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Abstract: 

A chassis is known as the carrying unit of an automobile, like the engine, 
transmission shaft and other parts are mounted on it. Ladder chassis has 
longitudinal rails which are connected along the length with cross-
members through welding or mechanical fasteners. Rectangular box 
section is chosen for the longitudinal rails of ladder chassis. Design 
modifications are done in HyperMesh to improve torsional and bending 
stiffness of the chassis designed in steel and CFRP. Adding of the X- 
bracing cross-member and ribs are few of the techniques used to provide 
strength to chassis. This thesis aims to produce a light-weight chassis. A 
combination chassis of both steel and CFRP components is created by 
replacing heavy steel cross-members with CFRP cross-members, which 
resulted in the reduction of weight by 14.6%. Crash analysis is performed 
to all the chassis using Radioss. Depending on the result obtained from 
crash analysis and values of torsional and bending stiffness, the 
combination chassis is selected. Thickness optimization is performed to 
the combination chassis. It is observed that 7.91% of weight is further 
reduced in the combination chassis.  
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 Notation 

B Breadth including thickness                                               (mm) 

b Breadth excluding thickness                                              (mm) 

H Height including thickness                                                (mm) 

h Height excluding thickness                                               (mm) 

I Moment of inertia                          (mm4) 

K Torsional Stiffness                 (kN-m/deg) 

Lf Distance between the front dial indicators     (mm) 

Ls distance between pivot and point of application of force  (mm) 

T Torsion    (kN-m) 

t Thickness       (mm) 

Ra Reaction force at point ‘A’          (N) 

Rb Reaction force at point ‘B’           (N) 

Rl Force reaction at left side          (N) 

Rr Force reaction at right side          (N) 

 Deflection         (mm) 

 Twist Angle        (deg) 
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ACB Amba Coach Builders 

CAD  Computer Aided Drafting 

CATIA Computer Aided Three-Dimensional Interactive Application 

CFRP  Carbon Fibre Reinforced Plastic 

CMVR Central Motor Vehicle Rules 
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GVW  Gross Vehicle Weight 
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QUAD Quadrilateral 
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 Introduction 

Amba Coach Builders (ACB) is an automobile body building company. It 
has been manufacturing bus bodies. Now, it is entering into the body 
manufacturing of the Multi-Utility Vehicle (MUV).  

 Background  

The outer body of MUV resembles like a van with side doors, windows at 
the rear end. An MUV has seating in the third row. They have better fuel 
efficiency than Sports Utility Vehicle (SUV) and have better ground 
clearance than the sedans. It is cheaper compared to SUV. It has high 
passenger carrying capacity. The overall dimensions are comfortable by 
providing good manoeuvrability. The engine of MUV doesn’t indicate in 
achieving higher speeds, but it will start easily even with full capacity.  

In the body manufacturing of MUV, a chassis must be built. Chassis is a base 
frame which acts as a support to the components to mount on it. The type of 
vehicles which come under the MUV segment uses the body on frame type 
of chassis. A body on frame chassis is relatively cheap and easy to 
construct. As an MUV is designed for higher passenger capacity, 
therefore, the chassis should be carrying a high number of loads. Thus, 
chassis should be strong to withstand heavy loads.  

Two factors which evaluate the strength of chassis are torsional stiffness and 
bending stiffness. These two factors determine the flexibility and strength of 
the chassis. The higher values of torsion stiffness and bending stiffness 
implies the higher strength and better handling of the chassis. In this 
thesis, the ladder chassis should be designed with the given loads and 
dimensions by achieving the acceptance criteria provided by ACB. 

 

 Dimensions, Loads and Acceptance Criteria: 

Dimensions, Gross Vehicle Weight (GVW), the payload of the vehicle and 
acceptance criteria are provided by ACB. Acceptance criteria includes the 
values of torsional stiffness and bending stiffness. Values provided are as 
follows:  
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 Dimensions of vehicle: 

Dimensions of the vehicle = 4265mm (length)*1670mm(breadth) 

 GVW and Payload: 

GVW = 1800kgs 

GVW means weight including chassis, vehicle components, fuel, passengers 
and cargo. 

Payload = 650kgs 

Payloads means weight consisting of only passengers and cargo. 

These GVW and payload must be applied as loads while performing Finite 
Element Analysis (FEA).  

 Acceptance Criteria: 

Torsional stiffness should be greater than 4kN-m/deg. 

Bending stiffness should be greater than 3kN/mm. 

 

 Problem Statement 

The performance of the vehicle is known from fuel efficiency. The ratio 
between the total amount of distance travelled to the amount of fuel used is 
known as fuel efficiency. In the early twentieth century, General motor 
company made efforts to raise their efficiency from 10% to almost 40%. 
Thus, made the engines to be robust and vehicles as heavier, large and with 
improved performance. After 1973’s oil crisis, US government introduced 
an act of 1975 which says the requirement for a decrease in the country’s 
dependency on imported oil[1]. As a result, automobile manufacturers began 
to increase their fuel economy for passenger cars.  

The performance of the vehicle is mainly dependent on the engine and on the 
fuel type used. It is also dependent on how efficiently the power is 
transmitted from the engine to wheels of the car. The power generated from 
an engine is used against rolling resistance, aerodynamic drag and gradient 
resistance[1]. Both the rolling resistance and gradient resistance are directly 
proportional to the normal reaction of the vehicle, which in turn is dependent 
on the overall weight of the vehicle. 
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Hence, the performance of the vehicle is increased by making changes to the 
engine, transmission, type of fuel, weight of the vehicle and aerodynamic 
drag. To make changes in the engine, it is a tedious process and the cost 
involved is very high. Automotive transmissions have already reached 
almost maximum efficiency. So, a change in that won’t be that big of a 
change for the performance of the vehicle. Aerodynamic drag comes to play 
only at higher speeds. So, incorporating changes for reducing drag won’t 
change performance for that of passenger cars. Hence, reducing the weight 
of the vehicle is done to increase the performance of the vehicle.  

Chassis is the important structural member responsible for the integrity of 
the vehicle. So, if the weight of the chassis can be reduced while satisfying 
the structural requirements, there is a good chance for increasing the 
performance of the car. In recent times, automotive manufacturers 
concentrated their study in making their chassis lightweight and in 
developing chassis with different types of materials.  

 Aim 

This thesis aims to propose a design methodology for designing an 
automotive chassis for any given set of acceptance criteria given by the 
manufacturer. This thesis also aims at suggesting a design of a light-weight 
ladder chassis for an MUV with two different materials and another one with 
the combination of two materials used.  

This research is carried out using FEA. A finite element model is generated. 
Through a series of simulation runs in the analysis, the design is modified 
until the acceptance criteria are achieved. Once the acceptance criteria are 
achieved then crash analysis is performed to all designed chassis. These 
simulations make the study of deformations visual. Out of three ladder 
chassis, best chassis is picked on basis of acceptance criteria and crash 
analysis. Thickness optimization is done to selected chassis for removal of 
unwanted material to make it further light-weight. The optimized chassis is 
then verified with the simulation for checking the acceptance criteria. 

 Objective 

 Literature survey on types of chassis frames, stiffness, materials.  
 Design methodology for designing ladder chassis. 
 Computer Aided Drafting (CAD) model generation of the chassis. 
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 Performing FEA by modifying the design of chassis to satisfy the 
acceptance criteria.  

 Performing crash analysis for all the chassis to know the performance 
and to pick final chassis. 

 To do thickness optimization for selected chassis. 
 

 Research Questions 

1. What is the design methodology involved in designing a ladder 
chassis? 

2. How does the chassis design can be altered to produce a lightweight 
chassis by satisfying the acceptance criteria? 

3. What are the effects of using a combination of materials in the design 
of a single chassis?  

 Delimitations  

The delimitations that is set up to control the wide range of the study are as 
follows.  

1. Static structural analysis is used throughout the design modification 
procedure. 

2. Instead of torque, a pair of forces is used to represent the torque. 
3. All the material data that was involved in the study is in 

correspondence with room temperature. 

 Disposition  

This thesis starts with an introduction of the MUV, problem description, aim 
and objectives, research questions, literature survey and method overview 
from chapter 1 to 4. Design methodology and design modifications which 
are done to achieve acceptance criteria are discussed from chapter 5 to 7. 
Crash analysis and thickness optimization are discussed in chapters 8 and 9 
respectively. Chapter 10 discusses the validation. Conclusion, discussions 
drawn from the study are discussed in chapter 11. Possible future work is 
discussed in chapter 12.  
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 Literature Survey 

 Chassis 

The word ‘chassis’ is originated from the two words ‘capsa’ which means 
box in Latin and ‘ch  ̂ssis’ in French which means frame. The chassis for an 
automobile is like a skeleton to the human body. Various parts of an 
automobile like the engine, transmission system, suspension, axles, etc. are 
mounted to the chassis. So, chassis is also called as a carrying unit of an 
automobile. Depending on the structural requirements and cost involved in 
manufacturing, the type of chassis is selected for the vehicle. Typically, there 
are two types of constructions for a chassis. They are body on frame 
construction and uni-body construction.  

 Body on frame construction 

This is one of the types of construction of chassis. A chassis frame is 
constructed for providing the structural requirements, on which a body is 
placed. The important aspect of a body on frame construction is that same 
frame can be used for different body types. It is easier and cheaper to repair. 
Manufacturing of body on frame is easy. It has high torsional rigidity. Hence, 
it can carry higher loads (towing ability) and is good at off-road performance. 
Ladder chassis is a body on frame construction. The other chassis like tubular 
space frame chassis and backbone chassis are very similar to that of the body 
on frame construction. 

 Uni-Body construction  

In this type of chassis, the chassis itself provides the structural requirements 
and the shape of the car. Uni-body is a single piece chassis and gives good 
ride comfort and good handling. The floor panel in this construction is lower. 
Thus, the centre of gravity of the vehicle is lower which make the vehicle 
more stable. This uni-body construction is constructed in a manner that the 
deformation will happen in a particular pattern which makes the design very 
safe. Monocoque chassis is a uni-body construction. 
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 Ladder Chassis 

Ladder chassis is known as body-on-frame chassis. It is used as support for 
automobiles. It is in the shape of the ladder as its name suggests. The ladder 
chassis frame consists of two longitudinal members called as longitudinal 
rails. These longitudinal rails are laterally connected by a series of shorter 
members called as cross-members. The cross-members are attached to these 
longitudinal rails to provide strength and prevent twisting of the frame[2]. 
This has a simple design and can be used for multiple applications with slight 
modifications. Ladder chassis is shown in Figure 3.1.  

 

 

Figure 3.1 Ladder chassis[3]. 

The ladder chassis has few general standard sections which can be used in 
the construction[4]. 
• Channel Section – This is a C- shaped section, which provides good 
resistance to bending.  
• Tubular Section – This is a circular tube section, which provides good 
resistance to torsion. 
• Box Section – This is a rectangular shaped section, which provides good 
resistance to both bending and torsion. 
The repairing cost of this chassis is low. It has a simple design which is cheap 
and easy to manufacture. This led the manufacturers of an automobile 
belonging to the MUV segment to go for Ladder chassis. The disadvantage 
of ladder chassis is being heavy, which can be reduced by optimizing the 
design for lightweight. 
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 Strength Vs Stiffness 

Strength: It is the ability of a body to handle the load before it breaks. It is 
connected to physical failure. 
Stiffness: The range up to which a body can deform and still return to its 
original shape without any change in dimensions under the applied load. It is 
related to functional failure and is constant.  

According to author Herb Adams[5], the chassis should not only be strong 
but also be stiff. The stiffness of chassis is a result of its geometry. The high 
stiffened chassis gives low deformation under load, whereas, low stiffened 
chassis gives high deformation. If stiffness is low and deformation of chassis 
is more, then the vehicle will not be working as expected due to deformation 
of chassis design. This would lead to disturbance in the working mechanism 
of components mounted to the deformed chassis. Hence, the chassis must be 
stiff enough to cause less deformation under loading conditions. 

Chassis cannot be completely stiff because that would lead to brittleness. But 
chassis cannot be designed weak as well. So, chassis should only be stiff 
enough but not either too stiff or too weak.  

If a car has travelled for long distance with a heavy load without cracks on 
chassis, then it is considered as strong chassis. But, if that same chassis is 
more flexible and starts bending at each turn, then the chassis is not 
considered as stiffened chassis. Even in terms of safety, it is not a positive 
sign if the chassis bends at each turn. One of the aspects for better 
performance of the vehicle is to have good handling characteristics, which 
can be obtained by having sufficient stiffness to chassis. Thus, the chassis 
must be designed to have enough stiffness for resisting torsion and bending 
loading[5]. 

 

 Torsional Stiffness 

The structural strength of the chassis can be known from torsional stiffness. 
It defines the flexibility of chassis when subjected to twisting[5]. Torsional 
stiffness determines the resistance that chassis has when a change in degree 
occurs while twisting. And the performance of chassis will be known while 
turning. The deflection obtained from torsional loading is measured by a dial 
indicator fixed to the chassis. It is torque per radian twist. It is represented by 
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‘K’ and units are ‘kN-m/deg’. Torsional stiffness is calculated from the 
following formulae[6]: 

(rad)                              (3.1) 

                             (3.2) 

                               (3.3) 

The industrial setup to calculate the torsional stiffness is shown in the 
following Figure 3.2. To check torsional stiffness for any type of chassis, it 
is subjected to the following loading condition. The front end of the chassis 
is fixed to a lever which is supported by a pivot. A load is added at one corner 
of the lever, which creates a twist at the front end. The rear end of chassis is 
fixed in all directions to the base. Dial indicators are placed at the front end 
to record information regarding twisting occurred. 

 

           

Figure 3.2 Torsion loading set-up[7]. 
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 Bending Stiffness 

Bending stiffness is defined as the resistance of the chassis against bending 
deformation for applied transverse loading. Unit of bending stiffness is 
‘kN/mm’. 

          (3.4) 

Bending stiffness is calculated from the deflection obtained due to bending. 
So, the chassis which must be tested for the bending stiffness is made to set 
up for the loading condition. This is done by fixing the positions of 
front tyres and rear tyres of chassis in all directions. Approximately at 
the centre of the chassis i.e., on longitudinal rails, a load is applied[5]. In 
reality, a dial indicator is used to record the maximum deflection occurred 
due to the applied load. Loading condition for bending stiffness is shown in 
Figure 3.3. 

 

Figure 3.3 Bending loading set-up[5]. 

  

 Materials  

While selecting the materials for the construction of automobile chassis, 
factors like safety and light-weight must be considered. Resources are 
valuable. So, materials which are chosen should be recyclable. The material 
should also absorb the impact energy by maintaining the safety of 
passengers. With the usage of light-weight materials in chassis, the overall 
weight of chassis decreases. Therefore, helps in reducing the consumption of 
fuel[8]. Following materials are chosen for designing the ladder chassis in 
this study.  
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 Steel 

Steel and its alloys are the first choices for automobile manufacturers while 
constructing a ladder chassis. Due to the wide variety of characteristics like 
mechanical resistance, thermal resistance, durability and simplicity in 
manufacturing, steel is taken as the first choice. Developments have taken 
place in strengthening the steel materials by making it stronger, stiffer and 
light-weight[8].  

Steel materials can be assigned to the automobile body, chassis, engine, and 
other parts also. One of the reasons in choosing steel is for its characteristic 
capability for absorbing impact energy during crash analysis. Hence, steel 
and its alloys are used in the market for the major variety of vehicles because 
of its material properties. Steel is a ductile material. For the construction of 
ladder chassis in this study, ‘A36’ steel is used. Welding and bolting can be 
used while joining two components of A36 steel material. Material 
properties of A36 steel can be seen in Table 3.1. 

Table 3.1 Material properties of A36 steel[9]. 

Property Values of steel (A36) 

Density (tonne/mm3) 7.8E-09 

Modulus of Elasticity (MPa) 200000 

Poisson’s Ratio 0.26 

Yield strength (MPa) 250 

Ultimate Tensile Strength (MPa) 500 

 

 Carbon Fibre Reinforced Plastic (CFRP)  

CFRP is a composite material. It is a type of reinforced plastic that utilizes 
structural element as carbon fibre. The percentage of carbon present in CFRP 
depends on the required strength of the material. CFRP has very less density, 
thus, it is low in weight. The chosen CFRP has almost similar strength as the 
chosen steel material but with less weight. It has resistance to corrosion and 
friction, has high durability. Due to these properties, automobile companies 
depend on CFRP for manufacturing automobile parts to make a light-weight 
vehicle. This material has a physical property of brittleness. The components 
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of CFRP materials are combined through the bolts. Material properties of the 
CFRP material is shown in Table 3.2. 

Table 3.2 Material properties of CFRP material[10]. 

Property Values of CFRP 

Density (tonne/mm3) 1.5E-09 

Modulus of Elasticity (MPa) 155000 

Poisson’s Ratio 0.38 

Ultimate Tensile Strength (MPa) 600 

 

 Connectivity 

While constructing a ladder chassis, cross-members and longitudinal rails are 
connected by means of bolts and welding.  

 

 Welding  

It is a process through which two components, or two metal parts are joined 
by means of heat, by inserting gas or metal is known as welding. As there are 
few weld joints which are used for bearing shear loading and a few other for 
torsional loading. Depending on the type and extent of the load which will 
be applied to the weld joint, the type of weld joint will be chosen. Types of 
weld joints are butt, lap, corner, T and, edge weld joints[11].  

Safety measures need to be followed very strictly by wearing welding gloves 
to hands. A helmet which gives protection to the eyes needs to be worn. And 
making the workplace free of flammable objects and fire extinguisher should 
be maintained in case of emergency[11].  

Depending on the type of components to be joined in this report, the 
following are the welding process that can be used. 

1. Resistance Spot Welding  

2. Gas Metal Arc Welding  
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3.5.1.1 Resistance Spot Welding 

Resistance spot welding is a thermo-electric process. To form a weld joint 
between two components, heat is generated at the connectivity. Heat is 
generated by means of electric current supply through a controlled force and 
time. As the name suggests, the resistances of components to be joined and 
the electrode are merged to generate the heat required. The generated heat 
remains in between components and electrode, resulting in the metal to melt 
at the required spot. Within a few seconds, the melted metal turns to solid by 
forming a weld joint between two components[12]. Resistance spot welding 
set up can be seen in Figure 3.4. 

 

Figure 3.4 Resistance spot welding set-up[12]. 

 All the dirt from the electrode and components should be removed. It is a 
commonly used welding process in the automotive industry.  

Advantages: 

1. No edge preparation is required. 
2. No extra material or filler is required to create a weld joint. 
3. Short time is required for creating a weld joint (mostly in seconds).  
4. The formed weld joint is uniform.  

Disadvantages: 

1. For a few metals, an additional surface is required to create a weld 
joint.  

2. Cost of equipment is high. 
3. Creating a weld joint for the components with high thickness is 

complex.  
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3.5.1.2 Gas Metal Arc Welding  

It is also known as Metal Inert Gas welding (MIG-Welding). The welding 
gun to be used consists of the inert gas supply and consumable electrode. 
When the gun is brought near the workpiece with an air gap, arc is triggered. 
This arc melts the electrode into weld pool in between two components to be 
joined uniformly. Meanwhile, a gas shielding is formed with inert gas supply 
from welding gun to protect the weld from atmosphere to avoid 
contamination[13]. Gas metal arc welding set up can be seen in Figure 3.5. 

 

Figure 3.5 Gas metal arc welding set-up[13]. 

 

Advantages: 

1. Weld is protected by gas shielding.  
2. Consumable electrode is used as filler material, thus no additional 

filler rod is required.  
 

Disadvantages: 

1. Welders are exposed to hazardous gases. 
2. Initial cost and maintenance of equipment are high. 
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 Bolting 

When cross-members and longitudinal rails are connected through bolts, few 
rules need to be followed to avoid damage[14]. Following Figure 3.6 shows 
the flange range and web of a longitudinal rail.  

 

         

Figure 3.6 Flange and web of longitudinal rail[14]. 

 

Following rules must be followed while creating holes on longitudinal 
rail[14].  

1. Holes should not be drilled at the extremities of the longitudinal rail. 
Space of 40mm from top flange and 40mm from bottom flange 
should be left without any drilling for creating holes. 

2. Hole creating for attaching bolt should be done only by drilling. It 
should not be done by the flame cutting process. 

3. Edges of holes which have rough patches and ridges need to 
smoothen after creating a hole.  

4. Holes are not recommended to be drilled in a column manner on the 
longitudinal rail as shown in Figure 3.7. In order to avoid 
stretching and compression of holes when a load is applied as shown 
in Figure 3.8. Here, the top flange is compressed which made the 
top hole to get compressed. Bottom flange is stretched and so as the 
bottom hole is stretched. Middle hole stayed neutral.  
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Figure 3.7 Holes drilled in a column manner[14]. 

 

Figure 3.8 Compression and stretching occurred due to loading[14]. 

 

5. The diameter of the hole and diameter of the bolt should be the same 
without any error. 

6. Bolts must be tightened properly. 
7. Cross-member can be fitted to the flange of longitudinal rail through 

bolts only when the point of connectivity is in between longitudinal 
rail and edge of the cross member.   
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 Method Overview  

 

Figure 4.1 Method Overview 
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The method of research carried out in this thesis is shown in the flowchart, 
as shown in Figure 4.1.  
The method overview starts with designing a CAD model for the initial 
design of chassis by following the rules from design methodology. FEA is 
performed to this initial design to check whether it is satisfying acceptance 
criteria provided by ACB. If the torsional stiffness and bending stiffness from 
acceptance criteria are not satisfied. Then, further design modifications are 
done by designing lightweight cross-members. Until the design satisfies the 
acceptance criteria, modifications are done to chassis made by different 
materials to make it light-weight.  
Once acceptance criteria are accepted then crash analysis is performed to 
check the performance of each chassis design. Depending on the crash 
simulations and technical aspects, the best chassis is picked.  
To reduce weight, the final chosen chassis is fine-tuned by performing the 
thickness optimization. This helps to remove the excessive thickness 
assigned to the cross-members by not lowering the strength attained by 
design modifications. If thickness optimization for the chosen chassis is a 
success, then the design is feasible. Thus, the acceptance criteria are checked 
again to the optimized chassis. If thickness optimization is failed, then the 
design is considered to be as a non-feasible chassis. Therefore, the chassis is 
redesigned. The entire process is done from post-processing to thickness 
optimization and to checking acceptance criteria until the chassis design 
becomes feasible. 
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 Design Methodology  

Any automobile in India falls under the Central Motor Vehicles Rules 
(CMVR). Under the 93rd rule of chapter 5, construction equipment and 
maintenance of motor vehicle in CMVR[15] states that, “when measured 
between the perpendicular planes of the vehicle axis at right angles, 
the overall width of the vehicle should not exceed by 2.6meters” and “the 
overall length of the vehicle excluding the trailer should not exceed 6.5 
meters and should not have more than two axles. This is applicable only for 
the vehicles which do not come under transport.” 

The vehicle dealing in this thesis is an MUV. According to Society of Indian 
Automobile Manufacturers (SIAM), based on the overall length, MUV falls 
under 'B2' category[16]. The segment of vehicles that come under the 'B2' 
category should have a length greater than 4000mm. As dimensions provided 
by ACB states that length as 4265mm and breadth as 1670mm. Hence, it 
satisfies the CMVR and SIAM rules.  

The type of chassis used for the MUV vehicle is a ladder chassis. As the 
name suggests, the layout of the design appears like a ladder. According to 
the dimensions, the design space of the chassis will be a rectangle. In the 
design space, the two longitudinal rails come at the longest side of the 
rectangle. These rails are connected with a series of support members which 
are called as cross-members[3],[5].  

The standardly available sections for longitudinal rails are channel sections, 
tubular section, and box sections. It is noticed that the box section provides 
good resistance to torsion and bending than the channel and tubular 
sections[4]. Therefore, box section is chosen for the longitudinal rails. Box 
section has two types of sections. Considerably, one is square hollow section 
and rectangular hollow section.  

To resist any transverse and lateral loading, the beam should have a high 
moment of resistance. Since, moment of resistance is directly proportional to 
the moment of inertia. The more moment of inertia implies the higher 
resistance for loading. In order to know whether which cross-section 
is having higher resistance, moment of inertia is calculated. Moment of 
inertia is calculated for the both square and the rectangular cross-section 
possessing the same area. Therefore, for an area of 64mm2, the dimensions 
for square and rectangular cross-section are as follows: 
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1. Dimensions of square hollow section are 10mm*10mm*4mm 
(H*B*t) 

2. Dimensions of rectangular hollow section are 20mm*5mm*2.9mm 
(H*B*t) 

Moment of Inertia,  

         (5.1) 

Moment of inertia for square hollow beam,  

       (5.2) 

Moment of inertia for rectangular hollow beam, 

        (5.3) 

As the moment of inertia for the rectangular hollow section is high, it has 
high resistance for transverse and lateral loading. So, the beam with more 
depth is stronger. Hence, rectangular hollow section is selected for 
longitudinal rails.   

Longitudinal rails are connected by means of cross-members. These cross-
members help in providing support to the components like engine, 
transmission system, suspension system, axles. Cross-members also help to 
provide stiffness to the chassis. According to the conventional design 
procedure, adding a few cross-members can improve the strength 
of chassis[17],[5]. The cross-member should be added in an adequate way. 
Simply, adding a cross-member at any location will not work. Therefore, a 
cross-member must be added in such a location that, the values of stress and 
displacement are reduced after the addition of cross-member. To further 
reduce stress and displacement at that location, the cross-member design 
should be modified to be stiff. Such that it would resist the load and 
reduce the displacement and stress. So, finally, individual cross-members 
must be placed at proper locations. Cross-members should also have 
required stiffness to reduce stress and displacement of the overall chassis. 

Depending on the following factors additions and modifications can be done 
to the chassis in terms of cross members,  

1. Strength: Chassis should have a high strength to maintain stability. 
It should also have the capacity to withstand the weight of 
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components and other loading conditions. So, to improve the strength 
of chassis, few cross-members can be added.  

2. Stiffness: In other words, stiffness can be supposed as resistance to 
deflection. An automobile chassis should have high torsional 
stiffness and bending stiffness as discussed in 3.3. So, to improve the 
stiffness of chassis, cross-members can be added.    

3. Weight: If cross-members are added by considering the above 
factors to improve chassis performance, then eventually the weight 
of chassis is increased. Due to this performance of the vehicle can be 
reduced. To avoid this, the cross members should be designed using 
less material and must be light-weight. Instead of using multiple 
cross-members, a single stiffened cross-member should be placed in 
that region.   

4. Cost: If the cost of the material chosen is high, then it should be made 
sure that the chosen material is strong enough with less weight. 
Removing unwanted material from chassis can also reduce the cost.  

5. Space Constraints: While designing the cross-members in chassis, 
required space and provision should be created for mounting the 
engine, transmission system, suspension system and axles on it.  

The thickness of cross-members should always be less than the thickness of 
longitudinal rails. If the thickness of cross-members is higher than the 
thickness of longitudinal rails then, 

1. They themselves cause strains at their connectivity locations between 
the cross-member and longitudinal rail.  

2. If weight of cross-member increases than the weight of longitudinal 
rails, then it would lead to deform or crush the entire chassis model.  

Ladder chassis is designed in a way that, 

1. Front end of chassis is narrow so as to give good steering lock and 
better turning radius. 

2. Rear end of chassis is broad and is slightly lifted upwards so as to 
provide rear axle movement while traveling through uneven roads.  

3. At the front end and the rear end, longitudinal rails are bent inwards 
which would provide space for the movement of wheels. 
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Types of cross-members can be used are C-type section, tubular section, box 
sections and stamped pressed. Depending on the required strength at that 
location, type of cross-member is chosen. By performing numerous design 
iterations, positions of cross-members are decided. Once the location is 
selected, to improve strength at that location, modifications for the cross-
members are done. This can be done by slightly increasing thickness or by 
redesigning the cross-member with another shape. Since increasing thickness 
would lead to few issues discussed earlier, in such cases, supports are 
provided to cross-members.  
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 CAD Model 

Computer Aided Three-Dimensional Interactive Application (CATIA) V5 
R19 software is used for designing the CAD model of ladder chassis. By 
following the rules in Design Methodology, the model is designed.  

Initially, a single longitudinal rail with a rectangular box section which has 
cross-sectional dimension as 100mm*50mm*6mm is designed in ‘Sketcher’. 
As shown in Figure 6.1, the longitudinal rail is drawn narrow at the front end 
and broad at the rear end. Bends near the position where wheels are placed 
are drawn. After designing this in sketcher, the design is extruded using 
‘extrude’ option with the length of MUV provided. As the extruded part is a 
solid component, to make it ‘box- section’, ‘shell’ command is used with 
thickness 6mm. Necessary brackets and holders are designed on the 
longitudinal rail for further usage. With the use of ‘mirror’ option, another 
longitudinal rail is generated at a distance of given width of the MUV. 

 

 

Figure 6.1 CAD model of longitudinal rails. 

 

Cross-member, as shown in Figure 6.2, is designed using the same tools 
mentioned before. These are modelled to give strength to ladder chassis. 
Holes are created using ‘pocket’ tool. Same concept is followed for all the 
other components. Tool ‘fillet’ is used for smoothing the sharp edge.  
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Figure 6.2 CAD model of cross-member. 

All the parts are assembled using ‘manipulation tool’, ‘coincidence 
constraint’ and ‘offset’ tools. Once the component is imported in to assembly 
section, above mentioned tools are used. Manipulation tool is used to arrange 
the component into required position. Coincidence tool is used to make 
component and main part to coincide without any gap in between them. 
Offset tool is used to maintain the fixed distance between components 
whenever it is required. Same process is followed for assembling all other 
components. 
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 Finite Element Analysis  

The CAD model of ladder chassis which is designed in CATIA V5 R19 
software is used to perform FEA. The CAD model is simplified for further 
steps by removing the fillets and holes which are unnecessary. Thus, the 
computational time required for solving the model is slightly decreased. The 
simplified CAD model is imported to ‘HyperMesh’ software for performing 
the FEA.  

 Model Description  

The chassis CAD model which is simplified is imported into HyperMesh 
to carryout the FEA. Once the model is imported, it must be set-up for 
solving. This includes meshing, assigning material properties, boundary 
conditions, and loading conditions. Imported CAD model consists of two 
longitudinal rails and 5 five cross-members. As discussed before in Design 
Methodology, cross-members are the supporting members for the 
components to be mounted on to the chassis and to provide stiffness. 

Chassis should have flexibility for better movement on uneven roads. 
Initially, the torsion stiffness analysis is been conducted. So, for resisting the 
torsion, 3 tubular cross-members are placed. These tubular cross-members 
have resistance to the torsion movement. A stamped pressed cross-member 
is placed at the bottom of the front end. This would provide support for 
mounting any component. Instead of the tubular cross-member, usually, 
manufacturers use the channel sectioned cross-member for the rear end. 
Thus, a channel cross-member is placed at the rear end. These channel cross-
member have resistance to bending movement. It is easier to modify the 
channel section cross-member rather than the tubular section cross-member. 
Figure 7.1 shows the FE-Model in HyperMesh software.  
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Figure 7.1 Design-1. 

 Steel  

 Meshing  

Meshing is an operation where the FE-model is divided into small structured 
elements. The meshing of chassis is done effectively because the quality of 
the mesh is directly proportional to the final result of FEA. Quality 
parameters like warpage, jacobian, aspect ratio and skew ratio are maintained 
to obtain accurate mesh.   

When one of the dimensions i.e., when the thickness is relatively smaller than 
the other two dimensions like length and width then, shell mesh can be 
used. A mid surface is generated to the entire model. This generated mid 
surface is extracted, and thickness is assigned to the surface. This would help 
to decrease the number of elements and keeps the mesh in good quality.  

‘Auto Mesh’ tool in HyperMesh is used for generating the mesh. The element 
size of the mesh is given as 10mm as shown in Figure 7.2. Usually, for 
meshing 'Quadrilateral (QUAD)' type elements are used for the entire model. 
But, while creating mesh near the sharp edges or on any other critical region, 
'Triangle (TRIA)' type element meshing is recommended. Because it requires 
fewer nodes to create a mesh compared to the QUAD element. Generally, in 
terms of quality criteria, only 5% presence of TRIA mesh is allowable in the 
entire model. Creating fine mesh even near critical regions would help to get 
better results for a better understanding. A fine and good quality of mesh is 
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required to obtain appropriate results. A poor mesh quality could increase the 
run time exponentially. 

 

Figure 7.2 Mesh size in HyperMesh. 

Once the mesh is generated, the region where the poor mesh is generated is 
modified. Modification is done by changing the mesh pattern, especially near 
sharp edges and around circular elements like holes. For steel material, in the 
meshing, it is important to check whether the nodes of longitudinal rails and 
nodes of cross-members are joined with good mesh quality as shown in 
Figure 7.3. This means longitudinal rail and cross-member are connected 
properly. Red lines belong to longitudinal rails and violet lines belong to the 
cross-members and are joined node to node.  

 

Figure 7.3 Meshing (Node-to-Node joining). 

Following Figure 7.4 shows number of nodes and elements created after 
complete meshing. This is generated using ‘count’ tool in HyperMesh. 

 

Figure 7.4 Number of nodes and elements. 
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 Material Properties  

For this chassis model, longitudinal rails, brackets, and cross-members are 
made of steel. Mechanical properties from Table 3.1 are assigned to each part 
of the model in HyperMesh. PSHELL is the property card used for shell 
elements, in which thickness is assigned.  

 Density (tonne/mm3) = 7.8*10-9 
 Poisson’s Ratio = 0.26 
 Modulus of Elasticity (MPa) = 200000 

 Creation of Bolts 

Components of steel can be welded. So, cross-members which have a 
possibility for welding are joined using node-to-node joining. But there are 
few cases where bolts are required for joining the longitudinal trail with 
cross-member. In that case, bolts are created in the holes provided.  

Nodes are created at the centre of the holes provided on longitudinal rails and 
cross-members. By using One-Dimensional (1D) Beam element in 
HyperMesh, the centre nodes of both the circles are joined with the beam 
element as shown in Figure 7.5 and Figure 7.6. Steel material is assigned for 
the rigid bolts. These rigid bolts are a replacement for the mechanical 
fasteners which are used in reality. Thus, a contact is created in between 
longitudinal rails and cross-members via rigid bolts and welding. The load 
applied on chassis is transferred to the adjacent cross-members through the 
contact which is created.  

 

Figure 7.5 1D beam bolt. 
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Figure 7.6 Joining of components with bolts. 

 

 Problem setup for calculating torsional stiffness  

According to the physical setup in reality as explained in 3.3.1, loads and 
boundary conditions are considered. The boundary and loading conditions 
are applied in such a manner that the chassis should be subjected to 
twisting. In reality, loads are applied on the axle. Instead of applying loads 
on the axle, loads are applied at respective locations of the axle on 
longitudinal rails for FEA. To create a twist in chassis, loads are applied on 
the front end of the chassis, in terms of ‘positive force’ and ‘negative force’. 
The rear end of chassis is completely fixed i.e., fixed in all Degrees of 
Freedom (DOF) (X, Y, Z-axis). This would lead to no movement in the form 
of translation and rotation[5],[18]. The loading conditions in FEA provides 
the same impact as the loading conditions used in reality. 
 
The Rigid Elements (RBE2) are created at the respective locations to apply 
loads on it. RBE2 element distributes the applied load equally to the adjacent 
nodes connected to it. The same concept is followed for the rear end to fix 
the chassis in all DOF. Loads are represented with ‘arrows’ and constraints 
are indicated with 'triangles', as shown in Figure 7.7.  
 
Torsional stiffness is required more for better handling of the vehicle. 
Because the flexibility of chassis is important while running on uneven roads 
and while running through potholes on roads. So, for calculating torsional 
stiffness, the load applied on the chassis is chosen as the total GVW provided 
i.e., 1800kgs. GVW is chosen because maximum load carrying capacity of 
any vehicle will not exceed GVW. Hence, to get torsional stiffened chassis, 
load applied is taken as GVW. 
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Load acting on chassis for torsional loading = 1800kg = 17,658N. 
The load acting on each longitudinal rail = 17,658/2 = 8829N  
Therefore, force of 8829N is applied on each longitudinal trail[10]. 
 

 

Figure 7.7 Torsional loading set-up. 

 

 FEA result for torsion loading (steel) 

Numerous design iterations are preformed to attain the acceptance criteria. 
The designs which have showed an improvement in value are discussed in 
this report.  

7.2.5.1 Design-1 

To solve the FE model, Altair ‘Optistruct’ is used as the solver. For 
calculating the torsional stiffness, displacement occurred due to twisting 
should be known. So, the FE model of design-1 is solved for displacement 
and stress. Vertical displacement is measured to know the twisting of chassis. 
The vertical displacement value is taken in Z-axis because the force is 
applied in Z-axis i.e., in vertical direction. Following Figure 7.8 shows the 
displacement for torsion stiffness.  
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Figure 7.8 Torsional displacement for design-1. 

 

Displacement observed for the FE model is 15.477mm. Considering the 
formulae of torsion stiffness from 3.3.1. Torsional stiffness is calculated as 
follows:  

       (7.1) 

      (7.2) 

      (7.3) 

The obtained torsional stiffness is under the acceptance criteria as mentioned 
in 2.2.3. 

The yield stress value of steel material is 250Mpa. The stress value obtained 
for this loading condition is found to be 275.426Mpa. So, this means that 
present design is a failure. Because the stress obtained in any loading 
condition should be always less than the yield stress of that particular 
material. Stress distribution is shown in Figure 7.9.  

After observing the twisting movement in animation video in HyperView, 
the further modifications of design are done. The main objective now is to 
make obtained stress value less than the yield stress value of steel. Even 
though the model reaches the acceptance criteria, the model should not fail 
in terms of stress. The maximum stress obtained is at the point of application 
of forces which can be seen in Figure 7.10. 
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Figure 7.9 Stress distribution for design-1. 

 

 

Figure 7.10 Location of maximum stress in design-1. 

7.2.5.2 Design-2 

In order to make light-weight chassis, hollow and C-section cross-member is 
used. C-sectioned hollow cross-member provides light-weight chassis and it 
is easy to modify for better result[19]. In this design iteration, a CAD C-
sectioned cross-member is added at the rear end of the chassis. Steel material 
properties are assigned to it. Same torsional loading is given to chassis in 
design-2 and solved in Optistruct for the result. Figure 7.11 shows the 
displacement of design-2.  
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Figure 7.11 Torsional displacement for design-2. 

The displacement obtained for the design-2 is 15.113mm. When comparing 
the displacement with design-1, it is slightly decreased. But it is still under 
the value given in acceptance criteria. The stress value obtained in design-2 
is 287.287Mpa. Figure 14.1 shows the stress distribution. As stress value is 
again higher than the yield stress of steel, the chassis model is a failure.  

The stress value of design-2 is greater than design-1. The point of maximum 
stress obtained is different between design-1 and design-2. Here, in design-2 
maximum stress is observed at the rear end. This might be due to adding 
of cross-member at the rear end and making the deflection at the rear end a 
bit complicated than in design-1. 

Possible design modifications that can be done to a chassis are by adding a 
cross-member where ever required to provide stiffness. And by slightly 
making design changes to the already existing cross-member and by 
increasing thickness to provide stiffness. Out of all the types of 
modifications, placing a cross-member at the areas where high displacement 
and stress obtained is important. Because there would be of no use if there is 
no change or no reduction of displacement is observed, even after adding a 
cross-member at a location in chassis. So, knowing the locations of cross-
members to be placed is important. Thus, further design iterations are 
focused on the locations of cross-members need to be placed to reduce 
displacement. Once, locations are finalized, then these cross-members which 
are added in those places are further modified to improve stiffness. Thus, to 
reach the acceptance criteria.  

By observing the pattern of twisting, design iterations are performed to 
reduce displacement and stress by focusing on critical regions. Critical 
regions are where maximum stress and displacement are occurring. 
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Designing the CAD component and repeating the entire process is time 
consuming. So, instead of CAD, virtual cross-members are used[20]. Virtual 
cross-members are used to know the locations at where the cross-members 
are required to be placed in the chassis. Hollow channel sectioned virtual 
cross-members are used. These virtual cross-members are created in 
HyperMesh itself. Virtual cross-members are generated by creating rigids in 
between nodes with a node-to-node joining concept. If a load is applied on a 
single node, with the help of rigids, this load is transferred to other adjacent 
nodes.  

Once, the design is finalized with the virtual cross-members. Further 
iterations are done by generating CAD cross-members at the same locations 
as the virtual cross-members with improved strength to attain acceptance 
criteria.  

7.2.5.3 Design-3 

An additional cross-member is added at the middle of the chassis to reduce 
twisting. It is solved for the torsional loading condition. After solving in 
Optistruct, displacement is reduced to 14.99mm. Hence, by adding the cross-
member in the middle of chassis, it is observed that displacement has been 
slightly reduced. As difference from previous design is only 0.12mm.  

7.2.5.4 Design-4 

Another cross-member is added at the front end of the chassis. It is solved 
for torsional loading condition and displacement obtained is 14.75mm. The 
reduction in displacement is observed but that is minimal. So, in further 
design iterations, by providing strength to this cross-member, displacement 
can be reduced more.  

7.2.5.5 Design-5 

As the displacement has reduced by adding crossmember near the front end 
in previous design. Another cross-member is added at front end in between 
load application points. It is solved for torsional loading. Displacement 
obtained is 12.67mm. Thus, displacement is reduced by 2.08mm, placing a 
cross-member at this location has showed a high difference in displacement. 
Stress also reduced to 273.154MPa. Figure 7.12 and Figure 14.2 shows the 
displacement and stress accordingly.   
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Figure 7.12 Torsional displacement for design-5. 

7.2.5.6 Design-6 

All the cross-members which are added till now in previous iterations are 
perpendicular to the longitudinal rails. So, in this iteration for design-6, a 
virtual cross-member which is parallel to longitudinal rails is added near the 
front end. This parallel cross-member is placed in between two cross-
members near the force application points.  

In the animation video of the design-5, the twisting movement in the rear end 
of the chassis is high. So, the occurrence of twisting in the rear end also 
needed to be reduced. Few hollow C- sectioned hollow virtual cross-
members are added at the rear end. Another virtual cross-member is added at 
the middle of chassis. After these design modifications, design-6 is made to 
solve for results. The displacement and stress distribution are shown in 
Figure 7.13 and Figure 14.3 respectively.  

 

Figure 7.13 Torsional displacement for design-6. 
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Displacement and stress distribution obtained from design-6 are 12.995mm 
and 231.979Mpa respectively. Displacement in design-6 is slightly greater 
than design-5 with a difference of 0.325mm. But stress obtained is less than 
the yield stress of steel. So, this chassis model is a success now in terms of 
stress. 

When observed in the HyperView, the parallel cross-member which is added 
did not provide the required strength at the front end. So, in the further design 
modifications, parallel cross-members are not used. Strength at the rear end 
is increased in further designs by placing more strengthened cross-member 
rather than a bunch of cross-members.  

7.2.5.7 Design-7 

As the positioned cross-members in design-6 have reduced stress, those 
locations for cross-members are confirmed. Further iterations are done by 
placing a strengthened cross-member at respective locations. Therefore, 
virtual cross-members are replaced by CAD cross-members which improved 
strength. Hollow channel crossmembers are easy to modify in terms of 
design while replacing the virtual cross members with CAD cross-members. 
C-section hollow cross-members make the chassis to be light-weight than 
other sectioned hollow members[19].   

In this design-7, the virtual cross-members which are placed at the rear end 
are replaced with CAD cross-members. At the rear end in the previous design 
a bunch of crossmembers are added. Instead of them, modified CAD cross-
member is added. If by placing same bunch of virtual cross-members in the 
CAD form, then the weight of chassis would increase. So as to create a light-
weight design, CAD crossmember is designed as shown in Figure 7.15. 
Figure 7.14 shows the bunch of virtual cross-members.  

 

Figure 7.14 Multiple virtual cross-members. 
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Figure 7.15 Strengthened CAD cross-member. 

Initially, a single hollow channel sectioned CAD cross-member is placed and 
solved. But from the results, more strength is required at the rear part. So, to 
improve strength of CAD cross-member, small supports are added as shown 
in Figure 7.15. These supports will be in contact with the longitudinal rails 
and cross-members. After solving the revised chassis model for the torsional 
loading condition, the displacement obtained is 9.27mm. 

7.2.5.8 Design-8 

Multiple design iterations are done to achieve this design-8. All the Virtual 
cross-members are replaced by CAD models of stamped pressed cross-
members, box sectioned cross-member and channel sectioned cross-
members. 

At the front end, near load application points, a CAD cross-member with box 
section is placed. Box sectioned cross-members provide resistance to torsion 
and bending as well. Rod present at the front end is heavy, thus, increases the 
overall weight of the chassis. So, the rod is removed, instead of that, a rod 
with less diameter and with slightly increased thickness is designed. As 
tubular section provides resistance to torsion, the strength of chassis with re-
designed rod did not change.  

Stamped pressed cross-members are placed at few locations. The stamped 
pressed cross-members are designed to have more strength than the virtual 
cross-member and by possessing light weight. These are placed at the 
respective locations to provide strength.  

Channel sectioned cross-members are placed at the middle of the chassis. To 
increase the strength of them, thickness must be increased. But increasing 
thickness of cross-members beyond the limit would lead to strain as 
discussed in Design Methodology. So, instead of increasing thickness, 
rectangular and ‘X’ shaped ribs are used. These ribs are introduced under the 
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channel sectioned cross-members which are at the middle of chassis to 
improve the strength. Figure 7.16 and Figure 7.17 shows the types of ribs.  

 

 

Figure 7.16 'X' shape ribs under cross-member. 

 

Figure 7.17 Rectangular ribs under cross-member. 

By using this rectangular and ‘X’ shape ribs, the strength of crossmember is 
increased. And this would provide strength to the entire design, thus, reduce 
the twisting. These ribs are added especially to the crossmembers which are 
near to the critical regions. In this case, it is at the middle of chassis. The 
adding of ribs is a key factor in the design as it provides more strength. 
Therefore, this reduces the further addition of any other crossmember, which 
would ultimately reduce the weight of chassis. After these modifications, 
design-8 is made to solve in Optistruct. The displacement of the design-8 is 
seen in Figure 7.18.  

Displacement obtained from design-8 is 4.457mm, which satisfied the 
acceptance criteria. When the calculation is done for torsional stiffness, the 
obtained value is above the given acceptance value. Therefore, the design is 
approvable in terms of torsional stiffness. Value of torsional stiffness 
obtained is 4.289 kN-m/deg.  

          (7.4) 



 48 

       (7.5) 

         (7.6) 

 

 

Figure 7.18 Torsional displacement for design-8. 

Stress distribution obtained from design-8 is 154.392Mpa which is less than 
yield stress of steel. Figure 14.4 shows the stress distribution. So, design-8 is 
even acceptable in terms of stress value as well. Once the steel design-8 is 
approved for torsional stiffness. The next step is to find whether the design-
8 is approvable for bending stiffness or not. 

 

 Defining boundary conditions and loads for bending stiffness  

For finding the bending stiffness of design-8, front end and the rear end are 
fixed in all DOF (X, Y, Z-axis). This means translation and rotation near 
those points are fixed. The load is applied at the centre of both of the 
longitudinal rails to subject the chassis to bending[5]. RBE2 elements are 
created at the required points to apply load. Figure 7.19 shows the loading 
conditions of bending stiffness for design-8. Payload of the vehicle is applied 
as the bending load.  

Payload = 650kg = 6376.5N 

Load acting on each longitudinal trail = 6376.5/2 = 3188.25N 

3188.25N load is applied on each longitudinal and made to solve in 
Optistruct for bending stiffness[10]. 
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Figure 7.19 Bending loading set-up. 

7.2.6.1 FEA result for bending stiffness (steel) 

Figure 7.20 shows the displacement for bending stiffness condition. The 
displacement obtained for bending stiffness is 0.301mm. Following formula 
is used for calculating the bending stiffness from displacement obtained.  

 

          (7.7) 

Stress distribution obtained for this loading condition is 48Mpa. Figure 14.5 
shows the stress distribution for bending loading. The obtained value of 
bending stiffness is higher than the acceptance criteria. So, this design is 
acceptable in terms of bending stiffness. Hence, design-8 is finalised for steel 
material.   

 

Figure 7.20 Bending displacement for design-8. 
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 CFRP 

 Material Properties  

Following material properties are assigned for each component.  

 Density (tonne/mm3) = 1.5*10-9 
 Poisson’s Ratio = 0.38 
 Modulus of Elasticity (MPa) = 155000 

According to the material properties of CFRP, one of the means to connect 
two components of CFRP material is by using mechanical fasteners. So, each 
cross-member is attached to the longitudinal rails with the use of rigid bolts. 
Figure 7.21 shows the connection of two components i.e., longitudinal rails 
and cross-members.  

 

Figure 7.21 Connectivity through rigid bolt. 

Weight of CFRP is much less than steel. By using these points and the 
methodology understood while designing steel chassis, CFRP chassis is 
designed. 

 FE-Setup for CFRP 

Meshing for the entire model is done same as steel chassis. Same loading 
conditions used for steel chassis are applied for CFRP chassis to calculate 
torsion and bending stiffness. Then the chassis model is made to solve in 
Optistruct.  
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 Design modifications in CFRP 

The positions of cross-members are known from the steel designs. So, cross-
members in CFRP are placed same as the positions of steel. Since, 
connectivity of longitudinal rails with cross-members are done through bolts. 
All the cross-members are designed to have a provision for using bolts. 
Figure 7.22 shows the cross-member for CFRP material. Even for the other 
cross-members, modifications are done to use rigid bolts. 

 

Figure 7.22 CFRP cross-member with provision for bolts. 

Due to its material properties, performing welding for CFRP is not a good 
option. As manufacturing a cross-member with ribs is complicated with 
CFRP material. Ribs which are used in steel are not used in CFRP. 
The rod which is used at front end in steel is used in CFRP. Initially, the 
weight of rod in steel material is high. Thus, using that component would 
lead to overall increase in weight of steel chassis. Since, the weight of that 
rod is lighter with CFRP material than steel material, it is used in CFRP 
chassis. So, to use it in CFRP material, provision for bolts are created. 

X-bracing cross-member as shown in Figure 7.23 is used. It is a peculiar one. 
The advantage of X-bracing cross-member is, it decreases twisting. It 
provides very good torsion resistance. This is due to its 4 arms connected to 
the longitudinal rails at 4 different locations, by restricting torsion at 4 
different positions. Instead of using more cross-members, this X- bracing 
cross-member can be used. The X- bracing cross-member which is shown 
Figure 7.23 is hollow.   
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Figure 7.23 X-shape cross-member. 

Few cross-members which are used in steel are used in CFRP. For those 
cross-members, holes are created to have provision for bolting. Design 
iterations are performed by improving the strength of individual cross-
member to attain the acceptance criteria. Design modifications are done by 
fluctuating the thickness of cross-members within the limits, by not 
exceeding the thickness of longitudinal rail. And by changing the design of 
cross-members.  

 

 FEA result of CFRP for torsion loading 

The following results are obtained after performing three iterations. Fourth 
iteration gave the satisfactory result. Figure 7.24 shows the torsional 
displacement. 

 

Figure 7.24 Torsional displacement for CFRP chassis. 
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Displacement obtained for torsion loading is 4.443mm. Therefore, after 
calculation torsional stiffness obtained is 4.303 kN-m/deg. The value is 
above the given acceptance criteria. So, this design is passed for torsion 
stiffness. Stress obtained for torsion displacement is 124.20Mpa. Figure 14.6 
shows the stress distribution for torsion loading.  

 

 FEA result of CFRP for bending loading 

 

Figure 7.25 Bending displacement for CFRP chassis. 

 

Figure 7.25 shows the bending displacement.  Displacement obtained for 
bending loading is 0.241mm. After calculation bending stiffness obtained is 
13.229 kN/mm. The obtained value is higher than the acceptance criteria. 
Finally, this design is passed in terms of bending stiffness. Maximum stress 
produced during bending is 35.88Mpa. Figure 14.7 shows the stress 
distribution for bending loading. Hence, CFRP chassis is finalised. 

         

 

 
 

 

                                                                                                                                                 



 54 

 Combination Chassis 

As a part of the research, in one single chassis, components of two materials 
are used i.e., one alloy (steel) and one composite material (CFRP).  

There are two available combinations in this study.  

 • Steel as a base model and few CFRP cross-members:  

This would result in the reduction of weight due to replacing of heavy 
weighted steel cross-members with CFRP cross-members. As most of the 
chassis will be in steel, cost for manufacturing is low. Ductility of steel is 
another factor in choosing steel as base model. 

 • CFRP as a base model and few steel cross-members:  

This would result in extremely low weight because base model is CFRP. As 
the base model is CFRP, more amount of CFRP material is required to 
manufacture chassis. This would lead to high cost in manufacturing than 
steel. Another disadvantage of CFRP as base model would be, the material 
property of CFRP i.e., brittleness. When an excessive load is applied on 
CFRP chassis, it might fracture and create cracks due to brittle nature. 

So, for the combination chassis, steel as base model is chosen. As CFRP is 
very light in weight, incorporating CFRP in some parts of steel design might 
reduce the weight significantly.  

In order to produce light weight chassis, the steel cross-members are replaced 
with CFRP cross-members. Such as cross-members which are consuming 
more weight in steel material. And steel cross-members with ribs are 
replaced with CFRP crossmembers. Components shown in Figure 7.26 are 
used for replacing the steel components.  

 

                                

Figure 7.26 CFRP components used in the combination chassis. 
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Due to this replacement, the weight of the steel chassis decreased by 14.6%, 
as heavy weight steel cross-members are replaced with CFRP, making it as 
a combination chassis. During replacement, CFRP cross-members are 
connected to steel chassis with bolts. Only replacement of components is 
done, no further modification is done in the combination chassis. Therefore, 
in the combination chassis, steel cross-members are connected to steel 
longitudinal rails through welding. Whereas, CFRP components are 
connected to steel longitudinal rails through bolts.  

After replacement, the chassis is checked for torsional and bending stiffness 
to know whether it is above acceptance criteria. Same loading conditions 
used for steel and CFRP chassis are used and solved in Optistruct. 

 

 FEA result for the combination chassis of torsional loading 

Figure 7.27 shows the torsional displacement of the combination chassis. 

 

Figure 7.27 Torsional displacement of the combination chassis. 

Displacement obtained for torsion loading is 3.67mm, torsional stiffness is 
5.209 KN-m/deg. The torsional stiffness obtained is higher than acceptance 
criteria. So, this design is passed for torsional stiffness. Stress obtained is 
134.87Mpa. Stress distribution can be seen in Figure 14.8. Torsional stiffness 
obtained is high for the combination chassis than steel model and CFRP 
chassis.  
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 FEA result of the combination chassis for bending loading 

Figure 7.28 shows the bending distribution for the combination chassis. 

 

Figure 7.28 Bending displacement for the combination chassis. 

Displacement obtained for bending loading is 0.194mm, bending stiffness is 
16.434 KN/mm. The bending stiffness obtained is higher than acceptance 
criteria. So, this design is passed for bending stiffness. Stress obtained is 
37.143Mpa. Stress distribution is seen in Figure 14.9. Even in bending 
stiffness, the combination chassis is higher than other chassis. 

Hence, this model is final for the combination chassis. 
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 Crash Analysis 

Once all the three chassis are passed for the acceptance criteria provided by 
the manufacturer, it is important to check the performance of these three 
chassis. It should have better performance, high strength and should absorb 
impact energy during crash. For this, crash analysis is performed, to check 
the displacement of deformation and pattern of deformation. Only front part 
of crash is considered. 

Crash analysis is performed for all the three chassis which are satisfied with 
acceptance criteria. Crash analysis is performed for 50kmph and 100kmph. 
Altair Radioss solver is used for solving the crash analysis.  

 Setting up for crash analysis 

All the elements, material properties, bolts are taken into consideration while 
solving in Radioss. A rigid wall is created which acts as barrier for 
performing the crash analysis. Rigid wall (RWALL) is created with joining 
the slave nodes of length 1200mm. The distance between RWALL and 
chassis is maintained to be 5mm. A distance of 5mm is taken to decrease 
computational time and to encounter a closure impact. When impact occurs, 
chassis starts deformation by crushing towards RWALL. Therefore, all 
elements will coincide with all the adjacent elements because of high impact. 
The type of contact used for the crash analysis of this structure is type 7 
contact. Type 7 contact creates an impact in between required chassis to be 
tested for crash and the slave nodes.  Figure 8.2  shows the setup of crash 
analysis. 

In real life, when two materials come in contact, friction is generated. Same 
concept is applicable in Radioss software while performing crash analysis. 
So, friction value is set to 0.1 in type 7 general contact in Radioss solver[21]. 
To avoid penetrations and intersections of the elements, ‘Inacti 6’ is selected 
as shown in Figure 8.1.  

Figure 8.1 Input of friction and Inacti 6. 
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Figure 8.2 Crash analysis set-up. 

 Boundary Conditions  

For all the three chassis, crash analysis is performed with 50kmph and 
100kmph. So, initial velocity for chassis which is hitting RWALL needs to 
be given. Speed units are converted from kmph to mm/sec. So, 50kmph is 
13,888mm/sec and 100kmph is 27,776mm/sec after conversion as shown in 
Figure 8.3. These velocities are applied in Y-direction for crash. Another 
aspect that needs to be defined is gravity load. The value of gravity load is 
given as 9810mm/s2.  

 

Figure 8.3 Velocity for 50kmph set-up. 
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 Crash analysis results  

 Steel chassis 

Figure 8.4 shows the deformation due to the crash analysis for 50kmph. The 
wire frame is the actual position of chassis before the crash. Displacement is 
observed for the entire chassis, not at any particular node. The displacement 
obtained is 16.912mm. The displacement obtained for 100kmph is 
30.076mm which can be seen in Figure 8.5. Longitudinal rails are 
compressed, and cross-members got bent, deformed and displaced from their 
position. This can be observed with the reference wired frame.  

  

 

Figure 8.4 Crash deformation of steel chassis for 50kmph. 

 

 

Figure 8.5 Crash deformation of steel chassis for 100kmph. 
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 CFRP chassis 

Figure 8.6 shows the deformation due to the crash analysis for 50kmph. The 
displacement obtained is 9.301mm. The displacement obtained for 100kmph 
is 18.787mm which can be seen in Figure 8.7. Displacement of deformation 
obtained is less than the steel chassis. The cross-members did not deform as 
they got deformed in steel chassis. 

 

 

Figure 8.6 Crash deformation of CFRP chassis for 50kmph. 

 

 

Figure 8.7 Crash deformation of CFRP chassis for 100kmph. 
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 Combination chassis 

Figure 8.8 shows the deformation due to the crash analysis for 50kmph. The 
displacement obtained is 11.722mm. The displacement obtained for 
100kmph is 18.409mm which can be seen in Figure 8.9. Displacement 
obtained during 100kmph crash in combination chassis is slightly less than 
the CFRP chassis. In the combination chassis, even though steel longitudinal 
beams are present, they did not get compressed. This is might be of achieved 
acceptance criteria is higher than steel and CFRP chassis. Which implies that 
the combination chassis is stronger than steel and CFRP.  

 

Figure 8.8 Crash deformation of the combination chassis for 50kmph. 

 

 

Figure 8.9 Crash deformation of the combination chassis for 100kmph. 

From Table 8.1, by observing crash results it is seen that least deformation 
occurred in 50kmph is CFRP chassis. In 100kmph, least deformation 
occurred is for the combination chassis. 
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Table 8.1 Values of acceptance criteria and crash analysis. 

Type of Analysis Steel CFRP Combination 

Torsion stiffness [kN-m/deg] 4.289 4.303 5.209 

Bending stiffness [kN/mm] 10.592 13.229 16.434 

Crash Analysis 50kmph [mm] 16.912 9.301 11.722 

Crash Analysis 100kmph [mm] 30.076 18.787 18.409 

 

If by observing the result of the crash analysis, for steel chassis and CFRP 
chassis, the displacement occurred for 100kmph is almost double to the value 
of the displacement occurred for 50kmph. But for the combination chassis, 
the value has differed. This might due to the combination of different 
materials which results in non-uniformity. Thus, leads to have a non-linear 
comparison with displacement. So, there cannot be a direct empirical 
relationship between material distribution and overall displacement.   

CFRP chassis has got less deformation than the combination chassis in 
50kmph. And got almost same deformation as of the combination chassis in 
100kmph. Choosing CFRP chassis as final model will not be a good option 
for the manufacturer. Because CFRP has brittle nature which leads to 
formation of cracks and fracturing of chassis when an excessive load is 
applied. As the cost of manufacturing is high and repairing the CFRP chassis 
is also complex, CFRP chassis is not chosen.  

Choosing steel chassis as final chassis is not possible due to its high 
deformation in crash and less values in acceptance criteria. But, choosing 
CFRP chassis as final chassis for manufacturer is also not a good choice due 
to its disadvantages. So, instead of that the next model that has given nearly 
same values as CFRP chassis in 50kmph and 100kmph crash is the 
combination chassis.  

The combination chassis is chosen as final chassis because it is better with 
minimal deformation in crash. The acceptance criteria obtained is higher for 
the combination chassis than steel chassis and CFRP chassis. It involves less 
complexity in repairing. The cost for manufacturing is less compared to that 
of CFRP chassis. The combination chassis is not brittle as the CFRP chassis. 

Thickness optimization is performed to the finally chosen combination 
chassis. This is done to remove excess unwanted material from the chassis in 
order to make it light-weight.  
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 Optimization  

Optimization is used to find the finest solution from all the obtained feasible 
solutions. It leads to remove unwanted material and finally decrease the 
weight. This provides a more efficient result than the initial model. The type 
of optimization used is thickness optimization. Thickness optimization 
reduces the thickness of the model (cross-members) within a feasible 
solution to get better lower weight. Once the final chassis is chosen, the next 
step is to make it lightweight by performing thickness optimization. Altair 
HyperStudy is used for performing thickness optimization. 

 

 Setting up for thickness optimization  

Design variables, constraint and objective function are important 
components in performing any type of optimization. As thickness 
optimization is chosen, design variables are taken as thicknesses of the cross-
members. Upper bound and lower bound of design variables are made to 
set[22].  
Constraint and objective functions are needed to be defined to obtain the 
result. Constraints are the requirements of the design that should be satisfied 
to accept the design. Iteration process takes place by fluctuating the values 
of design variables within the limits of upper bound and lower bound. Thus, 
to obtain the objective function which satisfies the given constraint[22]. 
Iterations take place until the feasible and fine-tuned solution is obtained.   

Figure 9.1 shows the tree for setting up the thickness optimization. The 
chassis which should be optimized is added in the ‘Define Models’. After 
importing model, the variables which should be optimized are selected. In 
this case those are the thicknesses of cross-members. The upper bound and 
lower bound are set for the thicknesses and this is done under ‘Define Input 
Variables’. Nominal run is done for this study which is selected under 
‘Specifications’. All the input given is then evaluated under the ‘Evaluate’. 
Displacement and weight are defined in ‘Define Output Responses’. Under 
the optimization tree, in ‘Select Output Responses’, constraint and objectives 
are selected. 
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Figure 9.1 Thickness optimization set-up. 

Upper bound and lower bound of cross-member thicknesses are defined 
within the limit of 1mm to 5.5mm.  Depending on the condition that the 
thickness of cross-members must be less than longitudinal rail, upper and 
lower bound are set.  Thickness Optimization is not performed to the 
longitudinal rails, as standard beam section is chosen. And no design 
modifications are done to it. Combination chassis with torsion loading is used 
for performing the thickness optimization. Constraint is defined as deflection 
obtained from Figure 7.27 is 3.678mm. This value is chosen because the 
strength which is already obtained while designing will not be reduced while 
performing thickness optimization. And to also check the feasibility of the 
chassis which is designed. An objective function is defined to minimize the 
weight. After setting up, it is made to solve in HyperStudy software.  
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 Iterative Result  

For the given model and constraints, numerous iterations took place. The 
better feasible solution obtained is by reduced displacement to 3.54mm. 
Where, 7.91% of weight is reduced from the original weight. This means the 
stiffness of the combination model is increased after thickness optimization.  

 

 Optimized model 

Acceptance criteria are checked for the optimized model to make sure that 
design is perfect in terms of previous analysis.  

 Torsional stiffness  

Displacement obtained for torsional loading after optimization is 3.54mm as 
shown in Figure 9.2. But, displacement in Z-axis is considered for torsion. 
Figure 9.3 shows displacement in Z-axis, which is 3.324mm. Therefore, after 
calculation, obtained torsional stiffness is 5.751kN-m/deg. That means 
torsional stiffness is increased by 9.44%. Stress obtained is 106.510Mpa and 
it is decreased by 22.7%. Stress distribution is seen in Figure 14.10. Final 
optimized chassis has got less deflection than the unoptimized combination 
chassis. Due to the advantage of thickness optimization, feasible solution is 
obtained. By removing excess material at unwanted regions to make it light-
weight. 

 

 

Figure 9.2 Torsional displacement after thickness optimization. 
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Figure 9.3 Torsional displacement in Z-axis after thickness optimization. 

 

 Bending stiffness  

Displacement obtained for bending loading of optimized chassis is 0.177mm. 
After calculation, bending stiffness obtained is 18.0127kN/mm. That means, 
bending stiffness is increased by 8.76%. Stress obtained is 35.21Mpa and is 
decreased by 5.20% after thickness optimization. Figure 9.4 shows the 
displacement for bending loading. Stress distribution can be seen in Figure 
14.11. 

 

Figure 9.4 Bending displacement after thickness optimization. 
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 Crash analysis  

Displacement of optimized chassis for 50kmph is 8.23mm and for 100kmph 
is 13.19mm. It can be seen in Figure 9.5 and Figure 9.6 respectively. The 
obtained displacement for 50kmph and 100kmph is less than the CFRP, steel 
and combination chassis (before optimization). After thickness optimization, 
the displacement of the combination chassis for 50kmph has decreased by 
29.79% and for 100kmph it is decreased by 28.35%. This is occurred due to 
improved stiffness of chassis after thickness optimization.  

 

 

Figure 9.5 Crash result of 50kmph. 

 

 

Figure 9.6 Crash analysis of 100kmph. 
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Hence, final chassis after thickness optimization has better result than the 
unoptimized combination chassis. Combination chassis with light-weight is 
obtained. Table 9.1 shows the before and optimized values of the 
combination chassis. Weight of chassis reduced in percentage (%) is 7.91. 

 

Table 9.1 Values of before and after thickness optimization for combination 
chassis. 

Parameters Before 
Optimization 

After 
Optimization  

Torsional Stiffness [kN-m/deg] 5.209 5.751 

Bending Stiffness [kN/mm] 16.434 18.0127 

Crash Analysis 50kmph [mm] 11.722 8.23 

Crash Analysis 100kmph [mm] 18.409 13.19 
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  Validation 

The combination chassis is consisting of steel cross-members and CFRP 
cross-members. The main longitudinal rails are in steel material. Steel beams 
are available in the market with different sections with different dimensions. 
In this thesis, a rectangular box section steel beam has been used.  It is taken 
by choosing a standard dimension randomly at the beginning of the thesis 
(CAD Model). Those dimensions are 100mm*50mm*6mm. One of the 
factors considered while choosing a standard steel beam is by checking the 
section modulus[23]. To validate the chosen standard beam, section modulus 
is calculated for the longitudinal rail. By considering the bending loading 
used in this study. ‘A’ and ‘B’ are fixed and at ‘C’ point load is applied in 
Figure 10.1. 

The formula for calculating section modulus[23] is  

 

Bending moment for the steel beam is calculated using bending loading 
condition from 7.2.6.     

 

Figure 10.1 Bending loading on steel longitudinal rail. 

 

‘A’ and ‘B’ are fixed in all DOF and at ‘C’ point load is applied. 

Reaction forces acting at point ‘A’ and ‘B’ are taken as and  
respectively.                 
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                                                        (10.2)   

 

Taking Moments at ‘A’ 

 

    

Substituting ‘RB’ in equation 11.2, to get ‘RA’ 

           

1594.125N 

 

    (10.3) 

 

Once the reaction forces at point ‘A’ and ‘B’ are obtained. Shear force and 
bending moment diagram is drawn as shown in Figure 10.2.  

 

Figure 10.2 Shear force and bending moment diagram. 
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Allowable stress is obtained by dividing the yield stress of the material with 
the factor of safety. Factor of safety for the design is 2.5. 

      (10.4) 

 

Substituting two values in section modulus formula (equation 10.1), 

 

 

 

The standard dimensions and respective parameter available from the market 
for a hollow rectangular section beam are checked[24]. To validate the 
dimensions of the chosen rectangular box section, one of the parameters i.e., 
section modulus is calculated. Section modulus for the dimensions of 
100mm*50mm*6mm is found to be 35.70cm3[24]. As equation 10.5 implies 
that section modulus should be greater than the 21.91cm3. By observing the 
values, the section modulus value is workable. Thus, the chosen dimensions 
for the beam are validated.  

Hence, the dimensions chosen at the beginning of the thesis are valid. This 
is done by considering the bending loading condition and by calculating the 
one of the parameters.  
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  Conclusion and Discussions  

The final ladder chassis selected in this thesis is the combination chassis. 
Even though CFRP chassis has similar performance as the combination 
chassis in crash analysis. But, due to its brittle nature, high cost in 
manufacturing and complexity in repairing, CFRP chassis is not chosen. 
When comparing the values from acceptance criteria and crash analysis, the 
combination chassis has better values than the other two chassis. 
Manufacturing cost of the combination model is less than CFRP chassis and 
repairing of chassis is not complex. Hence, the combination chassis is 
chosen.   

Weight of the combination chassis is reduced by 7.91% through thickness 
optimization. After thickness optimization, torsional and bending stiffness 
values are further increased. And displacements in the crash analysis are 
decreased for the combination chassis. Thickness optimization has provided 
the fine-tuned model with improved strength.  

Answers to the research questions are as follows: 

 For the longitudinal rail, it is best to choose a box section beam with 
a deeper cross-section. Each cross-member should be stiff enough. It 
should be placed in a position such that the overall displacement of 
the chassis decreases.  To attain acceptance criteria, cross-members 
are added and are modified depending on the factors like strength, 
stiffness, weight, cost and space constraints. The thickness of cross-
members should be always less than the longitudinal rail to avoid the 
strains near the connectivity. While designing, the front end of 
chassis must be narrow and should be bent inwards. This is to provide 
steering lock, turning radius and to make space for movement of the 
wheel. The rear end of chassis should be broad, lifted upwards and is 
bent inwards. This is to provide rear axle movement and to make 
space for movement of the wheel.  
 

 Cross-members are added to strengthen the chassis at the critical 
positions where high displacement and stresses are observed. 
Channel sectioned, box sectioned, tubular sectioned and stamped 
pressed cross-members are placed in these critical regions. Such that 



 73 

after addition of cross-member, the overall displacement of chassis is 
reduced.   

The strength of cross-member is increased by increasing thickness in 
few cases. But, increasing thickness beyond a limit would lead to an 
increase in the overall weight of the chassis. So, instead of that, small 
supports are added in between the cross-member and longitudinal 
rails. Ribs are added under that cross-member and in few cases and 
shape of cross-member is redesigned again in light-weight. All the 
cross-members are added only in the direction of perpendicular to the 
longitudinal rail until acceptance criteria are achieved.  

 Combination chassis means the chassis consists of multiple materials. 
In this study, two materials have been used. To make a light-weight 
chassis, heavy steel cross-members are replaced with light-weight 
CFRP cross-members. This further resulted in improved stiffness. 
Due to this replacement, 14.6% of weight is reduced in steel chassis 
after making it as a combination chassis with two materials.  

The advantage of using the combination of materials can lead to 
weight reduction of chassis. It also has improved performance 
depending on the materials chosen. The disadvantage of using the 
combination of materials in a single chassis can be the thermal 
expansion of the materials near the connectivity which might lead to 
sudden damage. 

The X-bracing cross-member is used in CFRP design. The weight of X-
bracing cross-member when it is completely in CFRP material is 79% less 
than the weight of it when it is completely in steel material. So, instead of 
using X-bracing cross-member in steel, two simple cross-members are used. 
Whereas the light-weight property of CFRP allows the usage X-bracing 
cross-member in CFRP design. 

The design methodology and design modifications done are not just limited 
to this acceptance criteria and not for chosen two materials. Because for any 
acceptance criteria and for any material, the concept of evaluating loads and 
dimensional requirements will be the same. And designing of cross-members 
to improve strength will be the same. Thus, alternative or different shape of 
cross-members with required strength can also be used. The possibility of 
using different materials and not just like two materials in this study remains 
valid. So, this design methodology can be used for building any type of 
ladder chassis with respective acceptance criteria and respective materials. 
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  Future Work 

In this thesis, manufacturer have provided a limited acceptance criteria. But 
there are other aspects for the chassis to be checked. All the testing for 
torsional and bending stiffness were carried out for static load-cases. So, 
further study can be done on dynamic load cases by applying cornering loads, 
braking loads and impact loads.  

Vibrational studies on the chassis can make up for further research.  

In this study, all the components are either welded together or joined with 
using mechanical fasteners. So, there is a scope for the further study in using 
of adhesive while joining and with different types of adhesives.  
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 Appendix  

 

Figure 14.1 Stress distribution for torsion loading of steel design-2. 

 

 

Figure 14.2 Stress distribution for torsion loading of steel design-5. 
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Figure 14.3 Stress distribution for torsion loading of steel design-6. 

 

 

Figure 14.4 Stress distribution for torsion loading of steel design-8. 

 

 

Figure 14.5 Stress distribution for bending loading of steel design-8. 
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Figure 14.6 Stress distribution for torsion loading of CFRP chassis. 

 

 

Figure 14.7 Stress distribution for bending loading of CFRP chassis. 

 

Figure 14.8 Stress distribution for torsion loading of combined chassis. 
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Figure 14.9 Stress distribution for bending loading of combined chassis. 

 

 

Figure 14.10 Stress distribution for torsion loading of optimized chassis. 

 

 

Figure 14.11 Stress distribution for bending loading of optimized chassis. 






