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Abstract: A chassis is one of the essential parts of an electric motorcycle, which provides good 

structural stability to withstand various loading and unloading conditions. The weight and strength 

of a chassis are important aspects that should be considered during the design stage. The main 

purpose of this study is to identify the best material for the chassis by combining DLM and FEA. 

Then, the FEA results are validated by Experimental testing. Different static loading conditions have 

been applied which is expected to represent various loading condition that occurs in the actual 

performance of the electric motorcycle frame. In addition, the stress distribution, safety factor, and 

deformation of the same frame structure with different materials were evaluated to finalize the best 

suitable material for the chassis on the basis of strength, cost, and weight of the chassis for each 

loading condition. Based on the DLM method, it has been proposed that an STKM11A is suitable 

for the analysis compared with other materials in all criteria. The DLM shows that STKM11A is the 

best material for the platform based on the considered factors. Besides that, the experiment and 

simulation have a good correlation although some points have the wide gap value such as 14.71% at 

strain gauge 2. 
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1.  Introduction 

A chassis is the main structural component of an 

automobile. It is the primary supporting structure of an 

electric motorcycle to which all other frameworks, such as 

a battery, suspension, and braking and are linked, so the 

main frame of an electric motorcycle plays an important 

role to withstand various loading and unloading 

conditions. During the design stage, it is crucial to 

consider the weight and strength of the chassis as they 

determine the characteristics of the vehicle1,2). Based on 

that, It is critical to make the right decisions at this stage 

to minimize costly consequences later in the development 

process3). 

The design stage of the electric motorcycle chassis 

(EMC) structure was initiated by making a 3D CAD 

model. Based on the 3D CAD model, the strength of the 

chassis structure was investigated by applying various 

forces or loads. In order to obtain an appropriate design 

for the EMC structure, the results of the 3D technical 

drawing test were then evaluated and updated4,5). After the 

updated prototype is produced, the cycle continues until 

the final prototype meets safety standards. This 

conventional process is both time-consuming and 

expensive6,7).  

This shortcoming can be eliminated by using a virtual 

model as an alternative to the conventional process of 

prototype updating and testing8). Cali and Oliveri9), 

successfully verified the motorcycle frame model by 

conducting experimental testing. Another work was 

performed by Rashid et al10), in which the virtual method 

was used to design a superbike paddock stand and 
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followed by a virtual test, in which the virtual test results 

were validated through experimental test data. Scappaticci 

and co-workers11) reported the optimization of the chassis 

model in order to reduce the weight of the vehicle chassis, 

and without scarifying the stiffness of the frame. Another 

type of virtual test was conducted by Katdare et al.12) that 

used CATIA V5 software to modify and optimize the 

design in order to reduce the weight of the chassis frame. 

Patil et al.13) conducted a finite element analysis study 

using Ansys on the gearbox component by taking into 

account load modifications including from the vehicle 

frame. Gozali et al.14) had studied a flat carriage chassis 

simulated using finite element and experimental tests 

under static and dynamic conditions to determine its 

strength and durability under operational loading, with the 

results showing that the stress values were below the 

fatigue limit curve on the Soderberg diagram. These 

studies indicated that virtual tests could reduce the time 

and cost of product development. 

Besides the usage of virtual tests in the development of 

a vehicle chassis frame, materials selection also becomes 

one of the important aspects that significantly affects the 

performance and cost15). In order to acquire an appropriate 

material for the EMC structure, we used a digital logic 

method (DLM) to compare the degree of importance of 

material properties based on their weighting factors. A 

study conducted by Fehim and co-workers16), reported the 

selection of lightweight materials for close load carriage. 

Maleeque et al.17) reported the comparison between DLM 

and knowledge-based systems for the material selection of 

automotive pistons. Gustav18) successfully compared the 

material selection between the initial DLM and the 

modified DLM, in which the modified DLM shows 

superior performance due to better weighting factors. 

Akinwande et al.19) successfully conducted material 

selection from five different materials.  They determine 

some criteria, such as flexural, compressive, and tensile 

strength, bulk density, thermal conductivity, wear 

resistance, and water absorption, which are evaluated for 

the material selection. All studies demonstrated that the 

use of DLM can improve the performance of the product 

design. Very recently, Balogun et al.20) used DLM for 

material selection to develop eco-friendly and efficient 

materials for ceiling applications. The best performing 

material was found to be polypropylene reinforced with 

20 wt.% bagasse fiber. 

This study introduces an integration of Digital Logic 

Method (DLM) with Finite Element Analysis (FEA) for 

material selection and strength analysis, which is a 

pioneering contribution, as this approach has not been 

explored in previous research. The stress of the EMC 

structure was evaluated by conducting a static structural 

simulation under various loading conditions. To validate 

the simulation results, a unique experimental method was 

employed to measure stress on the chassis platform. The 

primary objective of this simulation was to analyze the 

stress distribution and deformation of the chassis body 

across different loading scenarios.  This model was 

investigated at various loading conditions, with a range 

between 90 and 320 kg. The loading setup refers to the 

actual loading condition of the chassis. There are some 

configuration used, such as : 1) the only front passanger; 

2) front passanger and rear passanger; 3) front passanger, 

rear passanger, and load on the footstep.  

 

2.  Methods 

2.1 Experimental Design 

Testing method can be defined as a series of 

measurements to obtain strain on the motorcycle chassis. 

The actual static test rig (Fig. 1(a)) and numerical 

simulation (Fig. 1(b) and Fig. 1(c)) are shown in figure 

below. The schematic of the static test rig shown in Fig. 

2(a). is integrated with some components, such as (1) 

actuator, (2) support in the front position, (3) support in 

the back position, (4) frame of the motorcycle, (5) data 

acquisition, (6) swing arm. 

 

 
(a) 

 

 
(b) 

 

 
(c) 

Fig. 1: (a)Static testing scheme for electric motor frames 

(b)CAD model of the EMC chassis (c)Boundary condition.  
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Measurement of the strain value is carried out by 

attaching a strain gauge to the critical point of the electric 

motorcycle frame according to the calculation results of 

the finite element method. Strain is defined as the ratio of 

the increase in length to the original length. A strain gauge 

consists of a small diameter wire (an etched metal foil) 

attached to a backing material (usually made of plastic). 

The wire is looped back and forth several times to create 

an effectively longer wire. The electrical resistance R of a 

strain gauge is typically 120 Ω. The strain gauge converts 

the force applied to the electric motorcycle frame into an 

electrical signal that can be measured until it is displayed. 

The force causes strain, which is then measured with a 

strain gauge by the change in electrical resistance. 

 

 
(a) 

 

 
(b) 

 

 
(c) 

Fig. 2: (a)The static test rig (b)One of the strain gauge 

locations on the electric motor frame (c)Data acquisition type 

TDS 530  

 

The strain gauge (Fig. 2 (b)) is mounted on the electric 

motor frame and connected to data acquisition to display 

the strain value. Data acquisition works based on the 1/4 

Wheatstone bridge theory. One of the resistors is replaced 

by the strain gauge to measure strain, the type of data 

acquisition used to measure the strain value on the electric 

motorcycle frame is TDS 530 (Fig. 2(c)). The data 

obtained from data acquisition is strain, and then 

converted into stress value using Hooke's equation, which 

states σ =E.ε, where E = Young’s modulus, also called the 

modulus of elasticity. Young’s modulus is assumed to be 

constant for a given material. 

 

 
Fig. 3: Flowchart of experiment 

 

The test was carried out to understand the behavior of 

the EMC structure when applied with various load 

conditions. This test was carried out with the goal of 
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producing a damaged at chassis components. The test was 

performed in seven different load series, starting from 

small value, namely 90 kg, 140 kg, 190 kg, 240 kg, 260 

kg, 270 kg, and continued until stress at chassis 

component approached yield stress (320 kg). Deformation 

data of chassis components is measured by calculating the 

values of strain induced at 5 different locations on the 

EMC structure. Flowchart of the experiment is given in 

Fig. 3.  

 

2.2 Static Structural Analysis 

2.2.1 Numerical Model 

Finite Element Analysis was carried out to measure 

deformation on the electric motorcycle (EMC) chassis. A 

STKM11A EMC chassis was fabricated upon the 

completion of the Computer Aided Design (CAD) 

modeling as well as Finite Element Analysis (FEA). The 

STKM11A was chosen since it has a better material 

indexed based on DLM analysis as discussed in Chapter 

3.1. The EMC chassis was modeled as beam elements 

with circular hollow section using CATIA. Then, the CAD 

model was imported in ABAQUS design modeler. The 

developed CAD model is shown in Fig. 1(b). 

The mathematical formulae used for simulating stress 

of a static structure are shown in Eq. 1-3. 
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Deformation of material is determined by applying the 

displacement-strain relations. The gradient of 

displacement at three coordinates system, as shown in Eq. 

4-5, reveals the rate of change of the displacement at 

specific point in the material.  
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A superposition procedure was utilized to incorporate 

and generalize the stress components from different 

loading conditions. The relationship between force and 

strain caused by that force is given by Hooke’s law. To 

improve the accuracy of this method, stress yielded must 

be linearly related to load and there will be a small-scale 

deformation in the given model compared to the whole 

structure. Therefore, Eq. 6-7 are to be used to describe the 

multiaxial loading of a homogenous isotropic material. 

 

2.2.2 Boundary Condition 

The boundary conditions for the static structural 

analysis showed in Fig. 1(c). In our study we have 

successfully applied 7 load conditions for the EMC 

structure, the combinations of diverse load cases have to 

be taken in order to find the limit capacity of the EMC 

structure. So, the chassis behaviour under the various 

loading conditions can be easily understood. The load of 

the EMC structure consists of the weight of the battery, 

footstool, and passengers on both sides, front, and rear, 

which are 20 kg, 50 kg, 125 kg, and 125 kg, respectively. 

 

2.2.3 Mesh Generation 

Meshing is a technique to divide the model into several 

elements. The initiation of any simulation process 

involves the creation of a mesh, a crucial step often 

underestimated. To ensure the validity of the simulation 

results, it’s essential to conduct a mesh convergence test, 

a commonly neglected practice in computational 

mechanics, which verifies that the results remain 

consistent despite alterations in the mesh size21,22). 

Convergence studies have been performed by 

comparing the size of the mesh to the equivalent stress 

results at one point on the electric motor platform (Fig. 4 

(b)). On the one hand, mesh sensitivity analysis was 

carried out to determine the appropriate element size so 

that it can be used to model the static load of the electric 

motorcycle platform. From the meshing analysis in Fig. 

4(a), the number of elements generated was 643629, the 

number of nodes was 650031 and the mesh size of 1.5 mm 

was chosen for the whole simulation to determine critical 

areas on the EMC structure. 

 

 
(a) 
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(b) 

Fig. 4: (a)Mesh for ABAQUS (b)Mesh convergence  

 

All parts of the electric motorcycle platform are 

modeled using an S4R element with mesh size between 

1.4 mm and 3.6 mm. The element model is a four-node 

doubly curved linear with reduced integration, which can 

be used in both thin and thick structural designs23). The 

advantage of this element model is that the shell element 

(S4R) can reach a convergent solution faster than other 

element models24). For all components which used a quad-

dominated mesh form with the medial axis algorithm. This 

medial axis method allows each partition to have at most 

one singularity by keeping the singularity as far away 

from the boundary as possible25).  

 

2.3 Digital Logic Method 

A digital logic method is a material selection procedure 

that was founded by Morris26), and then developed by 

Farag27) by evaluating the material properties by using 

binary scores to translate their relative importance. This 

method is divided into three steps: 

Firstly, writing the equation for the total number of 

decisions (N), which is shown in Eq. 9. 

 

𝑁 =
𝑛(𝑛 − 1)

2
 (9) 

 

where, n is the number of properties of the expected 

criteria. Secondly, calculating and normalizing the 

weighting factors to acquire the total value is 1. If a higher 

property value is desired, then the equation for the scaled 

properties (B). 

 

𝐵 =
𝑁𝑢𝑚𝑒𝑟𝑖𝑐𝑎𝑙 𝑉𝑎𝑙𝑢𝑒 𝑜𝑓 𝑝𝑟𝑜𝑝𝑒𝑟𝑡𝑦

𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑙𝑖𝑠𝑡
× 100 (10) 

 

Finally, determine the material performance index (Y), 

the number of scaled properties is multiplied by the value 

of the weighting factor. Where, i is the sum of all n 

relevant properties. The equation can be written as follows. 

 

𝑌 = ∑ 𝑌𝑖𝛼𝑖

𝑛

𝑖=1

 (11) 

 

The Fig of Merit (FOM) finally determined by using 

this equation. 

 

𝐹𝑂𝑀 =
𝑃𝑒𝑓𝑜𝑟𝑚𝑎𝑛𝑐𝑒 𝐼𝑛𝑑𝑒𝑥

𝐶𝑜𝑠𝑡 𝑜𝑓 𝑢𝑛𝑖𝑡 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ × 100
 (12) 

 

3. Results and Discussion 

3.1 Material Selection  

To investigate the most appropriate materials for the 

EMC structure, we performed static structural analysis 

using ABAQUS to obtain some parameters, such as 

stresses, Factor of Safety (FOS), and deformation. Table 1 

showed the comparison of the virtual analysis results for 

different materials in the EMC structure. Based on the 

simulation results, it can be seen that material AL 6063-

T6 has the lowest value in the three aspects (minimum 

stress, maximum stress, and safety factor). Interestingly, 

this material shows good performance on the other 

parameters, such as deformation. 

 

Table 1. Static structural analysis results (Stress, deformation, 

safety factor). 

 
 

On the other hand, all three other materials showed 

relatively similar values for each parameter, this is 

because the three materials have similar properties. To 

further investigate the properties of each material, we 

conducted a modal analysis to measure the natural 

frequencies of the EMC structure by using ten (10) 

vibration modes for a specific range of frequencies (0 to 

300 Hz). 

 

 
Fig. 5: Modal frequencies of the EMC structure for different 

materials. 

Materials Min Stress Max Stress 
Max 

Deformation 
Safety factor 

(Min) 

STKM11A 7.26E-14 264.9 2.11 1.208 

AL 6063-
T6 

2.53E-13 257.8 6.05 0.931 

AISI 1030 2.05E-13 263.7 2.15 1.991 

AISI 4130 1.78E-13 265 2.01 2.528 
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Figure 5 shows that material AL 6063-T6 has a higher 

deformation rate compared to others in the frequency 

range between 100 to 150 Hz. Interestingly, all other three 

materials showed relatively similar deformation values 

between the specific range of frequency, in particular, 

STKM11 A has the lowest deformation rate compared to 

others. Based on the static simulation and modal analysis 

results, DLM analysis is performed in order to acquire the 

most suitable material to be used for the EMC structure. 

The DLM analysis is initiated to determine the weighting 

factor, which is developed from five different criteria in 

the form of binary numbers to show a positive decision. 

The weighting factor is normalized to 1 prior to its value 

determined. Based on Table 2, the weighting factor for the 

strength and cost was higher than among other parameters. 

 

Table 2. Comparison of pairwise in weighting factor. 

 
 

This means that strength and cost are important aspects 

that will be considered for further analysis. Table 3 shows 

the material properties and cost for four (4) different 

materials. These properties will be used for the calculation 

of the performance index (Eq. 11). However, these 

material properties values have to be normalized using Eq. 

10 prior to determining the performance indexed (Table 4).  

 

Table 3. Material properties and cost for various materials. 

 
 

Based on previous works, the performance index is 

sufficient to be used as an indicator for scoring the level 

of importance of the parameters. However, in this study, 

we elaborate more detailed material about strength and 

cost by calculating their FOM using (Eq. 12) and ranking 

their values as shown in Table 5. 

 

Table 4. The normalization of the performance index. 

 
 

Table 5 clearly showed that STKM11A has a higher 

FOM value (16.62) which was calculated using Eq. 12. 

This indicated that all parameters (yield strength, density, 

weldability, corrosion resistance, and cost) will be a good 

combination in the material selection process. Based on 

the DLM, the most suitable material for the EMC structure 

is STKM11A. Such optimization is needed in the industry 

in order to obtain maximum profit and good material 

performance. 

 

Table 5. Material ranking for the EMC. 

 
 

3.2 Simulation Validation  

Simulated result of the material stress was derived from 

ABAQUS. This simulated result was compared with 

measured data obtained from the EMC. Stress was 

measured at 5 different locations. The correlation between 

simulated and measured data was plotted in Fig. 9(b). 

Figure 9(b) shows that simulation of the STKM11A 

chassis to find stress is very close to measured data. 

Coefficient of determination (R2) of the simulated and 

measured stress was 0.998. 

 

3.3 Static Structural and Experimental Testing  

Static structural analysis was conducted to determine 

the stresses and deformation of the EMC structure. This 

stress analysis allows for identifying high-stress regions 

and maximum deformation at each component of the 

EMC structure. Based on the ABAQUS simulation, the 

maximum deformation of 2.112 mm with a load of 320 kg 

occurs at the back side of the EMC structure. This happens 

due to this part of the chassis is the farthest point from a 

fixed point, which lies at the stern tube. This phenomenon 

is illustrated as a cantilever beam and hence the maximum 

displacement arises at the endpoint. 

Figure 6(b) clearly showed that maximum stress 

(179,76 MPa) using Abaqus occurs in the middle upper 

frame or at the seat stay area. While from the experimental 

test, the maximum stress is 186.4 MPa. The high-stress 

region occurs in this part due to the increase of load from 

the passengers. The maximum stress of 179,62 MPa is 

below the yield strength of the motorcycle frame material 

which is 325 MPa. As for the other area of the EMC 

structure, low stresses were acquired. Thus, the EMC 

structure and joints are adequately strong to withstand the 

loading applied to it.  

Goals 
Number of Decision 

Positive decisions Weighting factor 
1 2 3 4 5 6 7 8 9 10 

Yields Strength 1 0 1 1             3 0.3 

Density 0       1 1 0       2 0.2 

Weld-ability   1     0     0 0   1 0.1 
Corrosion 
Resistance     0     0   1   0 1 0.1 

Cost       0     1   1 1 3 0.3 

 

No Materials candidate 1 2 3 4 5 

Performance 
Index 

(ϒ) 

1 STKM11A 65.9 34.62 60 60 92.86 66.55 

2 AL 6063-T6 48.9 100 100 100 26 62.46 

3 AISI 1030 100 34.39 80 60 83.33 75.88 

4 AISI 4130 98.9 34.39 80 60 100 72.54 

 

No 
Materials 
candidate 

Relative 
Cost 

Cost of Unit 
Strength X 

100 

Performance 
Index 

Figure of 
Merit 

Rank 

1 STKM11A 1.08 4 66.55 16.62 1 

2 
AL 6063-

T6 
3.85 30.63 62.46 2.04 4 

3 AISI 1030 1.2 6.73 75.88 11.28 3 

4 AISI 4130 1 5.54 72.54 13.09 2 
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(a) 

 
(b) 

Fig. 6: (a)Maximum deformation (b)Von-misses stress with 

a load of 320 kg  

 
In order to acquire the value of the rate of deformation 

on various load conditions in a structure, the use of a strain 

gauge is essential because of its ability to measure a 

change of electric resistance due to the deformation of a 

structure at a specific load, as shown in Fig. 6(a). In this 

study, an experimental test is performed to validate the 

ABAQUS simulation results values.  

Stress variation for strain gauges 1,2,3,4, and 5 under a 

multiplicity of load category is illustrated in Fig. 7-9, in 

which the maximum percentage of different ratios from 

the comparative study between experimental test results 

and ABAQUS results is 14.71% at strain gauge number 2, 

which is located on the bottom frame, as shown in Fig. 

7(b). This phenomenon happens probably because there 

could be inconsistencies of material surface roughness 

during strain gauge installation on the EMC structure, 

which may contribute to the error result between FEA and 

experimental test. However, because when viewed in 

other results at other strain gauge positions, the results 

shows the satisfying result. Besides that, Durgam et. Al28) 

and Chinnaraj et. Al29) reported the similar works which 

show a good agreement although the error between 

numerical and experimental analysis is still between 10-

15%. Therefore, this simulation result is still acceptable. 

As Figure 7(a) shows, the stress values of gauge 

number 1 increased with the increase of the loading 

capacity, the same trend is also displayed in the ABAQUS 

results. From Figure 6, the maximum stress for the 

experimental test is 13.6 MPa. However, there is still a 

stress difference between ABAQUS results and 

experimental results of about 13.97% at 190 kg load 

capacity. This error might be caused by the effect of roll 

jig support that makes a negative strain gauge value. 

 

 
(a) 

 

 
(b) 

Fig. 7: (a)Stress vs. load curves from the experimental 

results and finite element analysis results of strain gauge 1 

(b)Strain gauge 2 

 

Also, from Figure 8, it could be observed that 

experimental stress and simulation stress variation have 

the same tendency. It was quite clear that simulation stress 

was slightly higher than the experimental stress. The 

maximum stress value of strain gauge 2 was up to 40.8 

MPa at 320 kg load.  

 

 
(a) 
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(b) 

Fig. 8: (a)Stress vs. load curves from the experimental 

results and finite element analysis results of strain gauge 3 

(b)Strain gauge 4 

 
Figure 9(a) shows the comparison between the two tests 

in terms of maximum stress values with an increase in the 

load of the EMC structure. Both test methods have also 

shown a similar trend of load versus stress. Based on these 

both results, it shows that simulation test results were the 

measurement with the least amount of stress at various 

loads, while the experimental test results have the highest 

stress values at various loads. The maximum stress value 

obtained is 186.4 MPa at 320 kg load for strain gauge 5, 

while the maximum stress from the ABAQUS is 15.89 

MPa at 320 kg load. The value of error from Fig. 8(a) was 

found to be 3%. It shows that ABAQUS results agree well 

with the experimental test.  

 

 
(a) 

 
(b) 

Fig. 9: (a)Stress vs. load curves from the experimental 

results and finite element analysis results of strain gauge 5 

(b)Validation of simulated stress of STKM11A chassis with 

measured data  

 

4. Conclusions 

The DLM and FEA have been carried out to find the 

best material and to obtain the Von-Mises stress of the 

EMC, respectively. Also, the experimental test is 

conducted to validate the finite element results. DLM 

showed that STKM11A is the best material for the aspects 

of strength and cost of the EMC structures. The results 

showed that the maximum stress for the experimental test 

is 186,4 MPa was less compared to the simulated result 

using ABAQUS (180,76 MPa). Simulation results for the 

STKM11A chassis were found to correlate well with 

experimental data, indicated from R-squared value 0.998 

for stress measurements. It is recommended that in future 

studies, checks should be conducted on the roll jig support 

to obtain more accurate values.   
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