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INTRODUCTION

The structural analysis of unmanned vehicle 
chassis must address both static and dynamic per-
formance to ensure the operational integrity of 
critical components such as motors and batteries 
[1]. These dual demands arise from the necessity 
to support the permanent weight of onboard sys-
tems while simultaneously absorbing transient 
loads caused by irregular urban terrain [2, 3].

In this context, AISI 1040 steel tubing offers 
an excellent balance of machinability and weld-
ability, enabling the fabrication of complex ge-
ometries [4]. Its notable mechanical resilience, 
especially impact resistance, makes it particularly 
suitable for unmanned electric vehicles operating 
in demanding environments[5]. Our finite ele-
ment analysis (FEA) methodology [6] is applied 

to identify critical stress concentrations and vali-
date the chassis’s load-bearing capacity without 
compromising component safety, similar to meth-
odologies in earlier works [7].

This integrated approach enhances structural 
robustness while ensuring protection against 
environmental and operational stresses [8]. The 
design specifically addresses the urban topogra-
phy of cities like Arequipa, Peru, characterized 
by fragmented pavements, speed bumps, and 
steep gradients [9]. These conditions require 
advanced design strategies for vibration damp-
ing and fatigue resistance [2, 10], particularly 
under repetitive impacts such as potholes [6]. 
Therefore, the chassis must effectively balance 
multidirectional load absorption with long-term 
structural durability.
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The future of urban services lies in automation. 
In this context, the design of unmanned vehicles for 
tasks such as street sweeping presents unique chal-
lenges, especially in complex and variable topog-
raphies like those of Arequipa, Peru. The structural 
resilience of these vehicles is fundamental to ensur-
ing their long-term reliability, as they must with-
stand both the constant weight of their components 
and the dynamic loads generated by speed bumps, 
potholes, and irregular pavements. A robust design 
approach and an exhaustive analysis are essential 
to ensure that the chassis of the unmanned electric 
sweeper not only fulfills its purpose but also ef-
fectively protects internal systems and minimizes 
maintenance costs throughout its service life.

To address these challenges, this study fo-
cuses on the dynamic response of the chassis un-
der transient loads, a facet that is underexplored 
in lightweight vehicles with unconventional sus-
pension configurations. The implementation of 
a diagonal suspension is a critical aspect of our 
design, as it directly influences load distribution 
and impact absorption capacity. To evaluate its 
performance realistically, we use a quarter-car 
model in MATLAB Simulink, complemented by 
a geometric correction function that accurately 
translates vertical displacement into the actual 
compression of the shock absorber.

The objective of this research is twofold: 
(1) To quantify the dynamic forces acting on the 
chassis and (2) To validate a hybrid methodology 
that combines system dynamics with meshless fi-
nite element analysis. Specifically, our approach 
will allow us to determine the factor of safety un-
der both static and dynamic conditions, enabling 
an exhaustive comparison that confirms the suit-
ability of the AISI 1040 material and validates the 
structural integrity of the design against the chal-
lenges of the urban environment.

METHODOLOGY

The structural analysis of the chassis was per-
formed using a multilevel simulation framework 
that integrates dynamic system modeling with ad-
vanced finite element analysis. This approach was 
specifically chosen to provide a realistic assess-
ment of the chassis’s response to the challenging 
urban environment of Arequipa, where static and 
dynamic loads coexist.

To model the dynamic forces induced by ir-
regular terrain, a quarter-car mathematical model 

was implemented in MATLAB/Simulink. This 
model captured the vertical interaction between 
the chassis and road irregularities, such as speed 
bumps and fragmented surfaces [11]. A key fea-
ture of this model was the inclusion of a geometric 
correction function to account for the diagonally 
oriented suspension system, which is essential 
for accurately translating vertical displacement 
into the actual shock absorber compression force. 
This step ensured the dynamic loads applied to 
the chassis were physically representative of the 
vehicle’s unique design.

The analysis was divided into three main stages 
to provide a comprehensive evaluation of the chas-
sis’s structural integrity. First, a static analysis was 
performed in Altair SimSolid™ to establish a base-
line response, evaluating stress distribution and de-
formation under the fixed gravitational load of the 
vehicle’s components and a full garbage load. Sec-
ond, the dynamic forces from the Simulink model 
were used as inputs for a transient structural analy-
sis. This stage allowed for the prediction of peak 
von Mises stresses and displacements under realis-
tic impact scenarios, confirming the chassis’s resil-
ience under short-duration, high-magnitude loads. 
Finally, a modal analysis was conducted to deter-
mine the natural frequencies and critical vibration 
modes of the structure. This step was crucial for 
identifying potential resonance risks and evaluat-
ing the overall dynamic stiffness of the chassis.

The use of this meshless finite element tech-
nology [12] was a strategic choice, as it allowed 
for the efficient simulation of the chassis’s com-
plex geometry without the time-consuming pre-
processing and numerical issues associated with 
traditional meshing. This methodology enabled 
us to perform a comprehensive evaluation of both 
static and dynamic performance, including stress 
distribution, deformation, and critical vibration 
modes. By combining these advanced simulation 
tools, we established a robust foundation for de-
sign validation, ensuring the chassis’s durability 
and integrity under the demanding scenarios of its 
target operational environment.

Vehicle description

The vehicle features a compact design, mea-
suring 1.2 meters in length, 0.7 meters in width, 
and 480 mm in height from the ground. Its chassis 
incorporates a mobile platform inspired by ATV-
style suspension systems, enabling terrain adapta-
tion during movement.
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The collection process begins with circular 
brushes that guide waste toward the vehicle’s 
center. The access ramp includes a flexible flap 
that lifts upon contact with larger objects, al-
lowing their entry. Subsequently, a cylindrical 
brush pushes the debris into the storage com-
partment, which has a capacity of 290 mm in 
length, 250 mm in height, and 700 mm in width. 
To improve stability, the suspension system is 
arranged diagonally, seeking optimal center of 
gravity balance. The chassis is constructed from 
2 mm thick steel sheet, with main longitudinal 
members of 30 mm diameter and secondary 
reinforcements of 20 mm diameter, providing 
structural strength.

Table 1 summarizes the technical specifi-
cations of the main vehicle components, orga-
nized into four key systems: propulsion, clean-
ing (circular and cylindrical brushes), and en-
ergy storage. It details dimensions, mass, and 
relevant power/torque parameters for structural 
and dynamic analysis of the assembly. The N/A 
values indicate passive components or non-
driving elements, which will mainly serve for 
static analysis. 

Figures 1 and 2 show the components and 
their respective positions in the vehicle, which 
will be used to define the position of various loads 
in subsequent analyses.

Static structural analysis

The structural analysis of the chassis was 
conducted using finite element analysis (FEA) in 
SolidWorks and Altair Inspire. AISI 1040 steel 
tubing was selected for its manufacturability, par-
ticularly in rolled joints to minimize welds and 
stress concentrations [13]. The 3D model was op-
timized for static and dynamic loads and exported 
to Altair Inspire for deformation zone analysis 
under distributed and point loads simulating op-
erational conditions. Boundary conditions were 
fixed at suspension supports. Stress and defor-
mation results were compared to the material’s 
strength to validate safety margins in demanding 
environments [14, 15].

To evaluate the structural performance of the 
chassis under stationary loading, a static analy-
sis was performed in Altair SimSolid. A gravity 
load of approximately 1298.9 N was applied, cor-
responding to the combined mass of the onboard 
components (82.4 kg) and a full 50 kg garbage 
load. This force was applied in the vertical direc-
tion with fixed supports defined at the wheel posi-
tions. The objective was to establish a baseline 
response prior to transient dynamics.

The maximum von Mises stress obtained was 
1.68 MPa, significantly lower than the yield strength 
of AISI 1040 steel (353 MPa), confirming that the 

Table 1. Detail of the components of the unmanned cleaning vehicle and its main characteristics
Motion System

Equipment Dimensions (mm) Mass (kg) Power/Torque

Main Chassis L:1200, a:700, h:480 26.4 N/A

Traction Motor Ø180 x 220 7 2.2 kW / 70 Nm

Wheels (4) Ø200 x 50 2 N/A

Shock Absorbers (4) Center a center: 212 3 N/A

Cleaning System, Circular Brushes

Equipment Dimensions (mm) Mass (kg) Power/Torque

Brush Motor Ø80-100 4 400W / 0.7 Nm

Transmission Variable 2 N/A

Cleaning System, Cylindrical Brush

Equipment
Dimensions

(mm)
Mass (kg) Power/Torque

Brush motor Ø150 x 200 6 300W / 1.5 Nm

Brush cylinder Ø450 x 300 4 N/A

Energy Storage System

Equipment Dimensions (mm) Mass (kg) Power/Torque

Batteries 250 x 170 x 150 14/Unidad 48V, 50Ah

Note: Specifications are grouped by system to facilitate structural and dynamic analysis. N/A indicates passive or 
non-driving components.



141

Advances in Science and Technology Research Journal 2025, 19(12) 138–155

structure remains well within the elastic range. The 
maximum displacement observed was 0.21 mm, 
occurring in the upper central region of the roof, 
which is far from the load-bearing zones. This vali-
dates the structural stiffness and design integrity of 
the chassis for quasi-static operating conditions.

Dynamic analysis

Dynamic analysis of the chassis is essential 
to understand its behavior under variable loads 
and impact events in real-world environments, 
such as Arequipa’s uneven roads. Techniques like 
modal analysis and transient analysis help iden-
tify the system’s natural frequencies and evaluate 
its response to short-duration, high-magnitude 

forces that may cause concentrated stresses or 
excessive deformations. Prior studies [6, 16] 
demonstrate that accurate identification of natu-
ral frequencies is key to avoiding resonance that 
could compromise structural integrity. Howev-
er, research [17] warns that omitting additional 
weights from accessories, occupants, or internal 
components may underestimate actual stresses 
and reduce analysis accuracy.

In this case, transient analysis through time-
dependent load simulations such as impact forces 
from obstacles or potholes is critical to verify the 
chassis’s energy dissipation capacity and struc-
tural resilience under rapid loading events. Evi-
dence from similar studies [6,16] confirms that 
simulated impact loads via sinusoidal functions or 

Figure 1. Isometric view of the cleaning vehicle showing: (1) Circular brush motor,
(2) Waste storage compartment, (3) Batteries, (4) Circular brush, (5) Wheel (8 inches), (6) Shock absorber,

(7) Cylindrical brush motor, (8) Cylindrical brush

Figure 2. Additional view of the cleaning vehicle showing: (9) Circular brush transmission system,
(10) Waste storage intake, (11) Rear shock absorber, (12) Traction motor, (13) Cylindrical brush drum
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acceleration data can validate design safety, show-
ing peak stresses within allowable limits and suf-
ficient safety factors to withstand abrupt events on 
rough terrain. Evaluating these loads in the FEM 
model ensures the vehicle is not only safe for daily 
operation but also resilient enough to endure envi-
ronmental challenges, protecting internal compo-
nents and extending system lifespan.

Advanced finite element modeling

Finite element analysis (FEA) is crucial for 
validating the structural performance of un-
manned vehicle chassis, though it often suffers 
from stress singularities unrealistic concentra-
tions that distort results, especially at sharp edges 
[18, 19]. These are worsened by complex geom-
etries and coarse meshes, which demand time-
consuming refinements or simplifications [12, 
20]. To overcome this, Altair SimSolid™ offers 
a meshless alternative based on external approxi-
mation theory, enabling accurate analysis without 
preprocessing, ideal for irregular urban terrains 
like Arequipa’s [9]. In this work, SimSolid was 
applied for static and transient analysis under real-
istic load scenarios. A modal analysis determined 
the system’s natural frequencies [6, 17], while 
dynamic loads from MATLAB Simulink simula-
tions of obstacle impacts enabled stress and de-
formation predictions, supporting the derivation 
of a dynamic load factor for improved design. To 
deepen the dynamic response assessment, a quar-
ter‑car mathematical model was implemented. 
This model captures the vertical interaction be-
tween the chassis and road irregularities such as 
potholes and uneven surfaces, providing a simpli-
fied yet effective framework to analyze suspen-
sion behavior [21]. The system was modeled with 
two degrees of freedom: the sprung mass (ms), 
representing part of the chassis structure, and the 
unsprung mass (mu), associated with the wheels 
and suspension components (Figure 3).

Key mechanical parameters include the sus-
pension stiffness (ks), damping coefficient (cs), 
and tire vertical stiffness (kt). Damping from tires 
was neglected, given its relatively low magnitude 
compared to that of the suspension system [21]. 
In this application, the chassis utilizes a diago-
nally oriented suspension adapted to urban sce-
narios, which modifies stress distribution during 
dynamic events and enhances impact absorption.

External terrain-induced forces were modeled 
through displacement functions zr(t) representing 

typical obstacle profiles encountered in Arequipa. 
Newtonian equations of motion were used to cal-
culate the vertical responses zs(t) and zu(t) of the 
suspended and unsuspended masses, respectively. 
Particular attention was given to the compression 
phase of the shock absorber, which is critical for 
transmitting peak loads to the chassis structure 
[22]. The damping coefficients used in this phase 
were selected from manufacturer data and ad-
justed for various terrain conditions, slopes, and 
vehicle speeds.

This multilevel simulation framework, which 
combines meshless finite element analysis with 
dynamic system modeling, ensures that the de-
signed chassis can effectively withstand struc-
tural fatigue and deformation, thereby protecting 
internal components and extending the vehicle’s 
service life in harsh urban environments.

DYNAMIC FUNDAMENTALS OF THE 
QUARTER-VEHICLE MODEL

Using Newton’s second law of motion, the 
differential equations governing the system’s dy-
namic behavior were established (from Equation 
1–7). For the suspended mass (chassis), the force 
balance is expressed as [6]:
For the suspended mass:
	 𝛴𝛴𝛴𝛴 = 𝑚𝑚𝑚𝑚 

 
 

𝑚𝑚𝑠𝑠(𝑧̈𝑧𝑠𝑠 − 𝑔𝑔) = 𝑓𝑓𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑓𝑓𝑔𝑔 
 

𝑚𝑚𝑠𝑠𝑧̈𝑧𝑠𝑠 = 𝑓𝑓𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 
 

𝑓𝑓𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝑘𝑘𝑠𝑠(𝑧𝑧𝑢𝑢 − 𝑧𝑧𝑠𝑠) + 
+ 𝑐𝑐𝑠𝑠(𝑧̇𝑧𝑢𝑢 − 𝑧̇𝑧𝑠𝑠) 

 
𝑚𝑚𝑠𝑠𝑧̈𝑧𝑠𝑠 = 𝑓𝑓𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝑘𝑘𝑠𝑠(𝑧𝑧𝑢𝑢 − 𝑧𝑧𝑠𝑠) − 

−𝑐𝑐𝑠𝑠(𝑧̇𝑧𝑢𝑢 − 𝑧̇𝑧𝑠𝑠) 
 

𝑚𝑚𝑢𝑢𝑧̈𝑧𝑢𝑢 = 𝑘𝑘𝑡𝑡(𝑧𝑧𝑟𝑟 − 𝑧𝑧𝑢𝑢) − 
−𝑘𝑘𝑠𝑠(𝑧𝑧𝑢𝑢 − 𝑧𝑧𝑠𝑠) − 𝑐𝑐𝑠𝑠(𝑧̇𝑧𝑢𝑢 − 𝑧̇𝑧𝑠𝑠) 

 
 

𝑧𝑧𝑟𝑟(𝑡𝑡) = 0 para 𝑡𝑡 < 𝑑𝑑
𝑣𝑣  𝑦𝑦 𝑡𝑡 > 𝑑𝑑+𝐿𝐿

𝑣𝑣  

𝑧𝑧𝑟𝑟(𝑡𝑡) = ℎ. 𝑠𝑠𝑠𝑠𝑠𝑠 [𝜋𝜋𝜋𝜋
𝐿𝐿 (𝑡𝑡 − 𝑑𝑑

𝑣𝑣)] para 𝑑𝑑𝑣𝑣 < 𝑡𝑡 < 𝑑𝑑+𝐿𝐿
𝑣𝑣  

 
 

 
𝜎𝜎𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 = 

= √(𝜎𝜎1 + 𝜎𝜎2)2 + (𝜎𝜎2 + 𝜎𝜎3)2 + (𝜎𝜎1 + 𝜎𝜎3)2

2  
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√3⁄  = 
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where:	g – gravitational constant, fsusp – suspen-
sion force transmitted to the chassis, 

	 fg – static load due to gravity = msg.

The gravitational force and acceleration are 
constant variables that can be simplified in the 
equation, allowing their elimination to facilitate 
analysis:

	

𝛴𝛴𝛴𝛴 = 𝑚𝑚𝑚𝑚 
 
 

𝑚𝑚𝑠𝑠(𝑧̈𝑧𝑠𝑠 − 𝑔𝑔) = 𝑓𝑓𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑓𝑓𝑔𝑔 
 

𝑚𝑚𝑠𝑠𝑧̈𝑧𝑠𝑠 = 𝑓𝑓𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 
 

𝑓𝑓𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝑘𝑘𝑠𝑠(𝑧𝑧𝑢𝑢 − 𝑧𝑧𝑠𝑠) + 
+ 𝑐𝑐𝑠𝑠(𝑧̇𝑧𝑢𝑢 − 𝑧̇𝑧𝑠𝑠) 

 
𝑚𝑚𝑠𝑠𝑧̈𝑧𝑠𝑠 = 𝑓𝑓𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝑘𝑘𝑠𝑠(𝑧𝑧𝑢𝑢 − 𝑧𝑧𝑠𝑠) − 

−𝑐𝑐𝑠𝑠(𝑧̇𝑧𝑢𝑢 − 𝑧̇𝑧𝑠𝑠) 
 

𝑚𝑚𝑢𝑢𝑧̈𝑧𝑢𝑢 = 𝑘𝑘𝑡𝑡(𝑧𝑧𝑟𝑟 − 𝑧𝑧𝑢𝑢) − 
−𝑘𝑘𝑠𝑠(𝑧𝑧𝑢𝑢 − 𝑧𝑧𝑠𝑠) − 𝑐𝑐𝑠𝑠(𝑧̇𝑧𝑢𝑢 − 𝑧̇𝑧𝑠𝑠) 

 
 

𝑧𝑧𝑟𝑟(𝑡𝑡) = 0 para 𝑡𝑡 < 𝑑𝑑
𝑣𝑣  𝑦𝑦 𝑡𝑡 > 𝑑𝑑+𝐿𝐿

𝑣𝑣  

𝑧𝑧𝑟𝑟(𝑡𝑡) = ℎ. 𝑠𝑠𝑠𝑠𝑠𝑠 [𝜋𝜋𝜋𝜋
𝐿𝐿 (𝑡𝑡 − 𝑑𝑑

𝑣𝑣)] para 𝑑𝑑𝑣𝑣 < 𝑡𝑡 < 𝑑𝑑+𝐿𝐿
𝑣𝑣  

 
 

 
𝜎𝜎𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 = 

= √(𝜎𝜎1 + 𝜎𝜎2)2 + (𝜎𝜎2 + 𝜎𝜎3)2 + (𝜎𝜎1 + 𝜎𝜎3)2

2  

 
𝜎𝜎𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 ≥ 𝜎𝜎𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 

 
 

𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑜𝑜𝑜𝑜 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝐹𝐹𝐹𝐹𝐹𝐹) = 
= 𝜎𝜎𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝜎𝜎𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉⁄  

 
 

𝜎𝜎12𝑚𝑚á𝑥𝑥 = 𝜎𝜎𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦
√3⁄  = 

= 0.5777(𝜎𝜎𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦) 
 

	 (3)

Thus, the force transferred to the chassis at 
the suspension point is obtained directly by:

	

𝛴𝛴𝛴𝛴 = 𝑚𝑚𝑚𝑚 
 
 

𝑚𝑚𝑠𝑠(𝑧̈𝑧𝑠𝑠 − 𝑔𝑔) = 𝑓𝑓𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑓𝑓𝑔𝑔 
 

𝑚𝑚𝑠𝑠𝑧̈𝑧𝑠𝑠 = 𝑓𝑓𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 
 

𝑓𝑓𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝑘𝑘𝑠𝑠(𝑧𝑧𝑢𝑢 − 𝑧𝑧𝑠𝑠) + 
+ 𝑐𝑐𝑠𝑠(𝑧̇𝑧𝑢𝑢 − 𝑧̇𝑧𝑠𝑠) 

 
𝑚𝑚𝑠𝑠𝑧̈𝑧𝑠𝑠 = 𝑓𝑓𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝑘𝑘𝑠𝑠(𝑧𝑧𝑢𝑢 − 𝑧𝑧𝑠𝑠) − 

−𝑐𝑐𝑠𝑠(𝑧̇𝑧𝑢𝑢 − 𝑧̇𝑧𝑠𝑠) 
 

𝑚𝑚𝑢𝑢𝑧̈𝑧𝑢𝑢 = 𝑘𝑘𝑡𝑡(𝑧𝑧𝑟𝑟 − 𝑧𝑧𝑢𝑢) − 
−𝑘𝑘𝑠𝑠(𝑧𝑧𝑢𝑢 − 𝑧𝑧𝑠𝑠) − 𝑐𝑐𝑠𝑠(𝑧̇𝑧𝑢𝑢 − 𝑧̇𝑧𝑠𝑠) 

 
 

𝑧𝑧𝑟𝑟(𝑡𝑡) = 0 para 𝑡𝑡 < 𝑑𝑑
𝑣𝑣  𝑦𝑦 𝑡𝑡 > 𝑑𝑑+𝐿𝐿

𝑣𝑣  

𝑧𝑧𝑟𝑟(𝑡𝑡) = ℎ. 𝑠𝑠𝑠𝑠𝑠𝑠 [𝜋𝜋𝜋𝜋
𝐿𝐿 (𝑡𝑡 − 𝑑𝑑

𝑣𝑣)] para 𝑑𝑑𝑣𝑣 < 𝑡𝑡 < 𝑑𝑑+𝐿𝐿
𝑣𝑣  

 
 

 
𝜎𝜎𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 = 

= √(𝜎𝜎1 + 𝜎𝜎2)2 + (𝜎𝜎2 + 𝜎𝜎3)2 + (𝜎𝜎1 + 𝜎𝜎3)2

2  

 
𝜎𝜎𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 ≥ 𝜎𝜎𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 

 
 

𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑜𝑜𝑜𝑜 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝐹𝐹𝐹𝐹𝐹𝐹) = 
= 𝜎𝜎𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝜎𝜎𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉⁄  

 
 

𝜎𝜎12𝑚𝑚á𝑥𝑥 = 𝜎𝜎𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦
√3⁄  = 

= 0.5777(𝜎𝜎𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦) 
 

	 (4)

By integrating Equations 3 and 4:

	

𝛴𝛴𝛴𝛴 = 𝑚𝑚𝑚𝑚 
 
 

𝑚𝑚𝑠𝑠(𝑧̈𝑧𝑠𝑠 − 𝑔𝑔) = 𝑓𝑓𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑓𝑓𝑔𝑔 
 

𝑚𝑚𝑠𝑠𝑧̈𝑧𝑠𝑠 = 𝑓𝑓𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 
 

𝑓𝑓𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝑘𝑘𝑠𝑠(𝑧𝑧𝑢𝑢 − 𝑧𝑧𝑠𝑠) + 
+ 𝑐𝑐𝑠𝑠(𝑧̇𝑧𝑢𝑢 − 𝑧̇𝑧𝑠𝑠) 

 
𝑚𝑚𝑠𝑠𝑧̈𝑧𝑠𝑠 = 𝑓𝑓𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝑘𝑘𝑠𝑠(𝑧𝑧𝑢𝑢 − 𝑧𝑧𝑠𝑠) − 

−𝑐𝑐𝑠𝑠(𝑧̇𝑧𝑢𝑢 − 𝑧̇𝑧𝑠𝑠) 
 

𝑚𝑚𝑢𝑢𝑧̈𝑧𝑢𝑢 = 𝑘𝑘𝑡𝑡(𝑧𝑧𝑟𝑟 − 𝑧𝑧𝑢𝑢) − 
−𝑘𝑘𝑠𝑠(𝑧𝑧𝑢𝑢 − 𝑧𝑧𝑠𝑠) − 𝑐𝑐𝑠𝑠(𝑧̇𝑧𝑢𝑢 − 𝑧̇𝑧𝑠𝑠) 

 
 

𝑧𝑧𝑟𝑟(𝑡𝑡) = 0 para 𝑡𝑡 < 𝑑𝑑
𝑣𝑣  𝑦𝑦 𝑡𝑡 > 𝑑𝑑+𝐿𝐿

𝑣𝑣  

𝑧𝑧𝑟𝑟(𝑡𝑡) = ℎ. 𝑠𝑠𝑠𝑠𝑠𝑠 [𝜋𝜋𝜋𝜋
𝐿𝐿 (𝑡𝑡 − 𝑑𝑑

𝑣𝑣)] para 𝑑𝑑𝑣𝑣 < 𝑡𝑡 < 𝑑𝑑+𝐿𝐿
𝑣𝑣  

 
 

 
𝜎𝜎𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 = 

= √(𝜎𝜎1 + 𝜎𝜎2)2 + (𝜎𝜎2 + 𝜎𝜎3)2 + (𝜎𝜎1 + 𝜎𝜎3)2

2  

 
𝜎𝜎𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 ≥ 𝜎𝜎𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 

 
 

𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑜𝑜𝑜𝑜 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝐹𝐹𝐹𝐹𝐹𝐹) = 
= 𝜎𝜎𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝜎𝜎𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉⁄  

 
 

𝜎𝜎12𝑚𝑚á𝑥𝑥 = 𝜎𝜎𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦
√3⁄  = 

= 0.5777(𝜎𝜎𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦) 
 

	 (5)

For the unsprung mass:
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𝛴𝛴𝛴𝛴 = 𝑚𝑚𝑚𝑚 
 
 

𝑚𝑚𝑠𝑠(𝑧̈𝑧𝑠𝑠 − 𝑔𝑔) = 𝑓𝑓𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑓𝑓𝑔𝑔 
 

𝑚𝑚𝑠𝑠𝑧̈𝑧𝑠𝑠 = 𝑓𝑓𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 
 

𝑓𝑓𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝑘𝑘𝑠𝑠(𝑧𝑧𝑢𝑢 − 𝑧𝑧𝑠𝑠) + 
+ 𝑐𝑐𝑠𝑠(𝑧̇𝑧𝑢𝑢 − 𝑧̇𝑧𝑠𝑠) 

 
𝑚𝑚𝑠𝑠𝑧̈𝑧𝑠𝑠 = 𝑓𝑓𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝑘𝑘𝑠𝑠(𝑧𝑧𝑢𝑢 − 𝑧𝑧𝑠𝑠) − 

−𝑐𝑐𝑠𝑠(𝑧̇𝑧𝑢𝑢 − 𝑧̇𝑧𝑠𝑠) 
 

𝑚𝑚𝑢𝑢𝑧̈𝑧𝑢𝑢 = 𝑘𝑘𝑡𝑡(𝑧𝑧𝑟𝑟 − 𝑧𝑧𝑢𝑢) − 
−𝑘𝑘𝑠𝑠(𝑧𝑧𝑢𝑢 − 𝑧𝑧𝑠𝑠) − 𝑐𝑐𝑠𝑠(𝑧̇𝑧𝑢𝑢 − 𝑧̇𝑧𝑠𝑠) 

 
 

𝑧𝑧𝑟𝑟(𝑡𝑡) = 0 para 𝑡𝑡 < 𝑑𝑑
𝑣𝑣  𝑦𝑦 𝑡𝑡 > 𝑑𝑑+𝐿𝐿

𝑣𝑣  

𝑧𝑧𝑟𝑟(𝑡𝑡) = ℎ. 𝑠𝑠𝑠𝑠𝑠𝑠 [𝜋𝜋𝜋𝜋
𝐿𝐿 (𝑡𝑡 − 𝑑𝑑

𝑣𝑣)] para 𝑑𝑑𝑣𝑣 < 𝑡𝑡 < 𝑑𝑑+𝐿𝐿
𝑣𝑣  

 
 

 
𝜎𝜎𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 = 

= √(𝜎𝜎1 + 𝜎𝜎2)2 + (𝜎𝜎2 + 𝜎𝜎3)2 + (𝜎𝜎1 + 𝜎𝜎3)2

2  

 
𝜎𝜎𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 ≥ 𝜎𝜎𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 

 
 

𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑜𝑜𝑜𝑜 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝐹𝐹𝐹𝐹𝐹𝐹) = 
= 𝜎𝜎𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝜎𝜎𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉⁄  

 
 

𝜎𝜎12𝑚𝑚á𝑥𝑥 = 𝜎𝜎𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦
√3⁄  = 

= 0.5777(𝜎𝜎𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦) 
 

	 (6)

The free-body diagram in Figure 4 illustrates 
the forces acting on the chassis, including im-
pacts, suspension, and weight. Equations 5 and 6 
represent the motion laws, modeled in MATLAB 
Simulink (Figure 5). This enables simulation of 
the response to rapid loads and deformations 
caused by irregular terrain, ensuring structural re-
sistance under extreme conditions.

Table 2 shows the mechanical properties of 
AISI 1040 steel used as input parameters for the 
structural and dynamic analyses. The strength 
values and elastic moduli were verified against 

technical standards [4] to ensure simulation ac-
curacy. Table 3 details the mechanical parameters 
adopted in the simplified quarter-car suspension 
model used for dynamic analysis.

The integration of the function to calculate the 
angular variation of the shock absorber in the sim-
ulation model is essential for an accurate represen-
tation of the chassis’ dynamic behavior. In practice, 
the diagonal arrangement of the shock absorber 
means that a linear spring displacement (represent-
ed by measurement ‘x’) does not directly trans-
late into identical chassis movement. To address 
this, the “calculate_cos_alpha” function models 
this critical geometric relationship and provides 
a more realistic simulation of the chassis’ vertical 
motion, considering the shock absorber’s working 
angles. As shown in Figure 6, this function takes 
two key inputs: zs (the vertical displacement of the 
sprung mass) and zu (the vertical displacement of 
the unsprung mass). The function then processes 
this data internally to output the cos_alpha value, 
which is crucial for accurately translating the di-
agonal movement of the shock absorber into the 
effective vertical displacement. This is a funda-
mental step for capturing how forces and impacts 
are transmitted, ensuring the validity of dynamic 

Figure 3. Simplified representation of the suspension system

Table 2. Properties of AISI 1040 steel [4]
Parameter Value

Yield strength 353 MPa
Tensile strength 519 MPa
Poisson’s ratio 0.27-0.30
Density 7.85 g/cm³
Elastic modulus 190-210 GPa
Shear modulus 80 GPa

Table 3. Parameters of the simplified suspension system
Parameter Value

Suspended mass (ms) 50 kg

Unsprung mass (mu) 8 kg

Spring stiffness (ks) 8500 N/m

Damping coefficient (cs) 3800 Ns/m

Tire vertical stiffness (kt) 120000 N/m

Figure 4. Free-body diagram of the suspended mass
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analysis results and, ultimately, the effectiveness of 
the suspension system design.

The integration of a geometric correction 
function to calculate the angular variation of the 
shock absorber in the simulation model is essential 
for accurately representing the dynamic behavior 
of the chassis. In the diagonal configuration ad-
opted, the vertical movement of the chassis does 
not correspond linearly with the compression of 
the shock absorber. This discrepancy is addressed 
through the implementation of the calculate_cos_
alpha function, which corrects the vertical force 
component by dynamically computing the angle 
between the shock absorber and the vertical axis 
based on real-time displacement inputs.

This function receives as inputs the relative 
displacements of the sprung and unsprung masses 
(zs and zu), and computes the current orientation 
of the shock absorber with respect to the vertical 
(Z-axis). Using the nominal geometry specifical-
ly the initial shock absorber length (Lshock_nominal) 
and its inclination angle (αnominal_deg)​ the function 

determines the nominal vertical and horizontal 
distances between the mounting points (Vnominal 
and Loffset). During simulation, the current vertical 
offset (Vcurrent) is recalculated based on the dynam-
ic displacement of the suspension system. The ac-
tual shock absorber length (Lshock_current) is derived 
via the Pythagorean theorem, and the cosine of 
the working angle (cosα) is obtained as the ratio 
between Vcurrent and Lshock_current .

This angular correction is applied to modulate 
the suspension force vectors, thereby improving 
the physical fidelity of the quarter-vehicle model 
when encountering road irregularities such as 
potholes and speed reducers. Figure 6 illustrates 
the conceptual necessity of this function, while 
Figure 7 shows the Simulink block that gener-
ates the road excitation. As depicted, this block, 
named “SpeedBumpProfile”, receives key inputs 
time (t), obstacle length (L), height (h), vehicle 
speed (v), and distance (d) which are adjusted 
for each simulation case, allowing for accurate 
and adaptable modeling of different speed bump 
profiles [23]. The function includes validation to 
ensure that the cosine value remains within the 
range [–1, 1], preventing numerical errors. In 
summary, this function links suspension compo-
nent displacements with the system’s geometry, 
accounting for the diagonal configuration of the 
shock absorber and providing an essential input 
for accurately modeling the forces acting on the 
chassis under dynamic road conditions.

Figure 5. Simulink representation of the suspension system, with an integrated function to model the angle 
variation due to motion

Figure 6. Schematic of the calculate_cos_alpha 
function in Simulink
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The profile of the speed bump is modeled us-
ing a half-sine wave as input excitation, consistent 
with approaches adopted in various suspension 
studies [3]. In this work, we incorporate the geo-
metric standards and technical criteria for speed 
bumps established by the Ministry of Transport 
and Communications (MTC) of Peru [9], which 
define critical parameters such as height, length, 
and slope based on design speed.

The vertical road displacement zr(t) is defined 
by the following expression:

	

𝛴𝛴𝛴𝛴 = 𝑚𝑚𝑚𝑚 
 
 

𝑚𝑚𝑠𝑠(𝑧̈𝑧𝑠𝑠 − 𝑔𝑔) = 𝑓𝑓𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑓𝑓𝑔𝑔 
 

𝑚𝑚𝑠𝑠𝑧̈𝑧𝑠𝑠 = 𝑓𝑓𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 
 

𝑓𝑓𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝑘𝑘𝑠𝑠(𝑧𝑧𝑢𝑢 − 𝑧𝑧𝑠𝑠) + 
+ 𝑐𝑐𝑠𝑠(𝑧̇𝑧𝑢𝑢 − 𝑧̇𝑧𝑠𝑠) 

 
𝑚𝑚𝑠𝑠𝑧̈𝑧𝑠𝑠 = 𝑓𝑓𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝑘𝑘𝑠𝑠(𝑧𝑧𝑢𝑢 − 𝑧𝑧𝑠𝑠) − 

−𝑐𝑐𝑠𝑠(𝑧̇𝑧𝑢𝑢 − 𝑧̇𝑧𝑠𝑠) 
 

𝑚𝑚𝑢𝑢𝑧̈𝑧𝑢𝑢 = 𝑘𝑘𝑡𝑡(𝑧𝑧𝑟𝑟 − 𝑧𝑧𝑢𝑢) − 
−𝑘𝑘𝑠𝑠(𝑧𝑧𝑢𝑢 − 𝑧𝑧𝑠𝑠) − 𝑐𝑐𝑠𝑠(𝑧̇𝑧𝑢𝑢 − 𝑧̇𝑧𝑠𝑠) 

 
 

𝑧𝑧𝑟𝑟(𝑡𝑡) = 0 para 𝑡𝑡 < 𝑑𝑑
𝑣𝑣  𝑦𝑦 𝑡𝑡 > 𝑑𝑑+𝐿𝐿

𝑣𝑣  

𝑧𝑧𝑟𝑟(𝑡𝑡) = ℎ. 𝑠𝑠𝑠𝑠𝑠𝑠 [𝜋𝜋𝜋𝜋
𝐿𝐿 (𝑡𝑡 − 𝑑𝑑

𝑣𝑣)] para 𝑑𝑑𝑣𝑣 < 𝑡𝑡 < 𝑑𝑑+𝐿𝐿
𝑣𝑣  

 
 

 
𝜎𝜎𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 = 

= √(𝜎𝜎1 + 𝜎𝜎2)2 + (𝜎𝜎2 + 𝜎𝜎3)2 + (𝜎𝜎1 + 𝜎𝜎3)2

2  

 
𝜎𝜎𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 ≥ 𝜎𝜎𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 

 
 

𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑜𝑜𝑜𝑜 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝐹𝐹𝐹𝐹𝐹𝐹) = 
= 𝜎𝜎𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝜎𝜎𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉⁄  

 
 

𝜎𝜎12𝑚𝑚á𝑥𝑥 = 𝜎𝜎𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦
√3⁄  = 

= 0.5777(𝜎𝜎𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦) 
 

	(7)

where:	h and L represent the height and length 
of the speed bump, respectively, v is the 
vehicle’s speed. t is the simulation time, 
which begins when the vehicle approach-
es within a distance d of the obstacle.

This formulation simulates the vehicle tra-
versing a sinusoidal bump at a constant velocity 

of 15 km/h. The function is implemented in a 
MATLAB Simulink block to generate dynamic 
excitation (Figure 7), and Table 4 summarizes 
the different test scenarios used to evaluate the 
suspension response.

It should be noted that the suspension force 
fs  transmitted to the chassis is considered a 
transient dynamic load, as it appears and disap-
pears within a limited time interval. To perform 
the transient analysis, a modal analysis is con-
ducted first.

In the case of speed bumps, Table 4 was used 
to define the input data in Simulink, generating 
the different excitation curves corresponding to 
each scenario (Figure 9). The selected dimen-
sions are based on the technical criteria in Table 
5 (Figure 8), which links the expected speed with 
the radius, chord length, and crossing speed, in 
accordance with road engineering studies aimed 
at maximizing user safety and comfort. The first 
three categories of this table were taken, classi-
fied as Case 1, Case 2, and Case 3, whose param-
eters are detailed in Table 6.

Figure 7. MATLAB function – simulation of excitation by circular speed bump

Table 4. Simulation conditions: different circular pothole profiles and vehicle speeds

Case
Speed reducer specifications: CIRCULAR

Vehicle speed (km/h)Caso
(Table 5)

Altura
(mm)

Largo
(mm)

1
25 km/h

A
100 3500

5
2 10
3 15
1

30 km/h
B

100 4000
5

2 10
3 15
1

35 km/h
C

100 5000
5

2 10
3 15
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To evaluate the structural behavior of the 
chassis under real operating conditions, static 
and dynamic load simulations were implemented, 
adapted to the environmental characteristics and 
specific design of the cleaning vehicle. In the dy-
namic analysis, three main scenarios were simu-
lated using forces obtained from the suspension 
model in Simulink:
	• Frontal impact simulation – dynamic loads 

were simultaneously applied to the front 

wheel support points, representing the impact 
when passing over a speed bump or pothole. 
This load case allows analysis of the chassis 
response to vertical bending stresses. 

	• Rear impact simulation – similar to the previ-
ous case, but focusing the response on the rear 
support points of the chassis.

	• Torsional load simulation – a dynamic load 
was applied to a single front support point, 
simulating one wheel passing over a lateral 
obstacle. This scenario allows evaluation of 
the torsional stiffness of the chassis and its 
ability to resist asymmetric deformations.

Additionally, a static analysis was performed 
by applying vertical loads to the chassis support 
points, modeling the total vehicle weight and 
maximum garbage load. This analysis allows de-
termination of stresses and deformations under 
permanent load conditions, validating the chassis’ 
ability to withstand continuous operation without 
compromising its structural integrity. The chassis 

Figure 8. Geometry of circular speed reducers: (a) portland concrete (b) asphalt concrete [9]

Table 5. Radii and chord lengths for circular-section 
speed bumps [9]

Expected 
speed 
(km/h)

Radius  
(m)

Chord 
length (m)

Speed during 
passage
(km/h)

25 15 3.5 10
30 20 4.0 15
35 31 5.0 20
40 53 6.5 25
45 80 8.0 30
50 113 9.5 35

Figure 9. Excitation profiles generated by speed bumps A, B and C
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damping factor was defined as 0.02 [24], a typi-
cal value for welded steel structures, assuming 
that the wheels maintain constant contact with the 
road in all scenarios.

A 4-second test simulation was performed 
to determine the maximum suspension force, 
whether it was in the initial or subsequent reaction 
phase, using Case A as a test. In this image, we 
can see that the difference is minimal, so the initial 
reaction, i.e., the first peak of the suspension, was 
taken for the following analyses (Figure 10).

Suspension force analysis

The dynamic analysis performed with Simu-
link characterized the forces transmitted to the 
chassis when overcoming urban obstacles. The 
results show values ranging from 133 N to 585 
N, with significant variations depending on 
speed and type of obstacle. When tripling the 
speed from 5 to 15 km/h, the suspension forces 

increased between 2.1 and 3.2 times, revealing a 
nonlinear relationship that justifies speed limits 
in uneven areas. 

The simulations showed that obstacles with 
a more pronounced profile (type A) generate up 
to 30% more load than more extensive obstacles 
(type C) at equal speeds, due to the higher rate 
of change in suspension deformation. The most 
critical case occurred when overcoming a type A 
obstacle at 15 km/h, reaching a maximum force 
of 585 N in just 0.04 seconds (Figure 11). Al-
though lower than the values recorded for con-
ventional vehicles, these results are consistent 
with the compact design and diagonal suspen-
sion system implemented. The rapid dissipa-
tion of energy (characteristic times of less than 
0.05 s) confirms the effectiveness of the system 
for urban operations at controlled speeds. The 
forces obtained represent only 17% of the mate-
rial’s elasticity limit, which validates the safety 
margin adopted in the structural design.

Figure 10. Force-time function for a type A speed bump at 5, 10 and 15 km/h over a 4-second simulation

Table 6. Suspension forces results for the different cases

Case
Category
(Table 6)

Cart speed (km/h) Suspension force (N)

1
25 km/h

A

5 186.05

2 10 369.08

3 15 585.04

1
30 km/h

B

5 163.22

2 10 323.69

3 15 512

1
35 km/h

C

5 133.16

2 10 258.8

3 15 407.87
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MODAL ANALYSIS

The modal analysis excluded the first six rig-
id-body modes and focused on the next twenty 
flexible modes, identifying the first three as criti-
cal due to their high effective mass participation 
in the chassis’s dynamic response (Table 7).

Mode 1, at a natural frequency of 50.33 Hz, 
exhibited dominant lateral bending in the X-di-
rection, primarily involving deformation of the 
side rails. This mode showed the highest effective 
mass participation of 20.39 %, indicating criti-
cal responsiveness to lateral excitation such as 

frontal impacts. This frequency lies just above the 
typical excitation band from terrain irregularities 
(5–30 Hz), but coupling with higher harmonics 
justifies its consideration.

Similar lateral bending patterns and their im-
plications for structural response have been ob-
served in modal studies of vehicle body frames 
under dynamic loading [25].

In the vertical direction (Y), Mode 2 at 
57.29 Hz showed an effective mass participation 
of 16.77%, being responsible for the maximum 
deformations observed in the roof structure dur-
ing simulations. Its characteristic vertical bending 

Figure 11. Suspension force-time response at t = 1 s for: a) type I, b) type II, c) type III speed bumps,
each tested at 5, 10, and 15 km/h

a)

b)

c)



149

Advances in Science and Technology Research Journal 2025, 19(12) 138–155

modal shape explains approximately 78% of the 
recorded vertical displacements, particularly 
when traversing extended obstacles like speed 
bumps. Comparable vertical deformation re-
sponses under modal excitation have been ana-
lyzed in vehicle hood structures using free-free 
modal analysis techniques.

Mode 5 at 78.11 Hz exhibited a characteris-
tic global torsion pattern in the Z-direction, with 
15.22% effective mass concentrated mainly in 
the rear suspension towers. This mode becomes 
critical for asymmetric loading scenarios, such as 
when one wheel encounters an obstacle while the 
others remain on flat ground, generating signifi-
cant shear stresses at structural joints. This type 
of global torsion and its dynamic effects are con-
sistent with findings in support frame studies for 
agricultural vehicles subjected to irregular terrain 
conditions [26].

The identified natural frequencies (50–
80 Hz) maintain a sufficient safety margin rela-
tive to typical excitation sources encountered 
during operation (5–30 Hz), thereby minimizing 
the risk of resonance phenomena [27]. Struc-
tural responses under these modes suggest that 
higher stress concentrations occur along the 

main longitudinal members and at the shock ab-
sorber bases (Figure 12). Numerical simulations 
also indicated that vertical and torsional defor-
mations are amplified at the roof and rear sus-
pension towers, respectively. When compared to 
baseline configurations, enhanced models with 
increased section thicknesses and additional 
cross-bracing demonstrated a 35–40% reduction 
in vibration amplitudes, while maintaining safe-
ty factors above 1.8 under the most demanding 
loading cases [28].

NUMERICAL SIMULATION-BASED 
DYNAMIC ANALYSIS OF THE CHASSIS

The dynamic analysis of the chassis was 
conducted using Altair SimSolid, a meshless 
finite element tool that enables efficient struc-
tural evaluation of complex geometries. The dy-
namic loads were derived from the suspension 
forces obtained through a mathematical model 
implemented in MATLAB Simulink, simulating 
interactions with standardized road humps. The 
structural assessment was based on the von Mis-
es equivalent stress criterion, which identifies 

Table 7. Natural frequencies of the chassis

Mode
Frequency 

(Hz)
Modal participation factors Effective mass

Factor X Factor Y Factor Z X (%) Y (%) Z (%)

1 50.33 0.4516 0.0016 0.0016 20.39 0 0

2 57.29 0.0018 0.4096 0.0182 0 16.77 0.03

3 69.85 0.1712 0.0154 0.0234 2.93 0.02 0.05

4 72.11 0.0033 0.0016 0.2001 0 0 4

5 78.11 0.0097 0.0975 0.3902 0.01 0.95 15.22

6 79.33 0.0093 0.0139 0.0664 0.01 0.02 0.44

7 90.32 0.2818 0.0056 0.0006 7.94 0 0

8 101.56 0.197 0.0446 0.1268 3.88 0.2 1.61

9 101.88 0.0897 0.0879 0.2708 0.8 0.77 7.33

10 105.68 0.0787 0.0076 0.0191 0.62 0.01 0.04

11 133.45 0.0026 0.2622 0.0519 0 6.87 0.27

12 151.76 0.0015 0.0172 0.2644 0 0.03 6.99

13 160.86 0.0098 0.0057 0.0107 0.01 0 0.01

14 174.26 0.001 0.207 0.2476 0 4.29 6.13

15 183.06 0.2316 0.0015 0.0035 5.36 0 0

16 200.51 0.1149 0 0.0205 1.32 0 0.04

17 203.28 0.0223 0.0258 0.0905 0.05 0.07 0.82

18 206.02 0.0161 0.0215 0.0496 0.03 0.05 0.25

19 227.4 0.0623 0.019 0.0017 0.39 0.04 0

20 231.21 0.0138 0.1063 0.011 0.02 1.13 0.01
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Figure 12. Deformation of critical vibration modes a) Mode 1, b) Mode 3, c) Mode 5

a)

b)

c)
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regions susceptible to plastic deformation under 
multiaxial loading. To verify structural integrity, 
dynamic safety factors were calculated by com-
paring the peak stresses with the yield strength 
of the AISI 1040 steel (353 MPa).

The analysis considered three main load 
configurations: frontal, rear and torsional, using 
as input the suspension forces obtained for nine 
operating cases combining different obstacle 
profiles (A, B, C) with speeds between 5 and 15 
km/h. The critical case corresponded to scenario 
A3 (type A obstacle at 15 km/h), which gener-
ated the maximum suspension force 585.04 N 
and was used as reference for the other studies. 
The updated finite element simulation showed 
that the maximum von Mises stress 5.528 MPa 
occurred at 0.0131 s, mainly concentrated on the 
inner curvature of the rear bar supporting the cir-
cular brush motor system and its transmission, 
as well as at the terminals of the front suspen-
sion connected to the crossbars. In terms of de-
formation, the maximum displacement 0.1119 
mm was observed at 0.0128 s on the horizontal 
front roof bar, followed by 0.0915 mm on the 
lateral roof bars and 0.0508 mm on the rear hori-
zontal bar. The obtained safety factors and dy-
namic load factor were estimated using dynamic 
simulation results in MATLAB Simulink.

LOADING CONDITIONS ANALYSIS

Stress concentrations were identified in the 
suspension tower mounts and joint regions of 
the side rails, while displacement peaks occurred 
along the upper roof structure and the lateral 
frames. The equivalent von Mises stress was used 
to quantify the severity of stress distributions un-
der dynamic conditions. The formulation for von 
Mises equivalent stress is given by [26]:

	

𝛴𝛴𝛴𝛴 = 𝑚𝑚𝑚𝑚 
 
 

𝑚𝑚𝑠𝑠(𝑧̈𝑧𝑠𝑠 − 𝑔𝑔) = 𝑓𝑓𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑓𝑓𝑔𝑔 
 

𝑚𝑚𝑠𝑠𝑧̈𝑧𝑠𝑠 = 𝑓𝑓𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 
 

𝑓𝑓𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝑘𝑘𝑠𝑠(𝑧𝑧𝑢𝑢 − 𝑧𝑧𝑠𝑠) + 
+ 𝑐𝑐𝑠𝑠(𝑧̇𝑧𝑢𝑢 − 𝑧̇𝑧𝑠𝑠) 

 
𝑚𝑚𝑠𝑠𝑧̈𝑧𝑠𝑠 = 𝑓𝑓𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝑘𝑘𝑠𝑠(𝑧𝑧𝑢𝑢 − 𝑧𝑧𝑠𝑠) − 

−𝑐𝑐𝑠𝑠(𝑧̇𝑧𝑢𝑢 − 𝑧̇𝑧𝑠𝑠) 
 

𝑚𝑚𝑢𝑢𝑧̈𝑧𝑢𝑢 = 𝑘𝑘𝑡𝑡(𝑧𝑧𝑟𝑟 − 𝑧𝑧𝑢𝑢) − 
−𝑘𝑘𝑠𝑠(𝑧𝑧𝑢𝑢 − 𝑧𝑧𝑠𝑠) − 𝑐𝑐𝑠𝑠(𝑧̇𝑧𝑢𝑢 − 𝑧̇𝑧𝑠𝑠) 

 
 

𝑧𝑧𝑟𝑟(𝑡𝑡) = 0 para 𝑡𝑡 < 𝑑𝑑
𝑣𝑣  𝑦𝑦 𝑡𝑡 > 𝑑𝑑+𝐿𝐿

𝑣𝑣  

𝑧𝑧𝑟𝑟(𝑡𝑡) = ℎ. 𝑠𝑠𝑠𝑠𝑠𝑠 [𝜋𝜋𝜋𝜋
𝐿𝐿 (𝑡𝑡 − 𝑑𝑑

𝑣𝑣)] para 𝑑𝑑𝑣𝑣 < 𝑡𝑡 < 𝑑𝑑+𝐿𝐿
𝑣𝑣  

 
 

 
𝜎𝜎𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 = 

= √(𝜎𝜎1 + 𝜎𝜎2)2 + (𝜎𝜎2 + 𝜎𝜎3)2 + (𝜎𝜎1 + 𝜎𝜎3)2

2  

 
𝜎𝜎𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 ≥ 𝜎𝜎𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 

 
 

𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑜𝑜𝑜𝑜 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝐹𝐹𝐹𝐹𝐹𝐹) = 
= 𝜎𝜎𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝜎𝜎𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉⁄  

 
 

𝜎𝜎12𝑚𝑚á𝑥𝑥 = 𝜎𝜎𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦
√3⁄  = 

= 0.5777(𝜎𝜎𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦) 
 

	(8)

According to the von Mises failure criterion, a 
material starts to yield when the equivalent stress 
reaches the material’s yield strength, which can 
be mathematically represented as:

	

𝛴𝛴𝛴𝛴 = 𝑚𝑚𝑚𝑚 
 
 

𝑚𝑚𝑠𝑠(𝑧̈𝑧𝑠𝑠 − 𝑔𝑔) = 𝑓𝑓𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑓𝑓𝑔𝑔 
 

𝑚𝑚𝑠𝑠𝑧̈𝑧𝑠𝑠 = 𝑓𝑓𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 
 

𝑓𝑓𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝑘𝑘𝑠𝑠(𝑧𝑧𝑢𝑢 − 𝑧𝑧𝑠𝑠) + 
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The creep strength is commonly used as the 
default criterion for evaluating structural safety; 
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In scenarios involving pure shear stress, 
where only σ12 = σ21 ≠ 0 , and all other stress 
components are zero, the von Mises criterion 
simplifies to the following expression for criti-
cal shear stress:
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In the rear load case, the maximum von Mises 
stress was 5.528 MPa at 0.0131 s (Figure 13), lo-
calized in a small region at the inner curvature of 
the rear bar and at the suspension terminals. The 
structure maintained a safety factor of 63.9, well 
within elastic limits. The peak displacement was 
0.119 mm at the roof bar (Figure 14).

Torsional load analysis and static-dynamic 
comparison

The torsional load analysis confirmed asym-
metric behavior between the left and right sides 
of the chassis. Under this condition, the maximum 
von Mises stress reached 5.528 MPa at 0.0131 s, 
concentrated on the internal curvature of the rear 
bar and the front suspension terminals. The maxi-
mum displacement was 0.1119 mm, located on the 
front left section of the roof. All stress levels re-
mained well within the elastic range of AISI 1040, 
with a minimum dynamic safety factor of 63.9, 
confirming the structural integrity of the chassis 
under asymmetric torsional excitation and high-
lighting the localized sensitivity of specific zones.

Comparative static analysis

Under static loading, the chassis experienced 
a maximum von Mises stress of 1.68 MPa and a 
maximum displacement of 0.21 mm. In contrast, 
transient dynamic analysis revealed higher stress 
values (5.528 MPa) but lower peak displacements 
(0.119 mm), due to inertia redistribution and 
structural vibration. These differences highlight 
the importance of combining both static and dy-
namic simulations to ensure mechanical integrity 
under real operating conditions.
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Dynamic load factor

The comparison between static and dynamic 
analyses yielded a dynamic load factor of 3.29, 
indicating that operational stresses can increase 
more than threefold during transient loading 
events. This value is within the expected range 
for vertical impacts in light electric vehicles and 
confirms the importance of incorporating dynam-
ic analyses in the design process. Deviations from 
theoretical 4g benchmarks may be attributed to 
the specific geometry of the obstacles, the use of 
a diagonal suspension system, and the quarter-
vehicle modeling approach with a suspended 
mass of 50 kg. The computed safety factors 5.19 
under static conditions and 1.94 under dynamic 
loads demonstrate that the chassis remains within 
the elastic limit of the selected AISI 1040 steel 

throughout all evaluated scenarios. These results 
emphasize the relevance of accounting for load 
amplification when assessing structural reliability 
under irregular urban driving conditions, particu-
larly in critical areas such as suspension towers 
and roof joints.

CHASSIS DYNAMIC ANALYSIS RESULTS

The structural response of the chassis under 
dynamic loading conditions was evaluated using 
Altair SimSolid, which enabled an efficient mesh-
less finite element analysis of the complex geom-
etry. Dynamic loads were obtained from a quarter-
car model implemented in MATLAB Simulink, 
simulating the interaction between the chassis and 

Figure 13. Results of stress distribution at 0.0131 s for Case 3

Figure 14. Displacement results for transient dynamics link to modal
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standardized road obstacles (categories A, B, and 
C) at various speeds ranging from 5 to 15 km/h. 
A total of nine operating cases were analyzed, as 
summarized in Table 6. Among them, the most 
critical condition corresponded to case A3 (type 
A obstacle at 15 km/h), which produced the maxi-
mum suspension force of 585.04N. This load case 
was selected for the transient structural analysis to 
capture the peak dynamic response of the chassis.

The maximum von Mises stress reached 
5.528 MPa at 0.0131 seconds and was primarily 
concentrated on the inner curvature of the rear 
structural bar that supports the circular brush 
motor and transmission system, as well as at the 
mounting terminals of the front suspension, where 
it connects to the crossbars. Regarding deforma-
tion, the maximum displacement was recorded 
as 0.1119 mm at 0.0128 seconds, located on the 
horizontal front roof bar. Additional deformations 
were observed on the lateral roof bars (0.0915 mm) 
and the rear horizontal bar (0.0508 mm).

The results were evaluated against the yield 
strength of AISI 1040 steel (353 MPa), with all 
observed stresses remaining well within the elas-
tic limit. Consequently, the calculated dynamic 
safety factors confirmed that the structure can 
withstand the simulated operating conditions 
without undergoing plastic deformation. These 
findings validate the robustness of the chassis de-
sign for urban service vehicles traversing irregu-
lar road profiles at low to moderate speeds.

CONCLUSIONS

The dynamic structural analysis of the chassis 
for the unmanned electric sweeper vehicle dem-
onstrated that the proposed design is mechani-
cally robust under realistic operating conditions, 
thereby validating the initial objectives of this 
research. The hybrid methodology, which inte-
grates a quarter-car dynamic model in MATLAB/
Simulink with Altair SimSolid’s meshless finite 
element analysis, was confirmed as an efficient 
and precise approach for evaluating the structural 
integrity of lightweight vehicles. The main scien-
tific findings of this study are:
1.	Quantification of dynamic stress amplifica-

tion: We determined that impact forces on the 
chassis are significantly greater than static 
forces, with a dynamic load factor of 3.29. 
This result validates the need to move beyond 
static analysis and highlights that operational 

stresses can more than triple in irregular urban 
environments.

2.	Validation of the diagonal suspension design: 
The use of a geometric correction function in 
the simulation model not only allowed for a 
precise representation of the diagonal suspen-
sion’s response but also demonstrated its ef-
fectiveness in dissipating force peaks of up to 
585 N. This design and its rigorous modeling 
ensure that the structure can withstand high-
magnitude impacts, protecting internal systems 
and guaranteeing vehicle longevity.

3.	Confirmation of structural integrity and mate-
rial suitability: The most critical load case gen-
erated a maximum von Mises stress of 5.528 
MPa, which is far below the yield strength of 
AISI 1040 steel (353 MPa). The calculated 
safety factors (a minimum of 1.94 under dy-
namic load) and identified natural frequencies 
(well clear of the terrain’s excitation range) 
confirm the material’s suitability and the struc-
tural viability of the chassis for operation in 
Arequipa’s topography.

This study not only fulfills the objective of 
validating the robustness of the proposed design 
but also establishes a reproducible methodological 
framework that contributes to the body of knowl-
edge on lightweight autonomous vehicle design, 
demonstrating that integrating system dynamics 
with advanced structural analysis is crucial for en-
suring safety and durability in demanding opera-
tional environments.
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