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Abstract. The frame is a crucial component of a small electric vehicle. As the main body that bears the load,
it has requirements for strength and deformation, meanwhile avoiding resonance with road excitation. Light-
weighting of the frame can reduce vehicle cost while meeting performance requirements. This article designs a
type of small electric vehicle frame, uses the CATIA 3D modeling software to model the frame entity, and then
uses the ANSYS finite-element software to perform simulation analysis of the frame model, obtaining its defor-
mation and stress conditions under the corresponding working conditions. Under the guarantee of frame safety,
adjustments and optimizations of the frame dimensions are carried out, and their rationality is verified through
simulation. Finally, the light-weighting of the structural design is achieved while meeting the requirements for
strength and rigidity. The results show that the optimized frame meets the safety performance requirements and
that the overall deformation and stress distribution are reasonable, ultimately achieving a weight reduction target
of 10.7 % and realizing the light-weighting goal of the frame.

1 Introduction

With the development of electric vehicles, light-weighting,
modularization, and integration of automobiles have be-
come research hotspots in the current automotive industry
(Kim et al., 2018; Sehmi et al., 2020; Hunar et al., 2020).
Light-weighting of automobiles helps improve the endurance
mileage of pure electric vehicles, while modularization and
integration enable the integration of parts into a whole, im-
proving the assembly efficiency of automotive parts (Chen
et al., 2021). The frame is the installation carrier for electric
vehicle batteries, bodies, suspensions, etc., and it is the core
structure that ensures stable, safe, and reliable driving of the
vehicle. Minimizing the mass of their frames can increase
the endurance mileage of electric vehicles (Chen et al., 2021;
Cui et al., 2019; Yang et al., 2019). Light-weighting of the
automobile body combines lightweight materials with struc-
tural optimization design to obtain the optimal solution with
minimal mass under the condition of meeting strength and
stiffness requirements, thus achieving the purpose of light-
weighting (Zhang et al., 2019).

At present, there are many studies on light-weighting of
vehicles at home and abroad, but there are relatively few

studies on body frames. Tang Pei (2024) proposed a multi-
objective topology optimization method combining analyti-
cal hierarchy process (AHP) and topology optimization for
lightweight design of vehicles. Using AHP to determine
the weight of each working condition, a multiple-working-
condition topology optimization design was implemented,
and the weight of the vehicle body was reduced by 16.5 kg
(Tang et al., 2024). Based on the variable density method,
Ma et al. (2023) designed the global topology optimization
of the structure to obtain the distributed design materials, re-
alize the efficient utilization of the materials, and improve
the torsional stiffness design (Ma et al., 2023). By using ef-
fective big-data mining tools, Du et al. (2023) proposed a dy-
namic design methodology to establish a technical platform
for multidisciplinary design optimization for high-speed ve-
hicles, and they created an adaptive improvement scheme
with an optimal parameter configuration (Du et al., 2023).
Liu et al. (2024) studied the aspects of material design accu-
racy, lap structure design, simulation, and process manufac-
turing and solved the contradiction between power battery
size and layout space, unreasonable layout position, and load
distribution (Liu et al., 2024). Fu Bin et al. (2023) quanti-
tatively analyzed the influence of vehicle light-weighting on
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Table 1. Main parameters of the vehicle.

2150 × 1450
Frame size × 320 mm

Maximum battery range 301 km
Battery capacity 30.6 KW
Number of seats 4
Maximum driving speed 90 km h−1

wheel wear and rolling contact fatigue (RCF) by using the
wear law and other methods. This design can reduce wheel
wear by about 40 % and shows significant advantages in pre-
venting RCF damage. This study takes a new energy trac-
tor frame as its research object, takes the current demand
for frames in electric vehicles, and utilizes the equal-strength
principle and the iterative optimization method. It focuses on
lightweight design of frames using an investment casting alu-
minum alloy as the main material, and it optimizes the local
structure. The development of a lightweight new energy trac-
tor aluminum alloy frame has positive significance for solv-
ing the problems encountered in the development of electric
vehicles.

2 Establishment of the frame model

In this paper, the small ant model car of China Chery Auto-
mobile Co., Ltd. is taken as the research object, and the size
data are provided internally by China Chery Automobile Co.,
Ltd., with the specific parameters shown in Table 1.

The frame of this small electric vehicle measures 2150 mm
in length and 1450 mm in width. The entire frame is welded
together using rectangular steel tubes with dimensions of
50 mm × 30 mm × 6 mm. During the geometric modeling
process for the frame of this small electric vehicle, simpli-
fications can be made by not considering all of the welding
points, welds, and process holes on the frame. Additionally,
structural chamfers and fillets are modified to right angles to
ensure a smooth and rounded structural surface. Following
the simplified process, the model was necessarily simplified
to meet the requirements for simplified structure and analy-
sis. A 3D model was created using the CATIA software, as
shown in Fig. 1 below. The frame weighs 97.278 kg.

The frame of the small electric vehicle is made of Q345
steel material. Both the crossbeam and the longitudinal beam
are welded from rectangular steel tubes.

The load borne by the frame primarily consists of the mo-
tor, occupants, suspension, and battery pack. The mass pa-
rameters of each component are presented in Table 2.

Figure 1. Overall model structure of the frame.

Table 2. The quality parameters of each component.

Quality
Name per kilogram Quantity

Electric machinery 60 1
Battery pack 50 4
Suspension 30 4
Passenger 80 4

3 Mechanical analysis of the frame structure under
two different operating conditions

3.1 Analysis of the working condition of the frame with
all four wheels on the ground under full load

Under the conditions of being fully loaded and with all four
wheels on the ground, the main loads borne by the frame
structure come from the weight of the frame itself, the weight
of the various components, and the weight of the occupants.
The total weight is linearly related to the dynamic load factor,
with a maximum value of 1.7 selected for the dynamic load
factor to assist in checking the performance of the chassis
structure. After calculations using finite-element software,
the results are shown in Figs. 2 and 3. Figure 2 is an equiva-
lent displacement distribution diagram, and Fig. 3 is a stress
distribution contour plot.

From the deformation distribution diagram shown in
Fig. 2, it can be seen that, under the conditions of the elec-
tric vehicle frame being fully loaded and all four wheels be-
ing grounded, the maximum displacement of deformation is
0.83376 mm. The maximum deformation occurs at the mid-
dle beam of the frame, gradually decreasing towards the rear
of the frame. The deformation at the front end of the frame is
relatively small and can be neglected. The maximum defor-
mation of the frame is much smaller than the allowable de-
formation of the material, so under this condition the rigidity
requirements of the frame can be met. From the stress cloud
diagram shown in Fig. 3, it can be seen that, when the frame
is driven at a constant speed in a straight line, the location
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Figure 2. Equivalent displacement distribution diagram of the frame structure.

Figure 3. Distribution diagram of the equal-effect force of the frame structure.

Figure 4. Equivalent displacement distribution diagram of the frame structure.

where the maximum stress may occur is the connection of
the front seats, with a value of 35.704 MPa, which is much
smaller than the yield strength of the Q345 frame material.
Therefore, the strength also meets the requirements.

3.2 Analysis of the working condition where one side of
the front wheel is suspended before full loading

The simulated road condition for this scenario is harsh, with
uneven ground causing the vehicle body to sway and jolt.

When the car is in this condition, there may be a situation
where one of the tires becomes suspended or lifted. At this
time, the deformation of the entire vehicle frame is relatively
large, and the structure of the chassis or frame may undergo
severe torsion. The speed of a small electric vehicle under
this condition generally does not exceed 60 km h−1, so the re-
sulting inertial load is relatively small and the dynamic load
setting is taken as 1.3. An omnidirectional constraint of x, y,
and z displacement and rotation is applied to the right front
wheel, and a vertical constraint is applied to the rear wheels.
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Figure 5. Distribution diagram of the equal-effect force of the frame structure.

Figure 6. Equivalent displacement distribution diagram of the frame structure.

Figure 7. Distribution diagram of the equal-effect force of the frame structure.

The weight of the frame is achieved by applying vertical ac-
celeration of gravity, and the weight of the other parts is ap-
plied as concentrated and uniformly distributed loads accord-
ing to the corresponding node positions while contacting the
suspension and tire weight of the right front wheel. After cal-
culation using the finite-element software, the displacement
stress results of the frame under the condition of one front
wheel being suspended are shown in Figs. 4 and 5.

As can be seen from the deformation distribution diagram
in Fig. 4, the maximum deformation under this condition

is 3.4561 mm, occurring at the suspension of the right front
wheel. This value still meets the maximum deformation al-
lowable for the material. According to the stress distribution
diagram in Fig. 5, when the car is fully loaded and one wheel
is suspended, the maximum stress occurs at the left suspen-
sion, with a value of 63.323 MPa. Compared to the allowable
yield strength of the material, there is still a significant mar-
gin of strength, meeting the strength requirements.
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Figure 8. Equivalent displacement distribution diagram of the frame structure.

Figure 9. Distribution diagram of the equal-effect force of the frame structure.

Figure 10. Equivalent displacement distribution diagram of the frame structure.

3.3 Analysis of the working condition where one side of
the rear wheel is suspended after full loading

The situation with the rear wheels suspended is largely sim-
ilar to that with the front wheels suspended, but there are
slight differences in terms of constraints and loads. The spe-
cific conditions are similar to those with one side of the front
wheels suspended, and the dynamic load factor is taken as
1.3. In terms of boundary conditions, full degrees of free-
dom in the x, y, and z directions are imposed on both front

wheels, while the translational degree of freedom in the z di-
rection is removed from the right rear wheel and the vertical
degree of freedom and other rotational degrees of freedom
are constrained for the left rear wheel (He et al., 2020; Shan
et al., 2023). The weight of the frame is obtained by setting
the acceleration due to gravity, and the weight of the other
vehicle components and occupants is applied as correspond-
ing concentrated and uniformly distributed loads at the cor-
responding node positions. The displacement stress results
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Figure 11. Distribution diagram of the equal-effect force of the frame structure.

Figure 12. Schematic diagram of the structural optimization anal-
ysis.

of the frame under the condition with one side of the rear
wheels suspended are shown in Figs. 6 and 7.

As can be seen from the results presented in Figs. 6 and
7, the maximum displacement of the frame under this condi-
tion is 5.0875 mm, occurring at the right rear wheel, where
the constraint is released. Compared to the maximum allow-
able deformation of the material, the stiffness requirement is
met. When the right rear wheel is suspended, the maximum
stress occurs at the left rear wheel suspension, with a value
significantly lower than the material yield strength.

3.4 Analysis of emergency braking under full-load
conditions

During the driving process, the vehicle may encounter sud-
den deceleration or braking conditions. During this pro-
cess, the entire vehicle will be subjected to a sudden and
strong load. Therefore, it is necessary to simulate emer-
gency braking to test whether the frame can meet the strength
and stiffness requirements of emergency braking conditions.
Generally, the ABS (anti-lock braking system) is triggered
during emergency braking to prevent complete tire lockup.
However, for the analysis, we set the extreme condition of

Figure 13. Cross section of the steel pipe.

complete tire lockup during emergency braking, assuming
that the braking deceleration of small electric vehicles is
7.84 m s2 (approximately 0.8 g), which is the same as that of
general vehicles during emergency braking, and the dynamic
load factor is taken as 1.5. The largest deformation occurs in
the rear half of the frame, with a value of 2.484 mm, as shown
in Fig. 8. The reason for this is that the rear half receives a
larger force during deceleration. The maximum stress during
emergency braking occurs in the front half of the frame at
the joint between the frame and the suspension, with a max-
imum value of 64.441 MPa, as shown in Fig. 9, which is far
less than the allowable strength of the material.

3.5 Analysis of operating conditions during full-load
sharp turns

When a car encounters a sudden obstacle during driving, it
needs to make a sharp turn to avoid colliding with the ob-
stacle. During the sharp turn, the car frame will tilt to one
side under the action of centrifugal force, and the degree of
tilt will be directly related to the initial speed and turning ra-
dius and will also produce deceleration acceleration (Wang
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Table 3. Stress and strain data under each working condition.

One side of One side of
Four wheels the front wheel the rear wheel Emergency Sharp

Working condition on the ground suspended suspended braking left turn

Maximum displacement (mm) 0.83376 3.4561 5.0875 2.484 3.6957
Maximum stress (MPa) 35.704 63.323 78.027 64.441 92.528

Figure 14. Frame optimization schematic diagram.

et al., 2024). This section simulates a real situation by apply-
ing lateral and longitudinal accelerations of 0.2 to the frame
to simulate the emergency left turn of a small electric vehi-
cle encountering an obstacle. In addition, the magnitude of
the centrifugal force on the frame is affected by the mass of
the entire vehicle. Under this condition, it is assumed that the
rear axle of the electric vehicle is completely side-slipping,
and the dynamic load factor is set to 1.4. When a small elec-
tric vehicle makes a sharp left turn, the left part of the vehicle
tends to tilt upward and the right part tends to tilt downward.
Therefore, the weight of the suspension and tires should be
applied to the corresponding position in the right half, and
other weights should be applied to the corresponding node
positions.

When a small electric vehicle makes a sharp left turn,
due to the effects of lateral and longitudinal acceleration, the
frame structure tends to tilt towards the upper right. Since
the lateral stiffness of the left and right parts is the same,
the tilt amplitude is not large, with a maximum deforma-
tion of 3.6957 mm, which is not significant. The deformation
of the entire vehicle is relatively concentrated on the right
part of the frame, with the maximum deformation occur-
ring in the right rear part of the frame. The maximum stress
value is 92.528 MPa, which is less than the yield strength of
the material, thereby meeting the strength requirements. The
stress displacement distribution of the frame structure under
full-load emergency turning conditions is shown in Figs. 10
and 11.

The static analysis of the frame structure, by applying cor-
responding constraints and loads, simulates five typical op-

Figure 15. Equivalent displacement distribution diagram of the
frame structure.

Figure 16. Distribution diagram of the equal-effect force of the
frame structure.

erating conditions of a micro electric vehicle driving on real
roads, such as sharp turns and sudden braking, to obtain the
strength and stiffness characteristics of the frame. The stress
displacement contour maps for each operating condition in-
dicate that both the strength and stiffness meet the safety re-
quirements, as shown in Table 3. They also demonstrate that
there is still room for light-weighting of the frame, providing
an analytical basis for subsequent light-weighting efforts.

4 Light-weighting improvement of the frame

4.1 Light-weighting improvement

Lightweight design is rooted in optimization theory for en-
gineering research. Its model represents a mathematical ab-
straction of practical optimization design problems, express-
ing necessary constraints through inequalities or equations,
solving for the range of design variable values, and achieving
the optimal value of the objective function to meet the opti-
mization goal. Generally, there are three methods: the first
is to replace the original material with lightweight materi-
als; the second is to use advanced formation processes to re-
duce the mass increase caused by the process; and the third is
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Table 4. Frame optimization of the front and rear deformation contrast.

One side of One side of
Four wheels the front wheel the rear wheel Emergency Sharp

Working condition on the ground suspended suspended braking left turn

Maximum deformation before optimization (mm) 0.83376 3.4561 5.0875 2.4840 3.6957
Maximum deformation after optimization (mm) 1.18190 4.5265 5.9954 2.7552 4.2801
Change (mm) 0.34814 1.0704 0.9079 0.2712 0.5844

Table 5. Frame optimized front and rear shape force comparison.

One side of One side of
Four wheels the front wheel the rear wheel Emergency Sharp

Working condition on the ground suspended suspended braking left turn

Maximum stress before optimization (MPa) 35.704 63.323 78.027 64.441 92.528
Maximum stress after optimization (MPa) 37.585 66.348 74.599 62.367 90.260
Change (MPa) 1.881 3.025 −3.428 −2.074 2.268

Table 6. Comparison of natural frequencies before and after frame optimization.

First Second Third Fourth Fifth Sixth
order order order order order order

Natural frequency before optimization (Hz) 32.707 35 48.835 62.039 77.106 88.427
Optimized natural frequency (Hz) 32.396 34.22 47.332 59.518 75.384 83.668

structural optimization design, including cross-sectional size
optimization, shape optimization, and topology optimization
(Cao et al., 2024). Based on the structural form of the frame,
the cross-sectional size and shape of the frame components
are used as variables for optimization design, with the frame
mass as the objective function to minimize it. The main ap-
proach used in this article is the third method, which involves
changing the cross-sectional size of the frame structure to
achieve weight reduction (Wu et al., 2021).

During the aforementioned static analysis process, the ve-
hicle frame can be divided into three parts based on the spe-
cific load-bearing conditions and the corresponding defor-
mation: the primary load-bearing area, the secondary load-
bearing area, and the general load-bearing area. The main
basis for dividing these three areas is the frequency and feed-
back effect of each part under various working conditions.
The area that experiences the highest number of load appli-
cations and the greatest impact from the load is classified as
the primary load-bearing area, and the other parts are classi-
fied accordingly. Through analysis of the static finite-element
results, the two longitudinal beams (1 and 2) at the rear of the
frame are classified as the secondary load-bearing area, while
the two support bars and longitudinal beams in the middle of
the frame, as well as the two cross beams (3, 4, 5, 6, and
7) at the rear of the frame, are classified as the non-primary
load-bearing area. The specific division is shown in Fig. 12.

When the strength or stiffness of a material in a certain
area meets the requirements but there is still an excessive sur-
plus, this part becomes an area for light-weighting improve-
ment.

The main approach to enhancing the frame’s strength is
to alter the cross-sectional shape, with specific details to be
discussed later. For the primary load-bearing areas, specif-
ically rectangular steel tubes 1, 2, and 3, due to the load
they experience at their structural locations and the need to
ensure adequate rigidity and strength, the original rectan-
gular steel tubes of 50 mm × 30 mm × 5 mm have been re-
placed with 830 mm × 6 mm circular steel tubes. For the
non-primary load-bearing areas, i.e., rectangular steel tubes
4 and 5, due to their lower frequency of load exposure and
higher reserve strength and rigidity, rectangular steel tubes
of 30 mm × 30 mm × 6 mm have been substituted. The other
parts remain unchanged.

The specific shape of the tubing is shown in Fig. 13. The
optimized frame structure is shown in Fig. 14, with a mass
of 89.364 kg.

4.2 Static analysis of the optimized frame

After optimization, a simulation analysis is conducted. Under
static or uniform speed conditions, the maximum deforma-
tion of the optimized frame under stress is 5.9954 mm, and
the maximum stress after optimization is 90.260 MPa. The
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results are shown in Figs. 15 and 16. The comparison of de-
formation and application data before and after optimization
is shown in Tables 4 and 5. Compared with before optimiza-
tion, the overall stress distribution of the frame is more uni-
form, indicating that the optimization results are relatively
satisfactory.

4.3 Modal analysis of the optimized frame

The modal analysis of the optimized frame is still conducted
based on its sixth-order natural frequency and mode shape,
exploring whether there is any overlap between the distribu-
tion of natural frequencies and the main road excitation. The
results show that there is no overlap, and resonance will not
occur (Stolz and Fang, 2025; Wu et al., 2020).

The comparison of natural frequencies before and after the
modal analysis is shown in Table 6.

5 Conclusions

Based on the CATIA 3D software, a model of a small elec-
tric vehicle frame was created. After simplifying the frame
model, it was imported into the ANSYS Workbench project
of the finite-element software. Using the ANSYS software,
a static analysis was conducted of the frame structure, sim-
ulating five typical operating conditions during vehicle driv-
ing. Stress–strain data under each condition were calculated,
and the locations of the maximum strain and stress of the
frame were obtained. Under structural deformation and stress
safety, structural optimization design was carried out by ad-
justing the cross-sectional shape and size of the frame and
adding weight-reducing holes, enabling the frame to main-
tain safety performance while achieving a lower weight. At
the same time, modal analysis was conducted of the frame
to obtain the natural frequencies and vibration modes of
each order before and after optimization. The obtained nat-
ural frequencies were compared with road excitation in or-
der to analyze their overlap and its impact on frame perfor-
mance. The analysis showed that the frame structure would
not resonate with road excitation. Through optimization de-
sign, the frame mass was reduced from the original 97.278
to 86.864 kg, achieving a weight reduction of 10.7 % over-
all, and the strength, stiffness, and deformation were within
acceptable limits, achieving the goal of light-weighting and
providing a certain reference value for related engineering
design.
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