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Abstract: This study aims to determine the strength of the prototype car frame created by the SMES (Sriwijaya Mechanical
Engineering Squad) team in participating in the KMHE (Energy Efficient Car Contest) and SEM (Shell Eco-Marathon). This
prototype vehicle is an energy-efficient car with an electric motor drive and utilizes a hollow rectangular tube-shaped frame with
aluminum 6061 material. The overall dimensions of the car frame are 2500x410x540 mm. Static loading analysis was conducted
using manual calculations and computer simulations. Static loading was performed on seven support bars, the main bar, and the
overall prototype car frame. Applied loads include the electric motor load, control panel, battery load, driver's body load, driver's
legs, front body load, rollbar body load, rear body load, and reaction loads from bars receiving direct loads. Autodesk Inventor
software with frame analysis features was used in the simulation process. Based on the results of manual calculations and
computer simulations, the difference in the average results of maximum bending moment, maximum stress, and displacement
on the seven types of support bars, with a small error tolerance below 10%, is 1.01%, 5.24%, and 3.25%, respectively. Based on
computer simulation results for the main bar and seven types of support bars, the highest maximum stress occurs in the main bar,
which is 128727.37 N. This happens because the main bar receives a lot of load from the reaction forces of each support bar that
directly receives the weight. Based on computer simulation results for the overall prototype car frame, the maximum bending
moment is 78179 N.mm, the maximum stress is 16.54 MPa, displacement is 0.79 mm, and the safety factor is 16.62. It can be
concluded that the prototype vehicle frame falls into the safe category for use and has been proven to be safe.

Keywords: Energy-Efficient Car, Frame, Static Loading, Bending Moment, Stress, Displacement, Safety Factor, Autodesk
Inventor.

1. Introduction

Since the invention of the first car engine in the late 19th
Along with increasing economic growth and populationin ~ century, many companies have been innovating unique
Indonesia, fuel consumption has continued to increase over  solutions, including structures, control systems, and
the last ten years. Domestic fuel production does not  additional mechanical installations, to improve efficiency
accompany an increase in fuel consumption. Prediction and reduce emissions [2]. Companies in the automotive
results show that fuel consumption in Indonesia until 2025  industry compete to enhance engine efficiency and emission
will increase by an average of 4.07% for gasoline[1] . levels to create a cleaner environment [3].
Considerable research has been done on producing
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prototype vehicle frames with electric motor drives [4] [5].
Based on the materials used, the strength of the prototype
vehicle frame is a crucial factor extensively analyzed in
studies to consider its application [6]. The frame serves as the
foundational structure of a vehicle, supporting the driver,
passengers, vehicle body, drive motor, and associated
components. Therefore, every frame construction must be
capable of withstanding all the loads the vehicle imposes [7].
Researchers employ various methods to analyze the material
strength of the frame, utilizing both Finite Element Method
(FEM) and experimental methods[8] [9] [10].

The Sriwijaya Mechanical Engineering Squad (SMES)
team from the Department of Mechanical Engineering at
Sriwijaya Polytechnic has undertaken the production of a
prototype vehicle with an electric motor drive and battery. The
prototype vehicle was created to participate in the KMHE
(Energy Efficient Car Contest) and Shell Eco-Marathon (SEM)
competition, which aims to design and build fuel-efficient,
safe, and environmentally friendly vehicles. A prototype is a
future vehicle with a special design (two wheels on the front
and one on the back) to maximize efficiency [11]. The
prototype vehicle is designed to be as lightweight as possible
to ensure efficient use of battery energy that powers the
electric motor [12]. In addition to its lightweight construction,
the vehicle is designed to minimize friction [13]. The
aerodynamics of the vehicle's shape will also impact the
efficiency of energy utilization [14].

This research aims to determine the values of maximum
bending moment, maximum stress, and displacement
occurring in seven types of support bars for the prototype
vehicle, each subjected to its specific load. Additionally, the
research aims to ascertain the maximum bending moment,
maximum stress, displacement, and safety factor for the
overall frame of the prototype vehicle. This research is
expected to serve as a valuable reference for researchers
involved in the design and study of energy-efficient vehicle
frames.

2. Methods

2.1. Materials and dimensions

The frame of the prototype vehicle consists of several frame
bars shaped like hollow rectangular tubes, using the JIS G-
3466 standard. These bars are made of aluminum 6061 with
the following material properties: elastic modulus, yield
strength, Poisson's ratio, and material density values of 68.9
GPa, 275 MPa, 0.3, and 2.7 g/cm3, respectively. Aluminum is
chosen as the material due to its efficient competitiveness,
providing weight savings of up to 50% while still ensuring
safety, performance, and cost-effectiveness [ 15]. In this article,
the strength of seven types of support bars will be analyzed:
the engine support bar, the control panel bar with the battery,
two driver seat support bars, the leg support bar, the front body
support bar, the roll bar body support bar, the rear body support
bar, and the main bar. The profile size for the rear body support
bar is 50x30x1.6 mm, while the other bars are 75x20x1.6 mm.

The dimensions of the prototype vehicle frame align with the
dimensions of the vehicle body design and the regulations. The
overall dimensions of the prototype vehicle frame are 2500
mm in length, 410 mm in width, and 540 mm in height.

2.2. Modeling

The 2D and 3D design of the bar frame model is created
using Autodesk Inventor. Figure 1 illustrates the dimensional
sizes as a 2D sketch of the prototype vehicle frame. The
chosen frame type is the ladder frame, which can
accommodate various loads.

Figure 1. Two-dimensional design of the prototype car frame

5 4

Figure 2. Loading the truss using the generator frame on the electric motor
mounting rod (1), control panel and battery (2); driver body (3); driver's legs
(4); front body (5); rollbar body (6) rear body (7); main stem (8).

2.2.1. 3D model and loading on a prototype car frame

The 3D model is created using Autodesk Inventor with the
frame generator feature. The 3D modeling is utilized to
provide a detailed overview of the designed structure of the
frame. The frame structure is supported by two main bars and
reinforced by several supporting bars. The main bars receive
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reaction forces from seven types of supporting bars whose
strength is calculated. Figure 2 illustrates the 3D modeling and
the distribution of loads on the bar frame. The weight force is
assumed to be located at the center of the bar. Assumptions for
mass include the driver's mass of 56 kg, the driver's body mass
being 85% of the driver's mass, i.e., 47.6 kg, the driver's leg
mass being 15% of the driver's mass, i.e., 8.4 kg, electric motor
mass of 3.5 kg, and control panel and battery mass of 3.2 kg.

The assumed mass of the prototype car body is 28 kg, with 60%

of the mass on the roll bar, i.e., 16.8 kg, 15% at the front end
of the frame, i.e., 4.2 kg, and 25% at the rear end of the frame,
ie., 7 kg.

3. Results and Discussion

3.1 Static Analysis of Frame Loading
All supporting bars connected to the frame are rigidly joined
or welded to withstand axial forces, normal forces, and
moments.
1. Static analysis of loading on the electric motor support
bar
This bar utilizes a vertical rectangular hollow profile of
75%20x1.6 mm along the y-axis with a length of 370 mm. The
applied load is 3.5 kg. The free-body diagram of the electric
motor support bar can be observed in
Figure 3.
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Figure 3. Free body diagram of electric motor mount

Then, the force received by the rod (Fpy) is :
Fpm = mass x gravitation
Fpm = 3,5kgx9,81m/s? = 34,335N

2. Static analysis of loading on the control panel and
battery support bar
This bar utilizes a rectangular hollow profile of
75x20x1.6 mm vertical along the y-axis with a length of 370
mm. It receives a load of 3.2 kg. The free-body diagram of the
electric motor support bar can be observed in Figure 4.
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Figure 4. The free-body diagram of the control panel and battery mount

Then, the force received by the bar (Fgp) is :
Fkp = mass x gravitation
Fxp = 3,2kgx9,81m/s? = 31,392 N

3. Static Load Analysis on the Driver's Support Rod
This section utilizes two support rods with a
rectangular hollow profile of 75x20x1.6 mm vertical along the
y-axis with a length of 370 mm each. The applied load is 47.6
kg. The free-body diagram of the electric motor support rod
can be observed in Figure 5.
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Figure 5. Driver's seat free-body diagram

The rod for the driver's support is supported by two rods,
dividing the driver's mass into two as follows:

47,6

load mass = - = 23,6 kg

Therefore, the force received by each driver support rod (Fpp)
is:

Fpp = massx g

Fpp = 23,6 kgx9,81m/s? = 233,478 N

4. Static analysis of the load on the driver's footrest
This rod uses a rectangular hollow profile of 75x20x1.6
mm in a vertical position in the y-axis direction with a length
of 170 mm. The load received was 8.4 kg. The free-body
diagram of the electric motor mount rod can be seen in Figure
6.
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Figure 6. Driver's footrest free-body diagram

The driver's leg is assumed to be at the end of the trunk
so that the mass of the driver's leg is divided into two as
follows;

load mass = % =4,2kg

Then, the force received by the rod (Fpg) is :
Fpk = massa beban x g
Fpk = 2,4kgx9,81m/s? = 41,202 N



https://doi.org/10.53893/ijmeas.v2i1.242 29

5. Static analysis of the load on the front body support rod

This rod uses a rectangular hollow profile of 75x20x1.6

mm in a vertical position in the y-axis direction with a length

of 150 mm. The load received was 4.2 kg. The free-body

diagram of the electric motor mount rod can be seen in Figure
7.
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Figure 7. Front body mount free body diagram

Then, the force received by the rod (Fgp) is:
Fgp = mass x gravitation
Fgp = 4,2kgx9,81m/s? = 41,202 N

6. Static analysis of the load on the rollbar body mounting
rod
This rod uses a rectangular hollow profile of 75x20x1.6
mm with a horizontal position in the z-axis direction and a
length of 410 mm. The load received was 16.8 kg. The free-
body diagram of the rollbar body mounting rod can be seen in
Figure 8.
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Figure 8. Rollbar body mount free body diagram

Then, the force received by the rod (Fgg) is :
Fgr = mass x gravitation
Fgr = 16,8 kgx9,81m/s? = 164,808 N

7. Static analysis of the load on the rear body support rod
This rod uses a rectangular hollow profile of 50x30x1.6

mm in a vertical position in the y-axis direction with a length
of 410 mm. The load received was 7 kg. The free-body
diagram of the rear body support rod can be seen in Figure 9.
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Figure 9. The force received by the rod

Then, the force received by the rod (Fgp) is
Fgr = mass x gravitation
Fgr = 7kgx9,81m/s? = 68,67 N

8. Static analysis of the load on the main rod

This rod uses a rectangular hollow profile of 75x20x1.6
mm with a vertical position in the y-axis direction. The load
received is the reaction load from the rod that receives the load
directly, namely the load from the electric motor mounting rod,
control panel and battery, driver body, driver's legs, front body,
rollbar body, and rear body, as shown in Figure 10. The main
rod is assumed to be straight with a length of 2500 mm, as
shown in Figure 11. The free-body diagram of the main stem
can be seen in Figure 12.

i)
|

Figure 10. The load on the main rod due to the reaction load from the
rods receiving the load

Figure 11. The load on the main rod is assumed to be straight
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Figure 12. Free body diagram of main bar

Based on the results of the static load analysis with
manual calculations that have been carried out, the calculation
results are obtained in the form of bending moment, maximum
stress, and displacement values, as shown in Table 1 and Table
2.

Table 1. Results of manual static calculations of bending moment and

maximum stress in the supporting rods and main rods

Mounting rod Analysis results
Moment Maximum tension
(N.mm) (MPa)
Electric motor 1587,99 0,32
Control panel and battery 1451,88 0,29
Driver body I+ 11 21596,72 4,38
Driver's feet 875,54 0,18
Front body 772,54 0,16
Rollbar body 8446,41 391
Rear body 3519,57 1,05
Main rod 158481,22 32,14

Table 2. Results of manual calculation of displacement (mm) on the support

rod
Mounting rod Displacement analysis results
(mm)
Electric motor 0,0007
Control panel and battery 0,0007
Driver body I + 11 0,010
Driver's feet 0,00008
Front body 0,0001
Rollbar body 0,040
Rear body 0,0043

3.2. Static analysis of the frame using Autodesk Inventor

This article uses Autodesk Inventor software through the
analysis frame feature to conduct the simulation process.
Simulations are carried out on each rod that receives a load
and, as a whole, to determine the condition of the rod after
experiencing static loading. Loading simulation is carried out
by determining the type of material used, setting constraints,
and applying force to each member. The material used is
aluminum 6061. Each support rod connected to the frame is
welded to withstand axial forces, normal forces, and moments.
A point load is applied to the supporting rod. The main rod
receives force from the reaction force on the support rod. The
simulation results per stem are as follows:

1. Electric motor mount

The electric motor mount receives a weight force of
34.335 N, which acts in the y-axis direction. This part only
consists of one rod to support the electric motor. Using the
frame analysis feature, the simulation results on the electric
motor mount are bending moment, maximum stress, and
displacement, each with values of 1674.76 N.mm, 0.35 MPa,
and 0.0007 mm. Figure 13 shows the simulation results of the
maximum stress value on the electric motor mount.

Type: Normal Stress Smax
Units: MPa
18/12/2023, 19:23.20

I 0,3572 Max

I 0,2882

02191

 0,0809 2

0,0118 Min

Figure 13. The simulation results of the maximum stress on the electric

motor mount are 0.35 MPa.

2. Control panel and battery mount

The control panel and battery holder receive a weight
force of 31.392 N acting in the y-axis direction. This section
only has one rod to support the control panel and battery. The
simulation results obtained are bending moment, maximum
stress, and displacement, values are 1538.65 N.mm, 0.32 MPa,
and 0.0007 mm, respectively. Figure 14 shows the simulation
results of the maximum stress values at the control panel and
battery mounts.
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Type: Normal Stress Smax
Units: MPa
17/12/2023, 12:20:01

l 0,3282 Max

[ 0,2647

—{0,2012

01377 ~N

= 0,0742

0,0106 Min

Figure 14. The simulation results of the maximum stress on the electric
motor mount are (.32 MPa.

3. Driver body mount

The driver's body mount receives a weight force of
466.956 N, which acts in the y-axis direction. This part
consists of two rods that support the driver's body. The
simulation results for the total of the two driver rods were
bending moment, maximum stress, and displacement,
respectively, with values of 21683.48 N.mm, 4.63 MPa, and
0.010 mm. Figure 15 shows the maximum stress value
simulation results at the driver's body mount.

Type: Normal Stress Smax

Units: MPa
17/12/2023, 11:55:03

l 4,625 Max

13,737

2,848

1% N

= 1,071

0,183 Min

Figure 15. The maximum stress simulation results for the two driver

body support rods are 4.63 MPa.

4. Driver's footrest

The driver's footrest receives a load of 8.4 kg acting in
the y-axis direction. This part only consists of one rod to
support the driver's feet. The simulation results obtained in
bending moment, maximum stress, and displacement,
respectively, have §93.86 N.mm, 0.19 MPa, and 0.00008 mm
values. Figure 16 shows the simulation results of the
maximum stress value on the driver's footrest.

Type: Mormmal Stress Smax
Units: MPa
17/12/2023, 12:22:00

I 0,1907 Max

0,154
0,172

| 0.0805 .

0,0438

0,0071 Min

Figure 16. The maximum stress simulation results for the driver's
footrest is 0.19 MPa.

5. Front body mount

The front body mount receives a load of 4.2 kg acting in
the y-axis direction. This part only consists of one rod to
support the front body. The simulation results obtained are
bending moment, maximum stress, and displacement,
respectively, the values are 786.79 N.mm, 0.17 MPa, and
0.00006 mm. Figure 17 shows the simulation results of the
maximum stress value on the driver's footrest.

Type: Marmal Stress Smax

Units: WPa
17/12/2023, 12:24:01

I 0,1678 Max

—{0,1355
{0,102 &

00709
0,0366
'y
AT,
0,0063 Min

Figure 17. The maximum stress simulation results for the front body
mount are 0.17 MPa

6. Rollbar body mount
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The rollbar body mount receives a load of 16.8 kg acting
in the y-axis direction. A horizontal bar profile is in the
direction of the z axis. This part only consists of one rod to
support the rollbar body. The results of the simulation obtained
are bending moment, maximum stress, and displacement,
respectively, the values are 8552.96 N.mm, 4.07 MPa, and
0.041 mm. Figure 18 shows the simulation results of the
maximum stress value on the rollbar body mount.

Type: Normal Stress Smax
Units: MPa
17/12/2023, 12:29:11

I 4,071 Max

3,288

{2,505

1722
.

0,939
I s
0,156 Min m,

Figure 18. The maximum stress simulation results for the front body
mount are 4.07 MPa.

7. Rear body mount

The rear body mount receives a load of 68.67 N, which
acts in the y-axis direction. This part only consists of one rod
to support the rear body. The simulation results obtained are
bending moment, maximum stress, and displacement,
respectively, the values are 3505.57 N.mm, 1.10 MPa, and
0.0044 mm. Figure 19 shows the simulation results of the
maximum stress value on the driver's footrest.

Figure 19. The maximum stress simulation results for the rear body
mount are 1.10 MPa.

8. Main rod

The force on the main rod is caused by the reaction force
acting on the seven supporting rods. Figure 20 shows the

loading on the main rod and the maximum stress value
obtained. The simulation results on the main rod are the
maximum bending moment and stress values of 128727.37
N.mm and 27.5 MPa, respectively. Based on the simulation
results on the supporting rods and main rods carried out using
Autodesk Inventor software, the calculation results were
obtained in the form of bending moment, maximum stress, and
displacement values, as shown in Table 3 and Table 4.

I | |

549
.
e
amn

Figure 20. The maximum stress simulation results in the main stem are
27.5 MPa

Table 3. The results of the static loading simulation are bending moments

and maximum stresses in the supporting rods and main rods

Mounting rod Simulation Result

Moment Maximum

(N.mm) tension
Electric motor 1674,76 0,35
Control panel and battery 1538,65 0,32
Driver body I + II 21683,48 4,63
Driver's feet 893,86 0,19
Front body 786,79 0,17
Rollbar body 8552,96 4,07
Rear body 3505,57 1,13
Main rod 12872737 27,5

Table 4. The results of the static loading simulation are displacements on the

supporting rods and main rods

Mounting rod Displacement simulation
results (mm)

Electric motor 0,0007
Control panel and battery 0,0007

Driver body I + 11 0,010
Driver's feet 0,00008

Front body 0,00006
Rollbar body 0,041

Rear body 0,0044

Main rod 1,22

Based on Figure 21, it can be seen from the results of the
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static load analysis in the form of maximum bending moments
for seven types of supporting rods and main rods that the main
rod produces the highest maximum bending moment value
compared to the seven types of supporting rods. The maximum
bending moment value obtained is 158481.2 N.mm for manual
calculation results and 128727.4 N.mm for simulation results.
It happens because the main rod receives more load from each
supporting rod's support reaction force.

180000

e Simulation results

@ Analytical results 158481.2

160000
140000 128727.4
120000

100000

80000

Maximum bending moment (N.mm)

60000

40000
21683.48

20000 893.861674.76 1538.65 8552.96  786.79 351984
: 8446.41
21508 875.54 1587.99 1451.88 772,54 3505.57
0 m— -
Driver's Driver's Electric Battery & Rollbar Front body Rear body Main rod
Body foot motor  control body

panel

Figure 21. Comparison of maximum bending moment values (N.mm)
from simulation results and manual calculations for support rods and
main rods

Based on Figure 22, it can be seen from the results of the
static load analysis in the form of maximum stress on seven
types of supporting rods and main rods that the main rod also
produces the highest maximum stress value compared to the
seven types of supporting rods. The maximum bending
moment value obtained is 32.14 N for manual calculation
results and 27.5 for simulation results. This is in line with the
maximum bending moment value produced by the main rod
compared to the seven types of supporting rods.

35

emgmm Simulation results 32.14
[ e==@== Analytical results

= N ] w
o1 o o S

[N
o

Maximum normal stress (MPa)

[ 439 463

.19 0.35
0.8 S5 03

Driver's Driver's Electric Battery & Rollbar  Front Rear body Main rod
Body foot motor  control  body body
panel

Figure 22. Comparison of maximum stress values (MPa) from simulation

results and manual calculations on support rods and main rods.

0.045

@ Simulation results 0.041

0.040 | comg@mm Analytical results

0.035
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Displacement (mm)

0.015

0.010
0.00006 0.0043
0.0044

0.00008 0.0007
0.00008  /0.0007

o

0.005

0.000

Driver's Body Driver's foot

Electric Battery & Rollbar body Frontbody Rear body
motor  control panel

Figure 23. Comparison of displacement values (mm) from simulation
results and manual calculations on the support rod

Based on Figure 23, it can be seen that the static load
analysis results in displacement values for seven types of
supporting rods. The rod on the rollbar shows the largest
displacement value, 0.041 mm for simulation results and
0.040 mm for manual calculation results. It happens
because the rod supporting the rollbar body is arranged in a
horizontal profile position in the direction of the z-axis, so
the moment of inertia of the resulting section is small. As a
result, the rod supporting the rollbar body experiences
greater maximum stress.

9. Overall frame simulation

The force used in the truss as a whole is the force used in
the seven types of supporting rods. Simulations were also
carried out using the Autodesk Inventor analysis frame. The
results of the simulation on the frame as a whole are bending
moment, maximum stress, displacement and safety factor,
respectively, the values are 78179 N.mm, 16.54 MPa, 0.79 mm
and 16.63. Figure 24 shows the simulation results of the
maximum stress (a) and displacement (b) values for the
prototype car frame as a whole.
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Ty Normal Stess imax was successfully designed with dimensions of 2500 mm
1712/2023, 17:36:49 long, 410 mm wide, and 540 mm high, using 6061
lw " aluminum material with a hollow box tube truss profile.

Analysis of static loads on seven types of support rods,
. manually and using computer simulations, shows
differences in results with small error tolerances. The
simulation results on the support rods and main rods show
that the most considerable maximum stress value is found
on the main rods, caused by the gravitational load received
from the reaction force of each support rod. Apart from that,
the simulation results on the vehicle prototype frame show
that the most significant displacement around the driver's
body is 0.79 mm, but this value can still be categorized as
minor, so it does not affect the frame's strength. Overall, the
simulation results on the frame show a safety factor value
022Mn of 16.62, making it safe to use with the most significant

displacement value of only 0.79 mm.

(@
Type: Displacement
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