear Suspension and
Suspension Brackets

Wires

Drivebox - Engine
Plate

Left and Right Air
Ducting

Intake Manifold*

Drivebox** Roll Cage Exhaust Manifold*
Engine Plate Fuel and Exhaust Piping*
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Fig. 7: From left to right: (a) Engine cover meshed as mid-surface element it being a structural
component capable of absorbing high energy under impact (b) A mid-surface mesh of the
Rear Wing rib that reinforces the rear wing airfoil (c) Shrink wrapped transaxle; significant
reduction in the part complexity yet the same level of accuracy

5 MODEL DISCRETIZATION (MESHING)

5.1 Discretization Process

Creating a discretized model of the PACE car began with identifying the most basic structural
components of the car and meshing them. Functionality of those basic structural components and
how they connected with various other components was additionally important. For example, modeling
the suspension required a good comprehension of its mechanics and dynamic movements, as
discussed later in this section. The components which were first meshed during phase one of the
project included the front wing, nose cone, nose/wing connection pieces, structural bulkheads, and the
monocoque body. Since phase two of the project, comprising the rear section of the car, included
several more components, the meshing process began by categorizing each part into structural, rigid,
accessory, and beams.

The structural parts with symmetric bounding surfaces were meshed as mid-surface elements
wherein a mid-surface, created at the midpoint of the upper and lower surface, is meshed. Mid-surface
was used for wing components, the engine cover, nose cone and monocoque and others (see Figure 7).

Rigid or bulkier parts such as the engine, transaxle, wheel and brake assembly components
that were not highly structural were meshed as 2D shell meshes. Shell meshes resemble surface
meshes and are a quicker, easier and almost equally efficient way of meshing solid non-structural parts
that would typically require a 3D solid tetramesh.

.

Parts such as the transaxle and engine however were not meshed directly as 2D shell elements.
Due to their high level of complexity and sudden and rapid changes in geometry, a 2D shell mesh
would not have been accurate with over 48% elements with discontinuities and intersections. Hence to
avoid the complex geometry, a Shrink Wrap was created in Hypermesh. Shrink Wrap is an effective tool
for complex parts that creates an approximate surface of the part above the actual surface of the part
which then could be meshed. The end result is very representative of the part, possesses many of the
same features and uses much less memory. The shrink wrapped part can then be meshed as a 2D shell
element (see Figure 7). Accessory parts such as several brackets and small connectors were meshed as
well as 2D shell elements since they provided less structural re-enforcements as did the mid-surfaced
parts.

The only part that was structural but was not meshed as a mid-surface was the underbody
diffuser. The diffuser had several large gaps default in the design and a mid-surface cannot be created
with large, complex gaps between surfaces. As a result the diffuser was meshed as a 2D shell (see
Figure 8)

Subsequent to meshing the main structural and bulk components, the focus shifted to
connections and suspensions. Consequently the suspension arms and connecting rods were then
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Fig. 8: From left to right: (a) Both spring and beam elements were represented in HyperMesh
as a solid bar. The spring stiffness calculated prior was then assigned to the suspension in LS
PREPOST (b) The underbody diffuser meshed as a 2D shell

meshed. The connecting rods and suspension arms were modeled as beam elements (see Figure 8) for
their structural properties. The spring or suspension was modeled as a spring element within
Hypermesh (see Figure 8). These elements were then given material and stiffness properties in LS
PrePost.

5.2 Mesh quality

Obtaining accurate results required a good mesh. Subsequent to meshing each part, several quality
check tools were employed in Hypermesh. Intersections and penetrations of elements, which create
overlapping elements and cause the solver to discard those elements resulting in a loss of accuracy,
were checked for and appropriately fixed with the Hypermesh repair tool (both manual and automatic).
These ensured that elemental boundaries were intact. Warpage was kept under 5.000 and the interior
angle was kept within 45.0º (degrees) with 30.0º to 45.0º degrees being common. The Jacobian
parameter allowed the distance between elemental boundaries to be within a certain fixed range and
was optimized for 98.7% good elements in most cases. Free edges, that guarantee a discontinuity in the
element connections, were removed from all elements except the Roll Cage wherein removal of free
edges meant a re-design within CAD and then re-importing the model into Hypermesh – as time was
limited and the decline in accuracy was minimal, the part was meshed to the team best ability. And
finally a check was done to make sure every side of the component had been meshed and did not
possess failed or unmeshed surfaces – a common mistake that goes un-noticed.

A vast majority of the parts achieved high levels of accuracy with regards to element quality
(see Figure 8). However there were a few components (see Figure 8) that despite being simplified
possessed sharp corners and ragged edges. Given that such parts such as the engine has a small
structural contribution, it was safe to assume that no compromise in accuracy would be seen.
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Fig. 8: Most components were meshed with high quality while some had too complex geometries
to obtain a very high level mesh. From left to right: (a) Roll cage mesh showing all green and
good quality elements (b) The element summary for the roll cage with 0% under the minimum
size threshold (c) A mesh of the top of the engine (shrink wrapped) showing several elements in
red with high warpage and in violation of the minimum size. Approximately 12% of the elements
in the top portion of the engine were bad but were determined to not affect the crash analysis

Fig. 9: A detailed matrix of all 83 parts in the rear half of the car helped the team define and
identify material properties associated with each part. The matrix was also used for
connections, linkage types, mesh type, reference frames etc.

6 MODEL ASSEMBLY AND CONSTRAINING

Connecting the car parts as they were connected on the physical car was the next phase i.e.

constraining. The accomplishment of this task was done using LS PrePost. LS PrePost is preparatory

software which prepares and assembles the meshed part geometries into one body structure for

simulation. Each connection between separate bodies represents the physical attachment used on the

PACE Formula-1 car. In order to accomplish this preparatory task, the meshed geometry from

Hypermesh was imported into LS PrePost as an LS DYNA keyword file and then saved as a keyword file

within LS PrePost. Following the creation of keyword files (which house details on the nodes and

elements of the part), part, section and material IDs were created for each component. Part and

section IDs were created to specify part details. For the parts meshed as mid-surfaces the part and

section ID’s were used to declare the appropriate thickness for each part (mid-surface parts only have

one surface and so defining the thickness of the actual part was required). On the connecting rods and

arms, part and section IDs were used to define the radius of rods. Material ID’s further defined the

meshed geometry by associating density, Poisson’s ratio, and Modulus of Elasticity for each part. An

extensive matrix of Material IDs was created in Microsoft Excel to facilitate consistency of properties

for like materials (see Figure 9). The three ID’s defined the part wholly and assigned to them

deformation characteristics.
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Fig. 10: From left to right: (a) A revolute joint between a suspension arm and a bracket with a
center line of rotation (b) Constrained nodal rigid bodies between the monocoque ground and
the roll cage and roll cage supports

Fig. 11: From left to right: (a) Constraining the Rear Wing ribs (b) The left ducting being
connected to the Monocoque using nodal rigid body connections (c) Final constrained model

Within LS PrePost nodes were created for the type of joint/feature connecting these parts. To fully
simulate the effects of the crash on the front of the car, several joints were modeled using LS-DYNA
keywords. These joints include the rack and pinion steering joint, and the universal joint which
connects the rack and pinion to the steering column. Additionally several revolute joints were used to
connect the suspension struts to the body and the wheel upright. The revolute joints (see Figure 10)
were made first by creating a NODE SET. The NODE SET consisted of nodes upon or in the part. The
created NODE SET was then made into a rigid body using the CONSTRAINED_NODAL_RIGID_BODY
keyword – this allotted the node set rigid body characteristics. For the creation of a revolute joint four
nodes (each pair co-incident) were created between the two parts where the revolution occurs and
these four nodes were defined with respect to the rigid body created above as
CONSTRAINED_EXTRA_NODES. The four nodes were defined in relation to themselves by the
CONSTRAINED_REVOLUTE_JOINT keyword.

All bolts, screws, and fastener connections were modeled using nodal rigid bodies. These

connections were used for the screws connecting the front wing to the nose, the nose to the body, the

engine to the drive box, the back wings, the support braces, the diffuser to the engine cover and a

number of brackets to their respective connecting rods. The nodal rigid bodies (see Figure 10) work by

constraining all nodes that would be adjacent to the fastener into a single body. These single bodies

would transfer or absorb any energy to the associated nodes. Surface to surface contacts which

connected the bulkheads to the carbon fiber body and nose were modeled using the LS-DYNA keyword

CONTACT_TIED_NODES_TO_SURFACE also causing a similar energy flow. Figure 11 shows some of the

steps that were taken for constraining the different parts in LS PrePost; for example, constraining parts

belonging to the engine assembly and wing assembly.
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Fig. 12: Constrained and defined car models at 0 seconds of the frontal impact crash test.
From left to right: (a) Left view of the car (b) Top view of the race car showing the roll cage and
roll cage support components correctly positioned; also at 0 seconds

7 MODEL SOLVING IN LS DYNA

Simulation runs for frontal impact against a wall and side impact against a pole were performed in LS
DYNA. The completed LS PrePost model was saved and compressed and imported into d3view – the LS
DYNA collaborative tool for managing, organizing and creating simulations. The simulations were run
as nonlinear transient dynamic models with an elastic body to rigid body contact. The simulations
were run conservatively – while most F1 race tracks have fences constructed out of soft rubber tires or
water tanks which provide high cushioning levels, the simulations run herein ignored cushioning
provided by fences. The explanation situates in the fact that most F1 car crashes happen over speeds
of 40 mph and some even higher. Since the simulations here are run according to the FIA regulations
at speeds of 33 mph no energy absorbing wall was used. Figure 12 shows the LS DYNA setup.

8 RESULTS AND INTERPRETATION

8.1 Frontal Impact

The frontal impact crash simulation took 24 runs to materialize and function without gross errors.
Since the BYU Supercomputer was not used but rather simulations were run on the d3view LSTC
server, the computational time was on average about 8 hours. After completing phase 2,

The stopping distance of the car was approximately 1 foot with 100% of wall force being applied
within 0.08 seconds of impact (see Figure 13). Numerical calculations of the maximum wall force with
the mass and stopping distance of the car known was determined to be 133e3 Newtons of force. The
calculations were derived by using Newtons Equations of Motion and comparable to the DYNA
reported 144e3 Newtons of instant wall force right at impact. Because of the comparable results of
impact force by analytical methods and finite element analysis, the boundary conditions of our FEA
simulation can be validated. The energy resulting from this impact force was transferred to the
structural elements, resulting in an expected sinusoidal shock wave. Although the shock wave was
present in the FEA simulation it did not extend to the extent expected (red spline). Typical car crashes
see shock wave propagation with reducing force levels with time. There are two main reasons why this
continual propagation of sinusoidal shock wave dissipated quicker than expected. The first reason
results from assumptions added to the FEA simulation to reduce the size of the model. This
assumption decreased the accuracy of the model but enabled for a solution. In the FEA simulation, the
shock wave dissipated quickly, because the engine to monocoque connection was not exhaustively
represented (see Section 9: Interpretation). This resulted in a sudden loss of experienced forces as
energy was absorbed to failure of the diffuser and engine cover connection. The other reason for this
dissipation of energy results from the actual design of the race car. The current race car design may
have additional damping innate to the design of the car. This additional dampening design probably
wouldn’t account for the full dampening effect, but may have an impact on the final result. A proper
modeling of the engine to monocoque connection would have allowed the rear of the car to further
dissipate and absorb the energy determining the amount of energy absorption resulting from car
design
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Fig. 13: Wall force and energy absorption: From left to right: (a) Wall force experienced by the
car peaking at 144e3 Newtons (red spline illustrates the expected route of the shock wave); a
deceleration of 24g was observed as well (b) Energy absorption graph by component (Blue:
engine cover; Red: nose and monocoque body) also at 0 seconds

Even though energy may have been lost in the simulation due to a simplified connection between
the monocoque and engine, the energy absorption of materials were accurately represented. The
engine cover, nose and monocoque body and the diffuser were the three major structural components
that enabled energy transfer and dissipation (see Figure 13) while other components such as the
ducting, suspension arms and front wing absorbed less than a quarter of the total energy combined

The nose and monocoque body performed as expected, absorbing 45.5% of the energy. This section
accounted for the largest amount of absorbed energy. The diffuser to engine cover connection did not
withstand the energy, causing the engine cover to dislodge from behind the engine intake. This
dislodging of the engine cover caused it to tilt backwards (see Figure 14). On the race car, the diffuser
is only connected to the engine cover. Resulting from the breaking of the engine cover connection a
good portion of the engine and gear assembly was exposed, both of which are violations of FIA
regulations. Therefore, in order to maintain within FIA regulations, a stronger and more durable
connection between these two components is necessary to prevent the diffuser or engine cover from
interfering with engine and gear assembly. This additional reinforcement of the connection will also
assist in the overall energy absorption of the race car.

The rear end components contributed less than 10% to energy absorption. After further evaluation
of the model it was determined that the engine to monocoque connector was modeled improperly. Due
to the CAD model of the car not containing the connector, it had to be modeled. Because of time
constraints, this connector was not completely modeled. As a result, upon impact this connection
breaks and allows the rear end engine and gear assembly to slide forward (see Figure 15). This resulted
in the rear end sliding into the engine cover. A remodeling of the engine to monocoque connector
assembly would be necessary to simulate if the connector currently installed on the physical car can
withstand a frontal impact under FIA regulations. As well, seen in Figure 15, the cockpit area of the car
remains safe from intruding parts, thus ensuring the safety of the driver. These conclusions should be
taken into consideration when understanding results from the side impact scenario.
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Fig. 14: Breaking away of the underbody diffuser (pink) from the engine cover (green) at an
early stage of crash causing the cover to tilt backward, breaking away from its hinge point at
behind the engine intake

Fig. 15: Before and after crash snapshots of the car: (a) Significant gap between the rear wheel
and the engine cover (b) Rear wheel touching the engine cover due to a failed engine to
monocoque connector

8.2 Side Impact

The side impact simulation took six runs to create reasonable results. Considerable amounts of
troubleshooting runs were prevented by the knowledge and fixes already used in the frontal impact.

The side crash was simulated by the car was moving sideways into the pole, rather than driving
forward and grazing the pole. This assumption is conservative because it allows the greatest force to
impact the car. Initial conditions of the car are shown in Figure 16 below:



Computer-Aided Design & Applications, PACE (1), 2011, 31-46
© 2011 CAD Solutions, LLC, http://www.cadanda.com

44

Fig. 16: The initial conditions of the side impact condition: (a) Isometric view detailing the location of
the pole (b) Rear view to how the placement of the internal parts

Fig. 17: Energy Absorption Chart (Blue: Diffuser; Green: Engine Core; Grey: Engine Cover)

The diffuser and engine core performed as expected, absorbing 64% of the total energy (see Figure
17), which is the largest section of energy absorbed. Like the frontal impact the parts nearest the point
of impact had the greatest energy absorption. However, as was the case in the frontal impact, the
diffuser once again became detached from the main body. It is necessary to make this connection
more durable before the car is able to meet the safety requirements of the FIA. It is expected that the
diffuser will absorb a greater amount of energy once this connection is made secure.

The engine cover, the large cover behind the cockpit which covers the rear internal parts, only
absorbed 5% of the total energy, even though it had high deformation. With the use of .gif files in
d3View a movie of the crash over time can be seen. In the movie, the cover is shown to crumple at the
point of impact (see Figure 18). However, because of its relative light weight and density it does not
absorb a lot of the energy. If it did absorb the energy, the engine core would not have needed to
absorb as much of the impact. This shows that the components in the back, however, efficiently
transferred the energy to a part that would absorb it. In general, upon impact, the entire car begins to
tilt towards the pole while the wheel base remains on the ground (see Figure 18). At the same time, the
cockpit area of the car remains safe, keeping the driver free from harm.
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Fig. 18: The final conditions of the side impact condition: (a) Top view showing large engine cover
deformation (b) Rear view showing the tilt towards the pole in the rear components

9 CONCLUSION

The simulation runs were not as accurate as was hoped but were an exceptional learning point. The
flaws in the modeling process and the non-representative CAD model emerged to the surface. Amongst
the biggest lesson was the availability of material properties since a 10% difference in Elastic Modulus
in every part can create a very significant difference in the crash properties of the vehicle; something
that took place to some extent in this project. The team from the beginning had several assumptions to
make with regards to materials and material properties and hence the approach adopted herein was
simplified; in some cases greatly simplified with regards to material properties. The objective of this
project was to begin from scratch and follow the modeling, meshing, constraining and solving process
to arrive as close as possible to a crash simulation of the PACE car and it was achieved. Based on the
simulations, before this car can meet the FIA requirements the connection of the diffuser to the front
and rear sections must be made more secure. Once done, it is suggested that the connections and
correction to material properties are made to the model. It is then suggested that another set of crash
simulation runs be ran to ensure crashworthiness.

Running simulations on the PACE Formula 1 car provided valuable insight on how the car
would react in frontal and side impact scenarios. Being able to complete simulations was dependent on
the ability of our team to move the CAD model from NX to Hypermesh and then to LS PrePost. The
difficulty of the import process was due to the lack of up-keep with the CAD model after changes had
been made to the car along with the many different modeling practices used by other universities. To
prevent future problems, it is recommended that any and all changes made while a product is being
built be rigorously documented and corrected within the CAD model.

Additionally this project was highly educational on structural analysis and crash simulations,
automobile design and development and Finite Element Analysis. Through this project, the structural
performance of the race car was determined, its structural integrity better understood and necessary
recommendations and suggestions provided for the next iteration of the car as well as for the final
simulation and analysis runs. As students we saw first-hand the process of designing a car from a
structural perspective, right from the CAD model to analyzing wall force and energy distribution in the
several components of the car, and have developed a strong appreciation for automotive design, the
capabilities of crash analysis and an ever growing liking for Formula 1 racing.
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