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Abstract- This paper analyses the structural design process of a Cross Car frame. Existing
international and national technical regulations were analysed. The analysis of the regulatory
guidelines led to the conclusion that the design only includes geometric or material restrictions at
the international level. There are other more demanding national regulations (Spanish, for
instance) that include structural verifications through static calculations for unidirectional actions
(vertical, longitudinal or lateral). The main contribution of this paper is a novel three-level appraisal
and a proposed redesign methodology. At the first level, a geometric and material verification is
carried out. The second level involves the verification under unidirectional static actions. The third
level entails a dynamic verification of three-dimensional combined actions. The load case is
obtained from the computer multibody dynamics simulation of the full vehicle assembly in the
worst case of driving conditions on circuits. This methodology is a far more detailed tool than
traditional design processes. The use of this methodology allows for design optimization, including

all the effects of powertrain, brakes, suspension, steering and driver.

Keywords: Cross Car, 3D design, multibody dynamics, finite element analysis

Introduction

Cross Cars are a type of competition vehicle that participate in an automobilism modality called
Autocross. These vehicles are formed by a tubular frame and rear wheel drive. The powertrain is
derived from a motorbike engine. Their light weight and 600cc engine make them very fast and a
low-cost sport vehicle. The design of Cross Cars must follow the International Automobile
Federation (FIA) guidelines [1], and other additional rules imposed by national or regional

regulations.
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This paper analyses the state of the art of the Cross Car design process. Various technical
regulations were analysed. In the design process, the restrictions of the Technical Regulations must
be considered. The Federation Internationale de I'Automobile establishes the conditions for Cross
Car (XC). This regulations define a Cross Car as follows: “Rear engine 4-wheeled single-seater land
vehicles with a multi-tubular space frame chassis which must have a safety cage as an integral part
of the chassis, as defined in Article 10. The propelling device and steering are controlled by a driver
on board the vehicle. The vehicles must be 2-wheel rear drive.” The regulation includes conditioning
factors and design restrictions in relation to geometric, topological or materials parameters to be

used.

There are additional geometric regulations (topology, positioning, bending, angles, etc.). Once the
base construction is defined, it must be completed with compulsory members and reinforcements,
to which other optional members and reinforcements may be added. Only tubes with a circular
section are authorized. The regulation limits the minimum material specifications, minimum tensile
strength, and minimum section dimensions. No tests (real or virtual) are specified in the

regulations.

This topological, geometric and material verifications have been adopted in regulations by different
countries with national competitions. On the international scene, there are other more restrictive
regulations for this type of vehicle. For example, the Royal Spanish Automobile Federation (RFEAS)
[2] proposes the calculation of the structure using the finite element technique. The testing of
virtual prototypes under various static load cases is proposed. The response of the structure to
vertical, longitudinal (front and rear) and lateral actions is studied. In each case, the value of the
load is established, and it must be checked that the strain or stress (Von Misses, for example) does

not exceed an established value. These values are related to the rider's safety in case of an impact.
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Lately, with the aim of making vehicles lighter, new techniques are being implemented in the
computer-aided design phase. Nowadays, land vehicle design uses computer-aided engineering

(CAE) tools [1].

CAE computer software includes computer-aided design (CAD), finite element analysis (FEA),
computational fluid dynamics (CFD), multibody dynamics (MBD), durability and optimization. CAE
tools are used to analyse the robustness and performance of components and assemblies. These

tools include simulation, validation, and optimisation tasks.

Vehicle dynamic computer simulation tools are used frequently to analyse the response to several
inputs [3-10]. Finite element method (FEM) has been employed in different structural vehicle
designs [11-14]. The traditional methodology is implemented to obtain model stresses and strains
when the model is subjected to certain loads, which are usually considered as static or quasi-static
conditions. The load definition depends on the operative vehicle conditions. Those studies are often
combined with the chassis system design (dumping, steering, braking, powertrain, etc.) [15-18] to
improve vehicle performance. Instrumentation and test techniques in real circulation vehicle
conditions [19-21] are employed in order to improve the fidelity of those studies, as well as to
understand circulation and safety conditions [22-24]. A cooperation study between simulation and
data model has been analysed by Kim and Kim [25]. Those techniques have been employed to
optimize competition vehicles, from sophisticated to simple categories [26]. In the dynamic
simulation of vehicles by computer, it is necessary to evaluate fundamental issues, such as the
interaction with the rolling surface. Grip estimation obtained with diverse methods [27-28] is used
to characterise this performance. Simulation techniques are now used to perform virtual testing

[29] in order to minimise the cost and duration of design evaluation.
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Currently, dynamic vehicle simulation tools are combined with FEM [30-32] to research the dynamic

response of the vehicles, including structural strains effects.

Within these techniques, the use of multibody dynamic computer simulation allows for the analysis
of various dynamic scenarios, representing multiple manoeuvres and driving situations, to obtain
sets of forces and torques at the hardpoints of the frame. That is why the structural response can

be calculated in the face of innumerable dynamic load cases.

In this paper, a methodology for the appraisal and the redesign of a Cross Car is proposed. This
methodology consists of three levels. At the first level, an initial design is evaluated to ensure that
the geometric, topological, and material conditions established in international regulations are
fulfilled. Once the first level has been verified, the structural behaviour in the static condition is
assessed in the second level. For this purpose, the load cases established in a technical regulation
are adopted. These loads are unidirectional and are applied in very specific areas with the main goal
of preserving a pilot’s survival in case of impact. At the third level, after having verified that the
chassis meets the static requirements, the design is completed with the rest of the vehicle's
elements and systems (powertrain, suspension, steering, brakes, wheels and tires, cooling, seat and
pilot, etc.). With the full equipment of the vehicle (vehicle’s mass in running order, which includes
the weight of the driver), a circuit is simulated that includes manoeuvres at different speeds, with
acceleration and braking, passing through different curves (right and left), as well as irregularities
on the road and bumps. The worst case is established in relation to actions on hardpoints. These
conditions are the basis for the definition of the dynamic load case applied to the frame. This three-
dimensional load case is applied at all interface points between the frame and vehicle systems to

ensure that the loads do not exceed the values established in the vehicle's specification booklet.

2. Methodology
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According to the Federation Internationale de I'Automobile, a Cross Car (XC) is a rear engine 4-
wheeled single-seater land vehicles with a multi-tubular space frame chassis which must have a

safety cage as an integral part of the chassis.

The tubular frame is the structure that provides safety to the driver in case of an accident. The
frame also operates like a support for different parts of the vehicle like the seat, powertrain,
suspension, steering and braking elements. The frame, which is formed by welded tubes, can have

various cross sections.

The design should consider important factors, such as ergonomics, safety, manufacturing,

durability, weight, as well as other component position and cost.

The design of a vehicle must consider the final use and established regulations. A Cross Car vehicle
is internationally regulated by the FIA [1], which details the set of geometric conditions that must

be met.

These cars must comply with different dimensional constraints including maximum car dimensions
of overall length (2600 mm), overall width (1600 mm, excluding mudguards) and height (1400 mm
excluding engine water radiator air intake). The wheelbase and tracks are free, within the limit of
the above. The minimum weight of the vehicle, including the driver wearing his full racing apparel
and fluids being full, must be 425 kg. All measurements must be done while the car is stationary on

a flat horizontal surface.

From a topological point of view, the multi-tubular space frame structure, which is formed by the

compulsory base construction of the safety cage, reinforcement tubes and any other tubular
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1

2

3

g structure or elements welded together for the functioning of the car, is considered “the chassis”.
6 . . . —_

7 The regulations provide the following definitions:

8

9 The safety cage is defined as a multi-tubular structure installed and welded to the chassis been an
10

11 integral part of it. Its function is to reduce the deformation of the cockpit in case of an impact.

12

13

14

15 . . .

16 The safety cage must be welded onto the structure to which the suspension loads are transmitted.
17

18 If necessary, additional reinforcement at the joint between the chassis and the foot of the rollbar
19

20 should be made. The mounting points of the front, lateral half and main rollbars must be fitted at
21

;g least at the level of the cockpit floor. The base construction must be composed of:

24 .

25 * One main rollbar

26

27 e One front rollbar + two longitudinal members joining the upper part of the main and front
28

29 rollbars or two lateral half-rollbars + one transverse member joining the upper part of the
30

31 lateral half-rollbars

32

;i e Two backstays with two near-vertical extensions (maximum angle + 10° to the vertical) of
35 . . .

36 the same section and quality, going down to the floor level and to the rear end of the car
37

38 e Two longitudinal side members joining the vertical extensions to the backstays, main
39

40 rollbar and front rollbar, ending in front of the pedal box frame

41

fé e Four transverse members connecting the vertical extensions to the backstays, main rollbar,
44 N .

45 front rollbar and front ends of the two lower longitudinal side members

46

47 e Two transverse members connecting each side of the main rollbar, one at the height of the
48

49 door bars and a second one for the safety harnesses

50

31 e Pedal box frame

52

53 b

54 e Door bars

55

56 e Diagonal member

57

58 e Windscreen pillar reinforcement

59

60 e Transverse member on the front rollbar
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According to the aforementioned regulation, there are restrictions on the materials that can be
used. The use of the following materials is forbidden, unless they correspond exactly to the material
of the original part or of a powertrain homologated part:

- Titanium alloy

- Magnesium alloy (< 3 mm thick)

- Ceramics

- Composite or fibre-reinforced material
Titanium alloy is permitted for quick release connectors of the braking circuit. The use of composite

material is authorized only for some elements, but not for the main frame.

Once these aspects related to geometry, topology and materials have been verified, other national
regulations that include the need for virtual tests are followed, such as the RFEAS [2]. A set of virtual
tests is proposed and carried out through structural verification. Various load cases are established
and the maximum deformation and maximum stress on the frame are limited. Load cases include
the following:

- Vertical load: 7.5 * P [daN]

- Longitudinal load (front and rear): 6 * P [daN]

- Lateral load: 3.5 * P [daN]

where P is equal to the total weight + 80 kg.

If the design meets the strain and stress constraints (static calculation), this verification is accepted.
In the use of these vehicles, the structure is subjected to a multitude of actions that can endanger
the structural integrity of very specific elements or parts. These points are characterized by

concentrating stresses that can exceed acceptable values. In order to identify these effects, an
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extended methodology is proposed, in which the structural response to dynamic movement actions

is analysed.

This methodology proposes a third level of verification once the regulated levels have been
reached. In other words, the dynamic verification would only be launched once the geometric and

static verification have been passed.

To perform dynamic verification, a set of “worst case” actions must be identified. A test with a
virtual prototype should be carried out on a circuit that combines the most severe driving
manoeuvres that can occur in this type of automobile competition. This virtual test is carried out
with a multibody model of the vehicle, which includes both the designed frame and the rest of the
elements (powertrain, suspension, steering, tires, brakes, cooling, seat and pilot). The simulated
circuit must include both longitudinal (traction and braking), lateral (varied left and right curves)

and vertical (bumps) actions.

The flowchart of this methodology is depicted in Fig. 1.

3. Results
The design process involves various factors, such as material selection, cross section selection, 3D
frame design, multi dynamics studio and finite element analysis. The details of each step are

summarized below.

According to RFEAS rulebook [2], the material chosen must be below the maximum 0.3% of carbon
content and satisfy a minimum tensile strength of 355 MPa, while also having high yield strength

to resist all the loads and possible impacts without being deformed. Steel SAE-AISI 1524 is a low-
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alloy steel containing silicon and manganese as strengthening agents. This steel has good strength,

toughness, weldability and machinability. Table 1 outlines the SAE-AISI 1524 steel properties.

Table 1. Properties of SAE-AISI 1524 steel

Property Value

1 | Density 7800 kg/m?

2 | Ultimate tensile strength | 650 MPa

3 | Yield strength 540 MPa
4 | Young’'s modulus 190 GPa
5 | Poisson’s ratio 0.29

In terms of cross-section selection, according to the guidelines [1], the primary elements should be
circular tubes with a minimum outside diameter of 40 mm (1.575 inches) and a minimum wall
thickness of 2 mm (0.079 inches). The guidelines also establish a constraint for non-primary tube
selection. Non-primary tubes must be circular with a minimum outside diameter of 35 mm (1.378
in) and a minimum wall thickness of 1.5 mm (0.059 in). For the initial design (Fig. 2), the minimum

size of the tubes is used because the weight of the frame must be as low as possible.

Once the frame is in place, the rest of the system and components are conceptualized and designed
(Fig. 3), including the powertrain, brakes, front and rear suspension, steering, wheels, tires, seat,

etc. The hardpoints and joints are also designed.

3.1. Level 1 validation - geometry, topology and materials
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A first check of the weight and geometry was carried out according to international regulations.
The total weight of the first design was 318.13 kg. This weight only took into consideration the
weight of the represented elements on Fig. 4. An extra estimated weight of 120 kg was added to
account for the weight of the pilot, motor liquids, car body and other vehicle elements. The final

weight of 438.13 kg complied with the minimum required by the regulations.

The maximum width was 1598.69 mm, the length was 2392.96 mm, the wheelbase was 1702.37

mm and the height was 1324.92 mm (Fig. 4). These measurements met the design requirements.

3.2. Level 2 validation - static evaluation

For the static validation of the regulatory load cases, a mathematical model was developed based
on the Finite Element Method (FEM) and implemented in ANSYS (R) software. The structure was
discretised with beam-type elements. From the drawing in CAD software, the model was meshed.
A sensitivity analysis was performed and the optimal mesh size was calculated. The meshed model
was loaded under ruled cases. The vertical load case in initial design produced a stress state higher

than the allowable values (Fig. 5).

After a redesign process, some reinforcements were included to make the tension admissible. In
particular, the effect of the two added vertical tubes was significant. This topological configuration
was adequate to support the vertical loads. The deformations produced were much smaller and did

not exceed the maximum in the technical standards (Fig. 6).

With the redesigned model, the response to longitudinal loads was analysed. The load had to be

applied to both the front part (Fig. 7) and the rear part (Fig. 8) of the frame.
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The results show that the maximum stresses, both at the front part and rear part, were lower than
the elastic limit of the material, so it can be stated that the chassis fulfils the longitudinal load test.
Regarding the results of the deformations, they are less than a millimetre, which is a very favourable

value.

The lateral load test involved the application of the load on the side protection bars, towards the
passenger compartment. The test was carried out on one of the sides (Fig. 9) since the design is

symmetrical.

By performing the test at a maximum stress lower than the elastic limit, the tensional results
showed the strength of the frame, providing another point necessary for approval.
The lateral deformations were greater than one millimetre, but they still were not large enough to

pose any risk to the pilot.

After this set of checks, the design met the specifications for static loads established in the
regulations. According to the proposed methodology, the dynamic validation process was then

launched.

3.3. Level 3 validation - dynamic evaluation

To perform dynamic validation, a set of loads that characterize the worst case must be defined. A
full model was implemented in MSC-ADAMS. The multibody model implemented was complete and
included all systems and the inertial effect of the pilot's mass (Fig. 10). The model includes the
suspension, steering and wheel systems in detail. All the information on springs, shock absorbers,
joints, tires, etc. is included. This allowed the dynamic response of the vehicle to be characterised

from the solution of a system of algebraic-differential equations. The inputs included the driver's
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actions on the powertrain, brakes and steering. The forces at each singular point, for each
simulation instant, were calculated as a function of the driving manoeuvres. This made it possible

to identify the load states in the simulated circuits.

This full vehicle assembly was subjected to various driving manoeuvres through various circuits (Fig.
11). These circuits represent the racing conditions of these vehicles. They included both
acceleration and braking manoeuvres, circulation at different speeds on straights and curves, as

well as irregularities in the road, such as bumps.

The load cases were analysed in terms of the combined forces generated in the tires. These actions
are influenced by both the driving actions and the configuration of the entire dynamic system that
makes up the vehicle as a whole. For the worst-case scenario, the loads at the frame's hardpoints
were obtained (Fig. 12). These points were the anchors of the suspension and steering elements.

The calculated values are included in Tables 2 and 3.

Table 2. Location and forces of the hardpoints on the right side of the frame

Hard point | x (m) y (m) z (m) F.(N) F,(N) F,(N)
A 0.0705 -0.1753 0 24 4171 3327
B 0.2545 -0.3330 | 0.6318 7 3178 8763
C 0.6030 -0.2278 0 16 927 -1503
D 1.7110 -0.2519 | 0.1612 6 1179 -90
E 1.7560 -0.2427 0 9 314 -106
F 0.1968 -0.2939 | 0.4026 1 239 1176
G 2.0400 -0.2243 0 4 2572 985
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H 2.0686 -0.2207 | 0.1612 3 876 117
Table 3. Location and forces of the hardpoints on the left side of the frame

Hard point | x (m) y (m) z (m) F,(N) F,(N) F,(N)
A 0.0705 0.1753 0 27 -5315 2580
B 0.2545 0.3330 [0.6318 9 -3125 8540
C 0.6030 0.2278 0 15 -843 -1608
D 1.7110 0.2519 [0.1612 8 -997 -110
E 1.7560 0.2427 0 11 -438 -183
F 0.1968 0.2939 [0.4026 2 -246 1235
G 2.0400 0.2243 0 3 -2466 756
H 2.0686 0.2207 [0.1612 5 -1104 102

By applying the loads to the frame, the tension state was obtained, as shown in the Fig. 13(a). The
stress analysis verified that they results did not exceed the maximum value allowed by the material.

In the same way, the strains (Fig. 13(b)) did not exceed the established limit.

As shown in Fig. 14, the design met the three established levels. Firstly, the design fulfilled the first
level corresponding to geometric, topological and material conditions. Secondly, the design
complied with the static conditions for vertical, longitudinal and lateral loads. Finally, the design

complied with the stress and strain level based on the dynamic worst case obtained from the virtual

study with a multibody model.
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4. Conclusions

The international regulations governing the technical conditions for the design of the frame of a
Cross Car were analysed. This study concluded that designs that meet these conditions do not have
to meet other demanding conditions. There are other more demanding technical regulations that
pose structural verification by means of virtual tests using the finite element method. With this in

mind, a three-tiered sequential methodology has been proposed.

The first level corresponds to the geometric, topological and material verification in accordance
with international regulations. The second level corresponds to the frame verification under static
loads in the vertical, longitudinal and vertical directions, which is in line with advanced regulations,

such as those that exist in some national competitions.

The third level of verification corresponds to a dynamic verification. This structural verification
takes the loads that come from a dynamic calculation of the behaviour of the complete vehicle
under different driving conditions. The worst case is selected and then the actions on the
hardpoints are determined. This load case allows for the analysis of the structural response of the
vehicle assembly to a combination of different forces and torques. This third level provides a
structural check not considered in the previous levels. This third level includes the forces from the
powertrain, brakes, suspension, steering and the rest of the elements included in the vehicle, such
as the weight of the pilot. It allows a detailed analysis of, for example, anchor lugs, motor mounts,
welded areas, etc. These detailed analyses are not included in any international or national
regulations. This third level, through detailed analysis, makes it possible to advance in a more
precise structural design. Therefore, it allows optimizing the design process with respect to other

methodologies that do not include these effects.
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Figure 3. Initial complete conceptual design
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Figure 4. Dimensions check (length, width, and height)
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Figure 5. Vertical load case - Initial design
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Figure 7. Stresses of the longitudinal load test of the front part
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Figure 9. Stresses of the lateral load test
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Figure 13. (a) Von Misses stresses and (b) strains when applying the dynamic state of loads
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Figure 14. Final design of the frame that meets the three levels
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