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Abstract: This paper deals with the optimization of the crossbars, parts of the existing frame of
the experimental system of the Alternative SkidCar. This part plays a crucial role and is designed
to enable and ensure reduced adhesion conditions between the vehicle and the road. To this end,
its optimization targeted here is performed using both analytical calculations and simulations in
MSC Adams software, wherein the loading forces and boundary conditions on the frame support
wheels are obtained considering the static conditions, as well as the change of the direction of travel.
The least favourable load observed was used, later on, as the input value for the strength analysis
of the frame. The analysis was performed using the finite element method (FEM) in SolidWorks.
Based on the linear and nonlinear analyses performed, the course of stress on the frame arms and
critical points with the highest stress concentration were determined. Subsequently, according to the
results obtained, a new design for the current frame was proposed and, thereby, warrants greater
rigidity, stability and strength to the entire structure, while reducing its weight and maximizing the
potential of the selected material. The benefit of the current contribution lies in the optimization of
the current frame shape, in terms of the position of weld joints, the location of the reinforcements and
the thickness of the material used.

Keywords: weld joint; car stability; weight; SkidCar; construction optimization

1. Introduction

The reduction in the number of road accidents and, in particular, their serious conse-
quences is one of the European Union’s key objectives for improving road safety, as set
out in the EU Road Safety Policy Framework 2021–2030 document—Recommendations on
Next Steps Towards “Vision Zero”. We identify two ways to achieve this vision: either by
improving the drivers’ skills of car control or by improving road safety and cars’ autonomy
to utilize artificial intelligence (AI). Nevertheless, it is not excluded that the combination of
the human factor (portrayed by the driver) and autonomous vehicles on real road traffic
can be of great help in a condition that carries a significant risk of collision [1]. Therefore, it
is necessary to develop new or to improve existing car control systems [2–8], with the help
of both existing data, and the theories and tools at our disposal, and proceed with the veri-
fication and validation of results compared to those obtained experimentally in laboratory
conditions. This applied approach results in a rapid development while maintaining finan-
cial efficiency, unlike in cases in which fundamental research requires substantial financial
resources. However, before any system is put into real operation, it is worth recalling that
it must pass a homologation process that is conditional on the satisfactory completion of
the experimental tests. It is precisely the testing of prototypes under real conditions for
car manufacturers that carries a great risk of damaging the vehicle, or there is a growing
risk of espionage from competing manufacturers. Therefore, simulated conditions are
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increasingly used in prototype testing. This includes testing cars on skid surfaces [9–11].
The disadvantage of the sliding surfaces is that the adhesive force changes in step, either for
all wheels or for the wheels on the same side of the car. As an alternative to surfaces with
reduced adhesion, an additional frame can be used to supplement the car. These frames are
delivered in the commercial sphere under the designation SkidCar (SC) [12]. The operating
principle of the frame is as follows: with the help of two pairs of wheels, SC can transfer
part of the weight of the vehicle through these wheels. In this way, a similar reduction
in the adhesive force on the wheels [13] is achieved as on the skid surface. By using the
variation in the adhesion force on any wheel, it is possible to simulate an oversteer skid,
the asymmetry of the adhesion conditions with the longitudinal axis of the vehicle and
other boundary situations that can occur in real operation compared to the sliding surfaces.

Since SkidCar is designed to teach drivers in the so-called anti-skid schools, it is
designed as a solid and durable device wherein weight does not play a significant role.

The motivation of this work is to help SkidCar manufacturers to deliver a reliable
frame for a given group of cars [14], which is, of course, significantly limited. Thereby, a
prototype of an Alternative SkidCar (ASC) [15] has been compiled, with the advantage of
possibly being used on an individual vehicle construction, that is to say, an experimental
vehicle [16]. The frame has been designed to verify and confer the usability for vehicle
stability. During the construction, the frame is made of commonly available materials with
which the minimum construction cost is decisive. Since the alternative SkidCar proved
very successful during the driving tests, it has been optimized.

This research improves the alternative SkidCar design used for the determination
of the driving stability of the experimental car in experimental tests. The design and
material optimization of the frame can provide an effective device for obtaining more
accurate measurement data from experiments than the current design. The initial step
of optimization is the design of the structure modification, for the sake of increasing the
rigidity and reducing the weight of the frame as a whole. Since this is an added weight to
the car, compared to its standard version, it is necessary to minimize this weight [16].

In terms of road safety, the stability of road vehicles is an important issue since it is
related to several factors [17–19] that can be influenced, such as the appropriate steering and
axle design, electronic car systems [20] and also the driver’s abilities. The stability of the
car can be assessed from many aspects [21], of which one of the options is the assessment of
the change in the car’s behaviour depending on the change in the adhesive force [22]. The
change in the adhesion force between the wheels and the road can be achieved, step by step,
by changing the coefficient of adhesion (skid surfaces) [23–27], or by a continuous change
in the radial reaction of the vehicle wheels using the additional equipment: alternative
SkidCar [13]. However, the requirement is that the incidence, due to the change of its
behaviour as a result of the adhesive forced added to the vehicle, should be consistently
low. For instance, in the present paper [15], an experimental measurement was carried
out, where the behaviour of the car at a reduced adhesion force was determined using the
alternative SkidCar system.

Furthermore, to improve the satisfaction of the results obtained, the optimization of the
frame is investigated in the present paper. More precisely, the variable of the optimization
to be solved is the reduction of the weight of the ASC as a whole, and increasing its rigidity
at the same time. With the help of an optimized ASC, accurate results can be recorded
from road vehicle stability testing, which corresponds to the vehicle’s limit state when
driving in winter, with different adhesion conditions on individual wheels. This condition
cannot be achieved with the use of a sliding surface. When using the ASC frame, it is
possible to monitor its behavior within the time on the car, in the form of the pitching and
rolling rotation of the body [28], the yaw rate, longitudinal and transversal acceleration,
the angle of the directional deviation at a defined driving speed and the given steering
wheel rotation course [29]. The issue of testing the driving stability of cars in relation to the
change of adhesion conditions, by using an additional frame mounted on the vehicle, is
only marginally addressed in the current scientific area [30].
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2. Materials and Methods

For the sake of carrying out experimental driving stability measurements on a pas-
senger car, an alternative to the commercially available SkidCar was mounted on an
individually built vehicle (the experimental car 4WS), in the Laboratory of the Faculty of
Transport Engineering at the University of Pardubice.

With the help of ASC, it was possible to optionally change the radial reactions of the
vehicle wheels and thus their adhesion [31]. The auxiliary wheels of the alternative SkidCar
system were free to rotate around the vertical axis, so they did not lead the vehicle, but
only transmitted vertical forces. The reduction of the adhesive force on the vehicle wheels
was achieved through the reduction of the radial reaction of these wheels. The car was
lightened by a hydraulic circuit controlling the vertical position of the ASC frame above
the ground, thereby reducing the radial reactions of the vehicle wheels. For this reason, the
vehicle could be brought to the limit of stability, i.e., to skid at a lower (safe) speed, even on
dry asphalt. More detailed specifications and the use of ASC is processed in [14].

The ASC frame was attached to the body of the experimental vehicle through a screw
connection. The front crossbar with the front wheel units was located behind the front
axle axis, whereas the rear crossbar with wheel units was in front of the rear axle axis. The
change in the wheels’ radial reaction was set prior to the experimental measurement. The
adjustment was performed by a hydraulic extension of the wheel unit. Detailed information
on ASC is given in [13].

The current state of the ASC (Figure 1) consists of a steel demountable frame with
material support, highlighted in Table 1. The frame comprises of two crossbars, two side
members and four wheel units. The wheel units embody free-rotating rubber wheels,
bearings, steel tubes and mechanical transmissions allowing the rubber wheels to be
extended and retracted. Side members and wheel units are not subjected to optimization
in this work. The frame is attached by a screw connection to the truss frame of the
experimental vehicle. The side members are mounted on both sides of the car between the
crossbars and increase the longitudinal stiffness of the ASC.

Table 1. Validation of the experimental measurement model.

ZSCFL (N) Deviation (%) ZSCFR (N) Deviation (%)

k (-) Experiment Simulation Experiment Simulation

1.0 0.0 0.0 0.0 0.0 0.0 0.0
0.8 848.0 834.0 1.7 839.0 831.0 0.9
0.6 1696.0 1677.0 1.1 1677.0 1658.0 1.1
0.4 2544.0 2516.0 1.1 2516.0 2498.0 0.7
0.2 3393.0 3439.0 1.4 3354.0 3422.0 2.0
0.0 4241.0 4227.0 0.3 4193.0 4143.0 1.2

ZSCRL (N) Deviation (%) ZSCRR (N) Deviation (%)

k (-) Experiment Simulation Experiment Simulation

1.0 0.0 0.0 0.0 0.0 0.0 0.0
0.8 455.0 456.0 0.2 450.0 453.0 0.7
0.6 910.0 956.0 5.0 900.0 937.0 4.1
0.4 1365.0 1430.0 4.7 1350.0 1413.0 4.7
0.2 1821.0 1872.0 2.8 1800.0 1855.0 3.1
0.0 2276.0 2338.0 2.7 2250.0 2315.0 2.9

Average deviation: 2.2%; maximum deviation: 5.0% ZSCFL—radial reaction of the support front left wheel (N);
ZSCFR—radial reaction of the support front right wheel (N); ZSCRL—radial reaction of the support front right
wheel (N); ZSCRR—radial reaction of the supporting rear right wheel (N); and k—raising the car (-).
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Figure 1. (a)-Experimental vehicle with the ASC system, (b) frame ASC, and (c) crossbar ASC.

Load Determination on the ASC Frame Arms

To carry out a strength analysis of the frame ASC crossbar, an input load was deter-
mined, depending upon the experimental vehicle’s weight, driving mode and the degree of
vehicle weight support. The input load of the wheel units, when the vehicle was stationary,
was determined by weighing in a step-change in the radial reaction on the vehicle wheels.
The load under the centrifugal force that occurs at the center of gravity of the system during
turns, was determined by simulation in MSC Adams 2020 (Figure 2). The coordinates of
the experimental vehicle’s center of gravity were determined by the weighing and rolling
rotation of the car on the tilting platform. The procedure for determining the height co-
ordinate is given in [32]. All model bodies have defined their self-weight, stiffness and
other characteristics. The tires have defined the pliability and damping, which have been
detected on the VVCD drum tire testing machine [33]. All pins have a defined internal
friction. The vehicle body was replaced by a mass point placed in the car’s center of gravity.
The bodywork is linked to the vehicle axles via suspension, and to the SC frame via a fixed
connection. At the ends of both ASC crossbars, wheel units with deformed tires are located
on the rotational links. The deformation characteristic is given in [15]. The wheel units
rotated freely on cylindrical pins (with defined internal friction) around their vertical axis.
These pins allowed the wheel units to move vertically. In this way, it is possible to achieve
a reduction in the radial reaction of the vehicle wheels.

The mutual differences in the load on the support wheel units, in experimental mea-
surements and simulation, are due to the fact that experimental measurements were defined
by clearing down the clearances, and rubber components of the car chassis with the default
value were used in the simulation model. The greatest error occurs when the tires are de-
formed at a low rate, especially at 20% of the car’s unloading with SC, where the deviation
is 5%. The average deviation is 2.2%, which can be considered as sufficient accuracy of
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the model. The comparison of the values obtained from the analytical calculation and the
simulation values using MSC Adams together with the deviations, are depicted in Table 1.

Figure 2. Vehicle model with ASC to determine the load.

In order to determine the change in the radial reaction of the ASC wheel units, a
simulation of the vehicle roll rotation on the tilting platform was carried out. Its inclination
divides the force of gravity applied to the car into two components: the component
perpendicular to the tilting platform and the component parallel to the tilting platform. The
parallel force component with the surface of the tilting platform has similar effects to the
centrifugal force when cornering and increases with the increasing angle of platform roll
until the vehicle slips. At the same time, the second component of the force, perpendicular
to the tilting platform, which determines the amount of adhesive force on the wheels of the
car, decreases with the tilting. Further processing of measurements on the tilting platform
is described in [32].

In the first three seconds of the simulation, the wheel units are raised to the desired
value, followed by a time interval of 7 s to tilt the platform to a maximum value of α ∈ < 0◦;
65◦>. The time course of tilting the platform is shown in Figure 3.

Figure 3. Tilt platform progress—platform lift angle as a function of time.
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Simulations have been carried out for different load levels of the ASC wheel units
(from 0% to 100% with a 20% step). A lift equal to zero radial reaction on the wheels is
considered to be a 100% lift. The highest values achieved radial reactions on the front wheel
units of the ASC at 100% lift and tilt. This situation cannot occur in the real operation,
because if the car is unloaded for 100%, it could not accelerate and therefore could not even
drive a turn. From the experimental drive tests and measurements that have been carried
out using this experimental vehicle, with the ASC system in the past [34], it is known
that the lifting threshold, when the car wheels are still able to transmit tangential forces
for accelerating, braking and cornering, is an 80% reduction of the radial reaction on the
vehicle wheels (Figure 4).

Figure 4. The course of the radial reactions of the ASC wheels when tilting on the tilting platform
and 80% unweight of the vehicle wheels. (ZSCFL—radial reaction of the support front left wheel (N);
ZSCFR—radial reaction of the support front right wheel (N); ZSCRL—radial reaction of the supporting
rear left wheel (N); and ZSCRR—radial reaction of the supporting rear right wheel).

At a higher relief, the wheels are already slipping, even during normal driving due
to acceleration and braking, but also due to the road’s ripples. Simulations on the tilting
platform were also performed for 100% of the lift for completeness; however, for a com-
parison of the maximum radial reactions with the radial reactions resulting from the static
car lift and the transverse force, maximum radial reactions on the SC wheels were taken
into account at 80% of the unloading ZSCFR = 3574 N. The value (80%) of the weight of the
wheels was chosen as the most unfavorable condition, and the front right-hand wheel load
multiplied by the factor of safety 1.6 was used.

3. Results
3.1. Strength Study of the Original Design of the ASC Crossbar

The strength of the frame was assessed according to the conservative standard for
pressure vessels, ČSN 69 0010 [35]. The evaluation of the mechanical stress was performed
by comparing the mechanical stress of the frame part with the maximum permissible
stress for the material used [36]. The calculation of the maximum permissible σDOV in the
structure was drawn out according to the relation (1):

σDOV = τ·min
{

Rp 0.2

nT
;

Rm

nB

}
·ϕ, (1)
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where σDOV is the permissible mechanical stress (MPa), nT is the coefficient of safety to
yield stress (-), ϕ is the coefficient of the weld joint, Rp 0.2 (MPa) is the contractual yield
stress, Rm is the breaking strength (MPa), and nb is the coefficient of safety to breaking
strength (-).

For nonlinear analysis, it is possible to evaluate the reserve against the limit states
of the design being examined. In the MNA (materially non-linear) study, the von Mises
bilinear model of the material was used and the limit state of plasticity was examined,
and in the GMNA study, the limit state of stability loss was investigated. The indicator of
this reserve is the so-called Load Factor, which is obtained from the loading characteristics
of the selected structural node as the intersection of the tangent to the elastic part and
the tangent to the plastic part of the characteristic. The structure will reach its limit if a
load equal to the size of the original load, multiplied by the Load Factor, is applied to it.
Consequently, if the Load Factor (reduced by the relevant factor of safety according to the
Formula (2)) is greater than 1, the design is compliant with the limit state.

LFD = min
{ LFpl

nT
;

LFst
nu

}
·ϕ, (2)

where LFD is the permitted Load Factor (-) with a factor of safety, LFPL is the Load Factor of
plasticity (-), LFst is the Load Factor of stability (-), nT is proportionality coefficient (-), and
nu is coefficient of ductility (-).

For the manufacturing of the frame, the construction steel S235JR (with parameters
showcased in Table 2) was employed.

Table 2. Parameters of the material S235JR [36].

Parameter Value

Ultimate tensile strength (MPa) 360
Yield strength (MPa) 235

Density (kg.m−3) 7850
Ductility (%) 26

Poisson’s ratio (-) 0.3
Young’s modulus (MPa) 210,000

The ASC frame attachment was realized by limiting the vertical movement applied
to the bearing surface, where the car frame sits on the ASC crossbar. The implemented
displacement limitation is a suitable simplification prerequisite, but it is well suited to real
construction. Another fixture was applied to the split lines on the frame’s mounts. From
the outer side of the frame mount, the split line simulates the M10 bolt washer with an
external diameter of 20 mm DIN 125a. From the inside, the split line covers the entire
surface of the mount above the crossbar profile, that is the area that is in contact with the
car frame. The condition of full tightening of the bolts was represented by removing all
degrees of freedom at the mounting point (Figure 5).

Figure 5. Mounting and loading of the ASC crossbar.
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The load was defined as the force applied to the wheel units with the caster. The
pipes are only used as a connection between the point of application of the real force and
the clamp joints. The force in the analysis is used as even, linearly rising to its nominal
value. The frame load was applied to the ends of the bent tubes simulating the wheel
units and their caster. These pipes were fixed in clamping joints. Vertical and horizontal
forces applied to the end edge of the bent tubes were used as a load. The vertical force
is determined by the factor of safety and maximum radial reaction obtained from the
simulations in the MSC Adams software, for the appropriate steering angle of the ASC.

The horizontal force represents the rolling resistance and always acts against the
direction of rolling of the individual wheels. Rolling resistance is caused by the deformation
of the rubber wheel on a rigid road [9,11,33] and is defined according to the relation (3)

FT = Zk·
ξ

r
, (3)

where FT is the rolling resistance force (N), ZSCK is the radial reaction (N), ξ is the rolling
resistance arm 1.6 mm, and r is the radius of the support wheel ASC (mm).

The mesh was created using a SolidWorks 2022 generator. Subsequently, critical
areas of the structure (Figure 6) were pointed out, where the mesh was refined to achieve
more accurate results. The mesh size of both the standard and refined regions have been
optimized for the best possible ratio between the calculation speed and the accuracy of the
results (Figure 7).

Figure 6. Critical points on the crossbar.

Figure 7. The refined meshing of the half of the ASC crossbar.

Subsequently, a geometrically and materially nonlinear analysis (GMNA) was per-
formed for the frame with the wheels turned to face the outside and the inside of the
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car, forward and rearward (Table 3). The most unfavourable variant was the variant with
the wheels turned to face the outside of the car; therefore, this position was used in all
subsequent analyses.

Table 3. Stresses at critical points of the crossbar (MPa).

Critical Point
Rotation of Wheel Units

Forwards Backwards Outwards Inwards

1 111 80 128 43
2 119 69 130 36
3 67 136 140 49
4 66 120 134 41
5 82 129 143 56
6 78 145 152 56
7 108 66 125 23
8 73 60 101 16

The ASC crossbar design is suitable for a reserve against limit states, but the mechanical
stress at several locations exceeds the maximum allowable stress. The highest stress of the
structure was calculated at the node 46 439 (Figure 8).

Figure 8. Stress in the original ASC crossbar in case of collapse.

To obtain the load degree value for the limit state of stability of LFst, tangents to the
elastic and plastic part of the curve were drawn and the value of the Load Factor at their
intersection point (Figure 9) was read. The value LFst from the GMNA analysis for the
stability limit state of the original frame solution is 3.86.
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Figure 9. Load characteristics at the node 46 439.

The permissible Load Factor calculated according to the Formula (2) is greater than
1, which means that this concept of the frame in terms of limit states complies with the
requirements. Even though the maximum permissible load on the ASC wheels can be 13%
higher for compliance, the design does not comply with the maximum allowable stress in
certain areas; therefore, its optimization was also undertaken.

3.2. Optimization of the ASC Frame Crossbar

Based on the results from the analysis of the current state, the shape design of the
ASC crossbar was optimized. The modification that has been proposed on the frame is
the addition of triangular and rectangular reinforcements to the welding points of the
crossbars, which will absorb some quantity of the stress peak, and therefore drop the above
concentration observed at the top of the hollow section joints (Figure 10).

Figure 10. Implementation of crossbar reinforcement.
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The reinforcements were selected in each corner as double, placed on the edges of
the hollow section and reinforced from the outside by a rectangular flat sheet. Only the
reinforcements of the vertical hollow sections, to which the side members were attached,
were designed as double triangles, to solely facilitate the assembly of the side member
using bolts. Their thickness, after the previous analysis, was chosen to be the same as the
thickness of the reinforced parts, i.e., 4 mm. Consequently, the arrangement of the crossbar
welds was optimized so that the weld did not pass through the critical point with the
maximum stress value (Figure 11).

Figure 11. Implementation of crossbar reinforcement,
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a new state.

We carried out a geometrically and materially nonlinear analysis (GMNA) in the same
way as in the original design of the ASC frame. The actual value of the highest von Mises
stress did not exceed the strength, σD = 105 MPa. The distribution of the mechanical stress
in the steel structure is shown in Figure 12.

Figure 12. Von Mises’s stress distribution in the optimized ASC crossbar.
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The value LFst of the GMNA analysis for the limit state of the newly proposed frame
solution is 3.94. The strength evaluation, in terms of limit states, and the calculation of
the permissible load was carried out according to Formula (2), LFD = 1.15 (Figure 13). The
permissible Load Factor is greater than 1, so the design of the ASC frame crossbar fits in
terms of its strength. The maximum permissible load on the SC wheels can be 15% higher
for compliance. The structure conforms to the limits of plasticity and stability, and the
maximum allowable stress.

Figure 13. Load characteristics at the node 37 858.

3.3. Optimization of the Material Used

As an alternative to the original S235JR material, S355J0 steel and EN AW-6060 T6
aluminium alloy were conjointly investigated.

3.3.1. Steel S355J0

The construction steel S355J0 was selected as the first material for the frame, which is
structurally and materially optimized. As with S235JR steel, it is structural non-alloy steel
with the same specific weight, but with a greater yield and limit strength than the original
S235JR steel. As a result, thinner profiles can be used while maintaining the strength of the
frame, resulting in its weight reduction. Table 4 lists the parameters of the named material.

Table 4. Basic parameters of steel S355J0 [37].

Parameter Value

Ultimate tensile strength (MPa) 470
Yield strength (MPa) 355

Density (kg.m−3) 7850
Ductility (%) 22

Poisson’s ratio (-) 0.3
Young’s modulus (MPa) 210,000

The allowable stress of the structurally optimized frame for steel S355J0 is in accor-
dance with the Formula (1), σDOV = 137 MPa. The modified frame structure model was
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subjected to a geometrically and materially non-linear strength study. The execution proce-
dure was similar to that of the original frame design. The distribution of the mechanical
stress at node 37 451 is shown in Figure 14. In particular, Figure 15 shows the loading
characteristics at the node 37 451, with maximum mechanical stress.

Figure 14. The mechanical stress in the structurally and materially (S355J0) optimized frame solution
at the limit state of stability.

Figure 15. Load characteristics at the node 37 451.

The strength, in terms of limit states, and the calculation of the permissible load were
evaluated according to Formula (2) and LFD = 1,68. The permissible Load Factor is greater
than 1, so this frame concept firmly fits. The maximum permissible load on the SC wheels
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can increase by 68% for compliance. The structure, therefore, complies with the limits of
plasticity and stability and the maximum allowable stress.

3.3.2. Aluminium Alloy EN AW-6060 T6

Aluminium alloy suitable for the construction of the frame of the alternative SkidCar
system was chosen (EN AW-6060 T6 designation), according to ČSN EN 573 [38], with the
chemical designation AlMgSi0. The T6 label indicates the heat treatment of the alloy, in this
case dissolving, annealing and artificial ageing. The aluminium alloy EN AW-6060 T6 is
sufficiently machinable, and has sufficient strength and hardness for use on the frame of
the alternative SkidCar system. Not least, its corrosion resistance is sufficient and can be
increased by anodic oxidation (by anodizing). The weldability of this alloy is good; it can
be welded by MIG or TIG alternating current methods.

The strength of this material is lower than that of the currently used steel, so the profile
of the crossbars has been changed from PR OBD—80 × 60 × 5 to PR OBD—100 × 80 × 6.
As the width of the proposed profiles is larger, it is recommended to change the width of
the mounts on the experimental car, which sit on the upper surface of the crossbars, to
the same width, i.e., 80 mm. Welds usually have a lower strength than the surrounding
material, so it is advisable to subject the weldment to dissolving, annealing and curing,
to obtain the original strength in the weld area. The basic parameters of the material are
shown in Table 5.

Table 5. Basic parameters of aluminium EN AW-6060 T6 [38].

Parameter Value

Ultimate tensile strength (MPa) 170
Yield strength (MPa) 140

Density (kg.m−3) 2700
Ductility (%) 10

Poisson’s ratio (-) 0.33
Young’s modulus (MPa) 70,000

The allowable stress of the structurally optimized frame for aluminium alloy EN
AW-6060 T6 is determined according to the Formula (1) σDOV = 50 MPa. The modified
frame structure model was subjected to a geometrically and materially non-linear strength
analysis (Figure 16). The execution procedure is similar to that of the original frame design.

To obtain the Load Factor value for loss of stability, tangents to the elastic and plastic
part of the curve were created again, and the value of their intersection was read. The value
LFst was concerning this case (3.50). Figure 17 shows the mechanical stress in the critical
area (point 53 719,) for the entered value of the load used for the GMNA analysis.

According to the GMNA analysis, the frame has not exceeded the maximum per-
missible stress. From this point of view, the aluminium alloy frame complies with the
requirement. The value of the permissible Load Factor (LFD = 1.02) calculated according
to relation 2 is greater than 1; therefore, this concept of aluminium alloy frame fits from
the perspective of strength. The maximum permissible load can only increase by 2% for
compliance with the limit conditions. The structure is conformed to the limits of plasticity
and stability and the maximum allowable stress.Within the material optimization, two
materials were proposed from which the frame of the alternative SkidCar system can be
manufactured. The first was considered as stronger steel S355J0. Since this steel is stronger
than the S235JR steel from which the original ASC frame solution was designed, it resulted
in even more significant weight savings (Table 6).
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Figure 16. Von Mises’s stress distribution in the optimized ASC crossbar made of aluminium material.

Figure 17. Load characteristics of the node 53 719.
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Table 6. Comparison of thickness and mass of crossbars, before and after design optimization.

Original Thickness
(mm)

Thickness after the
Optimization

(mm)

Original Weight
(kg)

Weight after the
Optimization

(kg)

Difference
(%)

5 4 32.6 29.1 10.5

Table 7 shows the crossbar weights after optimization, for S355J0 steel, and a compar-
ison of these parameters with the original weights and thicknesses before optimization
(S235JR steel). By using stronger steel, all parts of the frame can be thinner and thus save
8.6 kg, i.e., 26.3% of the weight using S355J0 steel.

Table 7. Comparison of the thickness and weight of frame parts using original steel S235JR solution
and stronger S355J0 steel.

Original Thickness
(mm)

Thickness after the
Optimization

(mm)

Original Weight
(kg)

Weight after the
Optimization

(kg)

Difference
(%)

5 3 32.6 24.0 26.3

The second alternative material for the SC frame was chosen as an aluminium alloy,
with the designation EN AW-6060 T6. This alloy has lower strength characteristics than the
original material. It was therefore necessary to use larger PR OBD profiles 100 × 80 × 6
with a greater thickness than the crossbars. However, even so, the greatest weight savings
were made.

Table 7 shows the thickness and weights of the frame and frame components using the
original S235JR steel, and the design solution using aluminium alloy and a modified structure.

As it can be observed from Table 8, 45.4% of the weight of the frame was reduced, while
maintaining the required strength, to 17.8 kg by the design modifications and replacement
of the original S235JR steel with EN AW-6060 T6 aluminium. The disadvantage of this
solution is the significantly higher economic cost of the frame material than when using
structural steel.

Table 8. Comparison of the thicknesses and weights of the frame parts using the steel of the original
S235JR solution and the aluminium alloy EN AW-6060 T6.

Original Thickness
(mm)

Thickness after the
Optimization

(mm)

Original Weight
(kg)

Weight after the
Optimization

(kg)

Difference
(%)

5 6 32.6 17.8 45.4

4. Discussion

Based on the simulations performed in MSC Adams 2019, the maximum load applied
to the wheels of the alternative SkidCar system was determined. The load value obtained
this way, was used as the input value of the ASC frame load to perform strength FEM
analyses in SolidWorks 2022. After comparing the results of the linear analyses of the
original design of the frame crossbars for, respectively, forward, reverse and both sides
driving modes, it was assessed that the highest stress on the frame occurs when the car
moves in the transversal direction with the wheels turned away from the car. This driving
mode was considered in all other stress-deformation analyses of the original and optimized
frame designs. After evaluating the strength of the original frame solution, the frame
complies with the limit states point of view, but the stress at several locations exceeds
the maximum allowable stress. Through an optimization process, frame reinforcements
were added to the areas with a high-stress concentration. This allowed the thickness of the
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crossbar wall to be dropped to 4 mm, thereupon ensuring a decrease in the crossbar weight,
by 10.5%, using the current material (S235JR), while maintaining the original strength of the
frame. From the above findings, it is clearly visible that during further frame adjustment, it
is possible to reduce the wall thickness from 5 mm to 3 mm using S355J0 steel, and thus
save the weight of 26.3% compared to the original state. When using EN AW-6060 T6
material, the thickness of the crossbar profile had to be increased to 6 mm. However, the
weight of the crossbar decreased by 45.4%, while maintaining the original strength.

5. Conclusions

The frame crossbar design of the alternative SkidCar system was evaluated and
optimized, in the present paper. The load on the frame wheels detected by MSC Adams
will cause strain on the frame arms, which is evaluated by the mechanical stress and limit
states. The loading of the auxiliary wheels of the alternative SkidCar frame was determined
by experimental measurement and used for the validation of the model in MSC Adams.
The strength analysis was evaluated from the perspective of mechanical stress and limit
states and is in satisfactory condition.

Subsequently, the design modifications were investigated and led to the following
core results:

• Weight reduction of the frame;
• A more uniform distribution of stress in the area of concentration;
• Increase the stiffness of the entire frame;
• Improve the stability of the frame.

Based on the results, it can be concluded that:

• According to the [35] standard applied, all proposed optimization solutions are com-
pliant in terms of strength—the design-modified frame using the original material, the
steel of higher strength and the aluminium alloy;

• Significant weight savings have been recorded;
• The functionality and compatibility of the frame with the experimental car have not

been limited or affected.

Recommendations for further research:

• The subject of further examination can be the evaluation of the fatigue and durability of
the frame, detailed modeling and evaluation of the notches and welds of the structure;

• It would also be advisable to design a frame for composite material;
• The created model can be further developed, for example, by using a different type of

SC wheel, considering the flexible behavior of the material or changing parameters for
the use of the alternative SkidCar system on different cars;

• It would also be possible to build up a model of a car with an alternative SkidCar
system that overcomes road irregularities, and feed this force impulse into the FEM
analyses. Furthermore, it would be appropriate to deal with the dynamic analyses of
the system.

The optimized frame will help improve the accuracy of the vehicle stability measure-
ments during driving tests, thereby increasing the safety of road vehicles in a facilitated
manner and enabling improvements to car autonomous driving systems. The use of an
optimized alternative SkidCar frame is a means of experimental verification of the research
findings in the field of vehicle driving stability.
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