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Abstract:Shell Eco-Marathon (SEM) is an international com-

petition among university students that involves design-

ing, building, and driving energy-e�cient cars. The car

frame is the most crucial aspect in�uencing the strength of

the car. This research aims to obtain maximum torsional

strength with variations in the material and thickness of

the frame. Calculation and testing are done using the simu-

lation method to obtain a strong car frame. This simulation

method is calculated by a series of �nite element analyses.

Then, data from the simulation method are obtained in the

form of deformation and safety factors. By comparing the

moment received with its deformation, torsional sti�ness

is then obtained. Furthermore, the torsional sti�ness is di-

vided by the weight to produce a value ratio. It is known

that the factor which has the most signi�cant in�uence

on the di�erence in torsional sti�ness of each variation is

the shear modulus of the material used. In contrast, the

weight of the chassis is in�uenced by the density of the

material and the thickness of the chassis. Additionally, the

safety factor of each variation is strongly in�uenced by the

strength of the chassis structure itself. The results of this

study will demonstrate the car frame design with the best

performance.
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1 Introduction

The main things that must be considered when designing

a vehicle are safety, driving comfort, and traction power

when it is driven, with the e�cient use of as little fuel as

possible as an appropriate model for city tra�c [1]. One

explanation for why vehicles produce toxic exhaust emis-

sions is the incomplete combustion process [2]. The use

of refrigerants in�uences and increases global warming,

meaning that people are increasingly encouraged to look

for alternative refrigeration systems that are more environ-

mentally friendly, safe, and can be used continuously in

the future [3]. Shell Eco-Marathon (SEM) is a unique global

programwhere university students design, build, and drive

highly energy-e�cient cars. Students around the world col-

laborate to �nd innovative solutions to improve energy ef-

�ciency, aligning with Shell’s goals and commitment to

developing a cleaner energy solution together [4]. SEM ve-

hicles must be lightweight and able to hold the load given,

both when driving on a straight track and when turning [5].

As shown in Figure 1, SEM vehicles are run to the time of

competition to produceminimum fuel consumption, which

is indicated by kilometers per liter. The most important

factors are weight, aerodynamic drag, wheel and bearing

friction, and, last but not least, power e�ciency [6].

Figure 1: Urban Shell-Eco Marathon vehicle design
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The frame is the most crucial part of the vehicle be-

cause it must be strong enough to hold other components

of the car, such as the engine, fuel tank, braking system,

steering system, and suspension system [7]. The framemust

also be able to protect the driver from accidents in the event

of car crashes or overturns [8], in which the frame has high

strength and sti�ness,with lowweight and cost. Conversely,

a weak framewill make the vehicle sensitive and di�cult to

drive [9]. Calculations and testing to determine the strength

and sti�ness of the SEM vehicle are not simple because

the shape of the frame itself is di�erent from the general

frame [10]. Testing the strength and sti�ness of the frame

will provide information about torsional sti�ness in the

form of the relationship between the forms of the frame, the

given load, and the deformation of the SEM vehicle frame.

After obtaining this information, students can develop a

frame with good strength and sti�ness. High torsional sti�-

ness is crucial for a frame because it will a�ect the overall

vehicle performance [11]. One e�ect of good torsional sti�-

ness on the frame is in the vehicle’s ability to get maximum

grip when turning at high speed, which is in�uenced by the

balanced lateral force distribution to the four wheels [12].

A frame with excellent torsional sti�ness will also make

other vehicle components such as suspension systems and

steering systems work optimally since the deformation of

the twisting load can be ignored, thus resulting in a good

suspension system and steering system, una�ected by the

deformation of the frame [13].

Given the facts above, it is vital to assess the torsional

sti�ness of the vehicle design, including the recently devel-

oped urban Shell-Eco Marathon vehicle. Considering that

the torsional sti�ness calculation is yet to be conducted to

the subject, this study addresses the numerical calculation

of the torsional sti�ness of the vehicle design under various

component modi�cations. The results, in the form of the

deformation and sti�ness-to-weight ratio, are summarized,

while the design with the best torsional sti�ness character-

istic is expected to be concluded in later discussion.

2 Benchmarking study

This study uses static analysis of urban Shell Eco-Marathon

(SEM) concept vehicles as a benchmark, which provides

data from Autodesk Inventor simulations and manual cal-

culations [14]. The design uses Aluminum 6061 hollows

with a total dimension of 2060 × 600 mm. It consists of

7 support bars (25 × 25 mm) and two main bars (40 × 40

mm). There are three weights (driver’s leg, driver’s body,

and engine) that are applied to the chassis in each part of

the supporting rod. The estimated driver’s foot has a load

of 98.1 N and is supported by one supporting rod, whereas

the driver’s body, with a load of 294.3 N, is supported by

two support bars. The machine has a load of 196.2 N, which

is also supported by two support rods. Figure 2 shows the

geometry of the vehicle chassis and load distribution. The

ratios of manual calculations, Autodesk Inventor simula-

tions, and ANSYS simulation are shown in Tables 1 to 3. It

can be concluded that ANSYS provided good results. Simi-

larity with analytical calculation was found in the lowest

ratio of 44.50% in terms of displacement. However, besides

this value, the other results are satisfactory, with the high-

est error being less than 11%.

The second benchmark method used is to vary the

mesh size from 5 to 60 mmwithin the interval of 5 (see Ta-

ble 4). Themesh size variation is applied within the driver’s

feet frame area. The driver’s feet area is chosen because

comparison between manual calculation and simulation

has the most signi�cant ratio compared to other parts of

the frame. The parameters a�ected by di�erences in mesh

Table 1: Error comparison of the analytical calculations, rapid estimation (Autodesk Inventor) and ANSYS: machine components

Parameters Analytical calculation Rapid estimation ANSYS E1 (%) E2 (%)

1st Principle Max. Stress (MPa) 8.48 7.80 6.975 17.75 10.58

Displacement (mm) 0.15 0.08 0.075 50 6.25

Safety Factor (-) - 15 15 - 0.00

where E1 is the error between analytical calculation and ANSYS, while E2 is the error between rapid estimation and ANSYS.

Table 2: Error comparison of the analytical calculations, rapid estimation (Autodesk Inventor) and ANSYS: body part of the driver

Parameters Analytical calculation Rapid estimation ANSYS E1 (%) E2 (%)

1st Principle Max. Stress (MPa) 12.7 11.71 8.866 30.19 24.29

Displacement (mm) 0.22 0.12 0.098 55.45 18.33

Safety Factor (-) - 15 15 - 0.00
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Table 3: Error comparison of the analytical calculations, rapid estimation (Autodesk Inventor) and ANSYS: part of driver leg

Parameters Analytical calculation Rapid estimation ANSYS E1 (%) E2 (%)

1st Principle Max. Stress (MPa) 4.25 3.90 3.489 17.90 10.54

Displacement (mm) 0.07 0.04 0.038 45.71 5.00

Safety Factor (-) - 15 15 - 0.00

 

Figure 2: Shell Eco-Marathon (SEM) chassis and load distribution

Figure 3:Mesh convergence study: observation to the stress behav-

ior

Figure 4:Mesh convergence study: observation to the displacement

behavior

are nodes, elements, maximum stress results, and displace-

ment. The mesh convergence study (Figures 3 and 4) with

stress ratio is obtained by plotting the stress ratio with the

element length to thickness (ELT) ratio; meanwhile, the

mesh convergence study with displacement ratio was ob-

tained by plotting the displacement ratio with the ELT ratio.

Table 4: Benchmark result of static analysis determined by the

mesh variations

Mesh size

(mm)

Maximum stress

(MPa)

Displacement

(mm)

5 5.2642 0.0389

10 4.3645 0.0389

15 3.8966 0.0388

20 3.6563 0.0385

25 3.3601 0.0386

30 3.2791 0.0385

35 3.2393 0.0385

40 3.1808 0.0383

45 3.1616 0.0383

50 3.1235 0.0382

55 3.1042 0.0381

60 3.0844 0.0380

3 Research methodology

3.1 Geometrical design

The primary purpose of the frame design is to ensure that

all loads will be distributed through the meeting point of

each part of the frame so that no force causes the frame to

bend or be suppressed by bending loads [15]. To get a good

frame design, it takes a balanced combination of strength

and mass. This study discusses the comparative analysis

between torsional sti�ness to the mass of several skele-

tal variations. The frame of the SEM urban vehicle was ar-

ranged with a rectangular hollow pro�le with dimensions

of 1×2 (inches), with the design shown in Figure 5 and the

variations in Figure 6.

The frames had identical shapes, but had di�erences

in the thickness and the type of material used. There were

three sizes of frame thickness, which were 1.4, 0.9, and

0.4 mm. While the types of material used in the SEM ve-

hicle frame were Aluminum 5052, Aluminum 6061, and

Aluminum 7075, this research was then carried out with the

steps shown in Figure 7.
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Figure 5: Design of SEM urban vehicle frames

Figure 6: Variations in frame design for SEM urban vehicles

3.2 Applied material

The materials used for the SEM vehicle ladder frame in

this study were Aluminum 5052, Aluminum 6061, and Alu-

minum 7075. These three materials have di�erent proper-

ties, as shown in Tables 5 to 7.

3.3 Meshing con�guration

All frame variations were simulated using the same mesh-

ing parameters, namely standard mechanical ten nodes

 

Figure 7: Research flow diagram
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Table 5: Properties of the material Aluminum 5052

Parameter Value

Shear Modulus 25924.2 MPa

Young’s Modulus 70.3 GPa

Poisson’s Ratio 0.35588

Density 2.68 g/cm3

Yield Strength 193 MPa

Tensile Strength 228 MPa

Table 6: Properties of the material Aluminum 6061

Parameter Value

Shear Modulus 25864 MPa

Young’s Modulus 68.9 GPa

Poisson’s Ratio 0.33197

Density 2.7 g/cm3

Yield Strength 275 MPa

Tensile Strength 310 MPa

Table 7: Properties of the material Aluminum 7075

Parameter Value

Shear Modulus 26900 MPa

Young’s Modulus 71.7 GPa

Poisson’s Ratio 0.33271

Density 2.81 g/cm3

Yield Strength 145 MPa

Tensile Strength 276 MPa

tetrahedral shape with a transition ratio of 0.272, a maxi-

mum layer of 5, and a growth rate of 1.2. Other settings for

meshing were set to default because di�erent meshing den-

sities are needed for each frame based on the shape, struc-

ture, and framematerial itself [8]. The ten-node tetrahedral

mesh formwas chosen since it has an excellent ability to in-

form the shape of the curve despite the fewer nodes. Further-

more, its accuracy remains high with simpler, lighter, and

faster calculations. Convergence is guaranteed only if there

exists a static equilibrium path that connects the states

of the solid at the start and end of a time increment [16].

The mesh size is designed based on the conclusions of the

convergence study which the model has 282639 nodes and

137560 elements. In Figure 8, the result of the meshing car-

ried out on the SEM urban vehicle frame design is shown.

Figure 8:Meshing on the SEM urban vehicle frame design

3.4 Boundary condition

The boundary condition of this analysis was making the

rear frame �xed so that the rear frame did not move. Conse-

quently, the front frame was given a load in the opposite

direction to form a twisting load [17]. The boundary condi-

tions that were applied were based on the actual conditions

of the vehicle, which can cause maximum torsional loads,

namely when the vehicle maneuvers on a bend and when

the car crosses uneven roads [17]. The force applied was

450 N on each side, assuming a vehicle weight of 180 kg

distributed evenly on all four wheels and �xed support on

the rear legs of the frame acting as the center of twisting.

The boundary conditions of simulation imposed twist-

ing loads to the frame, where the loads were created by

applying two forces, speci�cally to the front legs in the op-

posite direction, and to the rear legs being �xed. All frame

variations had the same leg positions, both on the front and

the rear end, and also had the same points of weight appli-

cation. In this study, �xed support, also commonly known

as structural constraint, was placed on the rear wheels, as

shown in Figure 9.

Figure 9: Structural constraints in the design of SEM urban vehicles
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3.5 Fundamental equation

This research used a simulation of the framedesign through

the �nite element method to produce data on the frame tor-

sional sti�ness. Torsional sti�ness can also be calculated by

applying the concept of physics, namely by placing a load

on the front wheels and setting the rear wheel as �xed so

that it does not move, causing the twisting load as desired.

After that, changes to the structure in the form of the defor-

mation of size and angle can be measured. Research from

related journals used the following equations, i.e., Eq. (1)

to Eq. (5), to prove the results of the simulation analysis,

which were then simulated again to be used as a reference.

T = m × g × L = (F1 + F2)w (1)

θ = tan−1
a − b

L
(2)

K =
T

θ
(3)

K =
G × KT

L
, (4)

KT = a4

[

0, 978

(

T

a

)

− 2, 309

(

T

a

)2

+ 1, 826

(

T

a

)3
]

Torsional sti�ness to weight ratio =
K

m
(5)

where:

T – Total torsion (Nm)

m – Mass (kg)

g – Gravity (m·s−2)

L – Length (m)

F1 – Force 1 (N)

F2 – Force 2 (N)

W – Distance from force to the center of the frame (m)

θ – Twist angle (deg)

A – Deformation on a side (m)

B – Deformation on b side (m)

K – Torsional Sti�ness (Nm/deg)

G – Shear Modulus (MPa)

a – Maximum deformation (m).

4 Design analysis and scenario

The deformation results of the simulation occur in the parts

where the legs are placed on the frame. Deformation in

this section is seen by referring to the deformation color

legend. These results are then calculatedusing the equation

of torsional angle of the frame in angular units (degrees).

The total torque equation is used to calculate the torque

acting on the analyzed frame. Torsional sti�ness obtained

by comparing the moment received by the frame with its

deformation Eq. (3). The last step is to compare the torsional

sti�ness obtained with the weight of the frame to get the

value comparison between the two variables using Eq. (5).

This ratio between torsional sti�ness and the weight of the

framewill be the reference value in this study in developing

the frame.

4.1 Reference criteria for torsional sti�ness
of the SEM urban vehicle

Gawande [18] conducted a study to optimize torsional sti�-

ness in a commercial heavy vehicle chassis using the �nite

element method. The chassis type is a ladder frame with

a chassis thickness of 8 mm and a BSK46 material (G =

128.7 GPa), with a torsional sti�ness of 282.93 MNm/rad.

Kurisetty [19] calculated the torsional sti�ness of the same

type of chassis but with a di�erent thickness of 6 mm with

A36 steel material (G = 76.91 GPa), which results in a tor-

sional sti�ness value of 541 Nm/deg. Khoiron [20] also re-

searched the same topic based on a similar chassis type

with a 2 mm-thick pro�le and Al ENAW-6082T6 for the ma-

terial (G = 27.3 GPa), which produced a torsional sti�ness of

23.72 kNm/deg. He also researched a chassis with a thick-

ness of 14mmwith carbon�bermaterial (G= 53GPa),which

produces a torsional sti�ness of 50.88 kNm/deg. By analyz-

ing the data from these references, the value of torsional

sti�ness for a good SEM urban vehicle can be determined.

Therefore, with the trends obtained from the graph that can

be seen in Figures 10 and 11, the value of torsional sti�ness

for SEM urban vehicles can be calculated based on the in-

�uence of thickness and shear modulus, which is 3.88 and

4.85 kNm/deg, respectively.

Figure 10: E�ect of chassis thickness on torsional sti�ness
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Figure 11: E�ect of shear modulus on torsional sti�ness

4.2 Designed analysis

A ladder frame chassis is a type of designed chassis. The

basic principle of chassis design is to have high torsional

sti�ness with a light weight to get excellent handling perfor-

mance on the car aswell as low fuel consumption. Torsional

sti�ness is the ability of the chassis to withstand twisting

loads in the form of the torque needed to twist the chassis 1

degree. When turning, if the torsional sti�ness is too small,

the chassis will fail. If it is too large, it will be di�cult to

turn and tend to under-steer. The results of the torsional lad-

der frame sti�ness are di�erent from other types of chassis

because of the di�erence in construction structure. Ladder

frames were chosen because they are lightweight, inexpen-

sive, require simple tools in manufacturing, and can be

easily repaired in cases of chassis damage [21]. Torsional

sti�ness is strongly in�uenced by the shape of the chassis

structure, material, and the method of connecting the chas-

sis [22]. In this study, the three variations of the frame have

di�erent materials, namely Aluminum series 5, series 6,

and series 7, with the same connection method, speci�cally

tungsten inert gas (TIG) welding. Therefore, this research

focuses on comparing each chassis variation with a variety

of material types and pro�le thicknesses of the chassis.

The purpose of this chassis design is to obtain a chassis

with a torsional sti�ness to weight ratio value that is higher

than the available variations. An analysis of deformation

and safety factors is carried out for each chassis variation

with changes in the type of material and thickness of the

chassis to achieve those objectives [22]. A deformed chassis

will be vulnerable to fatigue failure because the twisting

load will be experienced continuously by the frame while

driving on the track. Suspension settings can be done to

reduce the twisting load applied to the chassis. If the chas-

sis can handle twisting loads properly, other loads such

as bending will not be a problem [15]. The design process

begins with an analysis of the Shell Eco-Marathon 2019 O�-

cial Rules [22]. The second step is determining the required

performance criteria, such as torsional sti�ness and mini-

mum safety factor. Then, we determine the position of the

engine, di�erential, legs, pedals, and other aspects. After

obtaining the required data, we proceedwith sketching and

three-dimensional modelling. After designing the chassis

under the targets and regulations, the frame is made.

The �rst to third variations of the chassis use Al 5052

material type with a thickness of 0.4, 0.9, and 1.4 mm. The

fourth, �fth, and sixth variations use the Al 6061 material

with a thickness of 0.4, 0.9, and 1.4 mm, respectively. Then,

the seventh, eighth, and ninth variations use the 7075 type

of material with a thickness of 0.4, 0.9, and 1.4 mm. By

varying the thickness of the chassis on the same type of

material, we found di�erences in chassis weight of about

2 kg. In comparison, the application of variations in the

type of material at the same chassis thickness obtained a

di�erence in chassis weight that is not signi�cantly less

than 1 kg (see Table 8).

Table 8: List of the chassis weight

Variation Weight (kg)

1 (Al5 0.4) 5.110

2 (Al5 0.9) 7.434

3 (Al5 1.4) 9.638

4 (Al6 0.4) 5.148

5 (Al6 0.9) 7.489

6 (Al6 1.4) 9.710

7 (Al7 0.4) 5.358

8 (Al7 0.9) 7.794

9 (Al7 1.4) 10.110

5 Results and discussion

5.1 Structural deformation

The purpose of this simulation of torsional loading is to

determine the chassis strength when subjected to torsional

loads. The simulation results are thedeformation and safety

factor, where the deformation results, which are further an-

alyzed, are the deformation on the front of the chassis being

tested. Looking at the color of the �rst variation chassis and

matching them with the legend (Figure 12), the maximum

deformation is 3.005 mm, while the minimum deformation

is 1.142 mm. The minimum safety factor on this chassis vari-
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(a)                                                           

  

 (b) 

Figure 12: Deformation (a) and safety factor (b) of the �rst variation

chassis simulation

      

(a)                                                           

  

 (b) 

Figure 13: Deformation (a) and safety factor (b) of the second varia-

tion chassis simulation

ation is 0.336, which is not strong enough, since it is below

1 [17].

As seen in Figure 13, the second variation of the chassis

has a maximum deformation of 3.055 mm, while the mini-

mum deformation is 1.085 mm. The minimum safety factor

of this variation is 1.018, which is quite strong, since the

deformation is still above the yield strength value.

In the third chassis variation (Figure 14), the maximum

deformation is 3.013 mm, while the minimum deformation

is 1.091 mm. The minimum safety factor of the chassis in

 

(a) 

 

(b) 

Figure 14: Deformation (a) and safety factor (b) of the third variation

chassis simulation

      

(a)                                                           

  

 (b) 

Figure 15: Deformation (a) and safety factor (b) of the fourth varia-

tion of chassis simulation

this variation is 1.036, indicating that this chassis is also

quite strong, given the deformation that is slightly above

the yield strength.

In the fourth variation of the chassis, there is a maxi-

mum and minimum deformation of 3.048 and 1.162 mm, re-

spectively (Figure 15). The minimum safety factor obtained

is 0.476, which indicates this chassis is not strong enough,

since the safety factor value is below 1.

In the �fth chassis variation (Figure 16), a maximum

deformation of 3.104 mm and a minimum deformation of
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(a)                                                           

  

 (b) 

Figure 16: Deformation (a) and safety factor (b) factor of the �fth

variation of chassis simulation

      

(a)                                                           

  

 (b) 

Figure 17: Deformation (a) and safety factor (b) of the sixth variation

of chassis simulation

1.104 mm is derived from Figures 3 and 7. The minimum

safety factor is 1.459, which is quite strong.

In the sixth variation of the chassis, a maximum de-

formation of 3.061 mm is obtained, and a minimum de-

formation of 1.109 mm, as seen in the color and matched

with the legend in Figure 17. The minimum safety factor

obtained from this variation is 1.484, which indicates that

this chassis is quite substantial because the deformation is

still above the yield strength value.

In the seventh variation, the chassis obtained a maxi-

mum deformation of 2.930 mmwith a minimum deforma-

      

(a)                                                           

  

 (b) 

Figure 18: Deformation (a) and safety factor (b) of the seventh

variation of chassis simulation

      

(a)                                                           

  

 (b) 

Figure 19: Deformation (a) and safety factor (b) of the eighth varia-

tion of chassis simulation

tion of 1.117 mm, as seen from color and matched with the

legend in Figure 18. The minimum safety factor obtained

from this variation is 0.251, which indicates that this chas-

sis is not strong enough because the deformation is still

below the value of 1.

In the eighth variation chassis, the maximum deforma-

tion is 2.983 mm, while the minimum deformation of 1.061

mm is seen in the color and matched with the legend in

Figure 19. The minimum safety factor obtained from this

variation of 0.769, which indicates that this chassis is not
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(a)                                                           

  

 (b) 

Figure 20: Deformation (a) and safety factor (b) of the ninth varia-

tion of chassis simulation

strong enough because the deformation is still below the

value of 1.

In the ninth variation of the chassis, the maximum

deformation of 2.942 mm and the minimum deformation

of 1.066 mm are seen in the color and matched with the

legend in Figure 20. The minimum safety factor obtained

from this variation is 0.782, which indicates that the chassis

is quite strong, because the deformation is still above the

value of yield strength.

The results of the nine simulations show varying de-

formation and safety factor values. The total deformation

value of the �rst variation chassis is 4.147 mm, and the

safety factor is 0.336. In the second variation, the total de-

formation value is 4.141 mm, with a safety factor of 1.018. In

the third variation, the total deformation value is 4.103 mm,

with a safety factor of 1.036. The fourth variation has a total

deformation value of 4.210mm, with a safety factor of 0.476.

The �fth variation has a total deformation value of 4.208

mm, with a safety factor value of 1.459. The sixth variation

has a total deformation value of 4.170 mm with a safety

factor of 1.484. In the seventh variation, a total deformation

value of 4.046 mm was obtained, with a safety factor of

0.251. The eighth variation has a total deformation value of

4.044 mm, with a safety factor of 0.769. In the ninth varia-

tion, a total deformation value of 4.008 mmwas obtained,

with a safety factor of 0.782. The safety factor values for the

second, third, �fth, and sixth chassis variations show safe

results, which means that the stress of the simulation re-

sults is less than the yield strength of the material, and the

design of the chassis can be considered safe [24]. The ideal

Table 9: Summary of the chassis deformation

Variation Deformation (mm) Deformation (deg)

1 (Al5 0.4) 4.1467 0.215002

2 (Al5 0.9) 4.1406 0.214686

3 (Al5 1.4) 4.1033 0.212752

4 (Al6 0.4) 4.2098 0.218273

5 (Al6 0.9) 4.2077 0.218165

6 (Al6 1.4) 4.1699 0.216205

7 (Al7 0.4) 4.0461 0.209786

8 (Al7 0.9) 4.0439 0.209672

9 (Al7 1.4) 4.0076 0.207790

chassis has high sti�ness with minimal weight and price.

Large deformation, when given a twisting load, causes the

chassis to vibrate and the entire vehicle system is disturbed,

meaning that handling performance will decrease [25].

The torsional load magnitude depends on the chassis

dimensions (Eq. (1)) and the load distance from the center

of the chassis (L), even with the same load (F). The simula-

tion shows two di�erent parameters to determine torsional

sti�ness, namely total deformation and safety factor. The

deformation results are then calculated using Eq. (3), ob-

taining the torsional sti�ness value. Deformation in the

chassis is obtained by looking at the legend color shown

in the simulation results. Then, the deformation results

are calculated using Eq. (2) in order to change the defor-

mation from the unit of length to the unit of degree. The

deformation of each chassis variation is shown in Table 9.

5.2 Torsional sti�ness

Torsional sti�ness values are calculated by comparing the

torquemoment given to the deformation (Eq. (3)), where the

results are shown in Table 10. Furthermore, the comparison

between torsional sti�ness to vehicle weight uses Eq. (5)

and is shown in Table 11. It is known that the safety factor

value of safe chassis design is found in the second, third,

�fth, and sixth variations. The comparison value between

torsional sti�ness and its weight in the second variation

is 311.59 Nm/deg.kg, and is 242.52 Nm/deg.kg for the third

variation. Torsional sti�ness in the third variation increases

by approximately 21 Nm/deg from the second variation

chassis because the deformation experienced is smaller,

given the increased thickness of the chassis pro�le. The

comparison value between torsional sti�ness and itsweight

in the �fth variation is 304.35 Nm/deg·kg, and is 236.88

Nm/deg·kg in the sixth variation. Torsional sti�ness in the

sixth variation also increased by approximately 21 Nm/deg
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Table 10: Calculation of the torsional sti�ness

Variation Twisting load (Nm) Deformation (deg) Torsional sti�ness (Nm/deg)

1 (Al5 0.4) 497.2716 0.215002 2312.8718

2 (Al5 0.9) 497.2716 0.214686 2316.2790

3 (Al5 1.4) 497.2716 0.212752 2337.3350

4 (Al6 0.4) 497.2716 0.218273 2278.2052

5 (Al6 0.9) 497.2716 0.218165 2279.3420

6 (Al6 1.4) 497.2716 0.216205 2300.0041

7 (Al7 0.4) 497.2716 0.209786 2370.3773

8 (Al7 0.9) 497.2716 0.209672 2371.6669

9(Al7 1.4) 497.2716 0.207790 2393.1487

Table 11: Comparison of the torsional sti�ness to the weight load

Variation Torsional sti�ness

(Nm/deg)

Chassis weight (kg) Torsional sti�ness to weight ratio

(Nm/deg·kg)

1 (Al5 0.4) 2312.8718 5.110 452.6398

2 (Al5 0.9) 2316.2790 7.434 311.5857

3 (Al5 1.4) 2337.3350 9.638 242.5188

4 (Al6 0.4) 2278.2052 5.148 442.5527

5 (Al6 0.9) 2279.3420 7.489 304.3457

6 (Al6 1.4) 2300.0041 9.710 236.8777

7 (Al7 0.4) 2370.3773 5.358 442.4326

8 (Al7 0.9) 2371.6669 7.794 304.2768

9 (Al7 1.4) 2393.1487 10.110 236.7110

from the �fth variation due to the same factors in the second

and third variations [26, 27].

In the third variation, the torsional sti�ness is 2337.33

Nm/deg, with a torsional sti�ness-to-weight ratio of 242.52

Nm/deg kg. The ratio of torsional sti�ness to weight de-

creases compared to the second variation, but it has a

higher safety factor, indicating that the third variation is

safer than the second variation. The chassis weight in-

creases by about 2 kg, so the ratio of torsional sti�ness

to weight is lower. In the sixth variation, the torsional sti�-

ness is 2300 Nm/deg, with a torsional sti�ness-to-weight

ratio of 236.88 Nm/deg kg. The ratio of torsional sti�ness

to weight decreases compared to the �fth variation, but it

has a higher safety factor, which indicates that the sixth

variation is safer than the �fth variation. The chassis weight

increases by about 2 kg, so the ratio of torsional sti�ness-to-

weight is lower. Figure 21 shows the relationship between

variations in each chassis material thickness with the tor-

sional sti�ness. It was found that the thicker the chassis

used, the higher the torsional sti�ness is. Changes in tor-

sional sti�ness also occur along with changes in the type

of material used. The use of Al 7075 produces the highest

torsional sti�ness followed by Al 5052, and �nally, Al 6061,

Figure 21: Relationship between chassis thickness and material

type with the torsional sti�ness

which is in line with Eq. (4), since Al 7075 has the highest

shear modulus among the three materials [25].

Figure 22 shows the relationship between variations

in each chassis’ material thickness and the chassis weight.

It was found that the thicker the chassis, the higher the

chassis weight. This is caused by an increase in volume

due to the thicker chassis. Changes in chassis weight also

occur along with changes in the material used. The Al 7075

material produced the heaviest chassis, and the lightest is
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Figure 22: Relationship between chassis thickness and material

type with the chassis mass

Figure 23: Ratio of torsional sti�ness to the weight

Al 5052, as found in the material properties in Tables 5 to 7.

This further implies that Al 7075 has the largest density,

while the lowest density material is Al 5052.

Figure 23 shows the results of the ratio of torsional

sti�ness to the chassis weight. It can be seen that the �rst

variation, namely the chassis with Al 5052 material and 0.4

mm thickness, has the largest ratio. In contrast, the ninth

variation, with Al 7075 type material with 1.4 mm thickness,

has the lowest ratio of all variations.

5.3 Comparison of the torsional sti�ness to
the reference criteria

In analyzing the safety of SEM urban vehicles, the safety

factor (SF) of each variation will be analyzed �rst (based

on the design and structure analyses of pioneer works [28–

35]). Of the nine variations studied, four variations have

su�cient SF values, namely the second, third, �fth, and

sixth variations, with SF values of 1.02, 1.04, 1.46, and 1.48,

respectively. The second and third variations use the Al

5052 material type (σY = 193 MPa) with a thickness of 0.9

and 1.4 mm. The �fth and sixth variations use the Al 6061

material type (σY = 275 MPa) with a thickness of 0.9 and

1.4 mm. In general, it can be seen that this result is mostly

in�uenced by the material type, in particular the value

of its yield strength, and is in�uenced less by its pro�le

thickness.

After analyzing the SF of all variations, torsional sti�-

ness is analyzed based on the reference criteria found in

Subsection 4.1. Then, out of the four variations obtained

from the SF analysis above, the third variation is decided

to have the closest reference value for the SEM torsional ur-

ban vehicle sti�ness, with a torsional sti�ness value of 2.34

kNm/deg. The main factor that makes the third variation

have the closest sti�ness value to its reference value is the

material type, Al 5052, which has a higher shear modulus

than Al 6061.

6 Concluding remarks

The chassis for each variation was analyzed subsequently,

and the deformation and the frame weight were obtained.

The deformation results in the simulations are calculated

to �nd the torsional sti�ness. By incorporating these data

into the calculation, the torsional sti�ness to weight ratio

of each variation was obtained. Based on calculations and

analysis, it can be concluded that the strength of the SEM

vehicle chassis can be obtained through simulations using

ANSYS.

The design of each chassis variation has a relatively

high torsional sti�ness to weight ratio performance. How-

ever, only four variations have su�cient safety factor val-

ues, namely the second, third, �fth, and sixth variation.

The factor which gives the most signi�cant in�uence on the

di�erence in torsional sti�ness of each variation is the shear

modulus of the material used. The weight of the chassis is

in�uenced by the density of the material and the thickness

of the chassis. In contrast, the safety factor of each varia-

tion is strongly in�uenced by the strength of the chassis

structure itself. Mesh size for the variation a�ects the result

of the chassis. Therefore, the �rst thing to do is calibrate

the meshing size of the benchmark with the mesh size of

the analysis for the optimum convergence result.

Finally, the conclusion is that the chassis which uti-

lizes Al 5052 and 1.4 mm pro�le thickness for the frame has

greater balance between performance and safety, while the

most convergent mesh size could be seen at mesh size 15.

Therefore, this type of chassis is the best variation to build.
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