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develop ideal suspension system for an L7e European car being developed at Uniti 

Sweden AB. In Chapter 1, we presented background description, purpose and scope of 

the thesis, while in Chapter 2, alternative methods to deal with the project were studied 

and methodology for the project was decided. In Chapter 3, literature survey was made 

to collect all the essential information about basics of suspension and Chapter 4 

presents results of product developmental methodologies used and simulation which is 

preceded by conclusions and critical review in last few chapters. 
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ABSTRACT 

Suspension system is one of the most important subsystems in any automobile. 

An ideal system serves the occupant with comfort, minimal road disturbance, and the 

driver with steer control and maneuverability.  

In the process of developing an ideal system, all the existing suspension systems 

are reviewed by Pro-con analysis method, and McPherson suspension system is drawn 

out as most suitable system for Uniti car, as worked out from Pugh’s decision matrix. 

House of Quality is built to list out and prioritize technical specifications, user 

requirements/ expectations for L7e car’s suspension. Quality Function Deployment 

also helped us to evaluate competitor strengths and weaknesses. The results obtained 

from QFD is used as database to modify the existing predesigned McPherson 

suspension template that is available in ADAMS/Car 2015.1.0. Once the system was 

modified in the way it could fit the dimensions of Uniti car, it is tested and simulated 

on test rig, whose results were out in the form of graphical plots between various 

important suspension parameters.  

Parallel wheel travel, Opposite wheel travel, and Brake pull analysis are the 

tests conducted during simulation, whose results reveals that the modified suspension 

system works efficiently for maximum working load and is stable on road to maneuvers.   

 

 

Keywords: Product Development, Quality Function Deployment, Pugh’s decision 

matrix, ADAMS/Car, Vehicle suspension, Simulation.   
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Chapter 1: INTRODUCTION  

1.1 Background: 

Suspension is the prime mechanism beneath the car body that isolates passengers 

from the road disturbances. It also prevents the car from vibrations that affects other 

mechanisms of the car and keeps up passenger comfort. Irrespective of how smooth 

the road is, it is thoughtless to propel over a ton of mass at drastic speeds, and thus we 

rely upon suspension system which suspends the masses from road vibrations. In 

general considerations, suspension consists of two basic components: namely, springs 

and shock absorbers. Springs absorb all vertical loads of the wheel caused by road 

irregularities, whereas Shock absorbers absorb and dissipate energy from spring to 

avoid further bouncing and pitching.  

1.2 Overview of the company 
Uniti Sweden AB is a newly established automobile company currently developing 

a high-tech electric city car out of a strong desire to change urban mobility, working in 

collaboration with, Lund University. The team realized the outdated fashion of 

automobiles in present market and is thus on the screen to challenge the usage of fossil 

fuels and old mechanics. It aims to create harmony between advanced innovative 

technologies and passenger luxury, with amazing driving experience. 

The prototype being developed will be a two-seater vehicle, one seat behind the 

other, powered by 15 KW electric power drive. The car falls under category of L7e CP 

as per EU regulation no 168/2013 on approval of quadricycles [1].  

1.3  Aim of the study 
The aim of the project is to develop, and simulate an ideal suspension system for 

Uniti car. Uniti car falls under L7e CP vehicle as per EU Regulation on the Approval 

of L-Category Vehicles, which has to abide by the following constraints.  It is a Heavy 

quadric-mobile (four wheels) vehicle, with maximum power ≤ 15 KW, maximum 

design speed ≤ 90 km/h with enclosed passenger compartment that can accommodate 

maximum of four non-straddle seats. 

As an approach towards this study, the project is split into various tasks to 

accomplish the aim. The tasks include: 

 Understanding the importance of suspension system in quadricycles and note 

the functions and various components and their types.  

 Study various types of Suspension systems, and report positives and negatives 

of each system, which can be accomplished by Pro-con analysis. 

 Review the current practices of Suspension systems used in various competitive 

automobiles, and is to be covered under literature survey. 

 The suspension system to be chosen for the car is required to be Compact, 

Simple in design, Light, Easy to assemble, higher performance, and low in cost. 
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Product developmental strategies are to be implemented on the regard of these 

requirements, to determine what among all the suspension systems would most 

ideally fit for use in Uniti car.  

 Customer preferences should be evaluated to prioritize the technical 

specifications. This can be addressed in various blocks of QFD. 

 Taking the prioritized technical specifications into consideration, the selected 

suspension system is further simulated using ADAMS 2015.1.0. The results 

obtained on dynamic analysis can be used to analyze the performance of the 

system, which can be used for further optimization of the system. 

 

1.3.1 Problem definition 

An ideal suspension system is to be developed and simulated from the existing 

systems for the prescribed vehicle, such that handling ability and comfort are enhanced. 

The graphical plots that shows performance of suspension system, Product 

developmental models along with overall literature survey and dynamics analysis 

reports are the deliverables of the project. 

1.4  Limitations 
Suspension system is one of the complex tasks to design/simulate among the 

automobile control systems. It is a misconception that the sole function of the 

suspension is to provide a comfortable ride, as the system has three other primary 

functions such as, Isolating passengers and cargo from vibrations and shocks, 

improving mobility, providing vehicle control.  

 Time is a barrier. We had to work so long to accomplish the tasks mentioned in 

1.3 

 Design and development of such system is better to work in large group of 

students so that the work could have been distributed like ‘handling team’, 

‘control team’, and ‘comfort team’, who can work with particularized motto.  

 Dealing with learning and working on various design and analysis softwares 

such as Fusion 360, and ADAMS/Car was another complex and time taking 

task.  

 

1.5  Individual responsibility and efforts during the project 

All the tasks were listed and distributed among both the teammates, as mentioned 

in the 1.3. Work done on building Product Development models was carried out by 

Rudrakanth Thota Sadashiva, and Gowtham Ramaswamy. Dynamic analysis using 

ADAMS/Car was entirely worked out by Gowtham Ramaswamy.  

Contributions of Gowtham:  

 Product development (Pro-con analysis) 

 Theory of Suspension System (Components of Suspension System and 

Suspension types) 

 Vehicle dynamics  
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 Exploration of QFD, for Simulation  

 Analysis  

 Conclusion derived from the Analysis part. 

 

Contributions of Rudrakanth: 

 Narration and Formulating report work, that includes Abstract, Introduction, 

Method, literature, Critical review, conclusions and referencing.  

 Roadmap of thesis and execution of methodology.  

 Building QFD, analyzing each block of it. 

 Materializing the conclusions of simulation. 

 Responsible for making changes in report when suggested by the supervisor. 

Pugh’s matrix, Latest innovation and current practices were worked together.  
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Chapter 2: METHOD 

2.1 Alternative methods 

Design and development of a product is always an iterative process which 

consists of set of phases that must be gone through during the accomplishment of 

projects, regardless of the product being developed, discovered or redesigned. The 

following set of design phases are the sources of alternative methods to interact with a 

problem solution.  

Product Discovery: This phase helps the designers to select for a particular project 

when they have a lot of choices of solutions to solve a problem. SWOT and Pro-con 

analysis are some of the product discovery methodologies. Among these, the latter is 

used in our project to evaluate the potentials of each system. 

Project Planning: Planning is forming of design team with committed people, 

generating set of tasks to be performed and distributing among the team members. Our 

project plan is mentioned in ‘Aim of Study’ as sequential steps of activities. 

Product Definition: The product definition should always be described well, as the goal 

is to understand the problem completely before getting into design. QFD is a strategical 

technique used to identify customers for the product, generating customer requirements 

and converting to technical specification, evaluating the competition and prioritize the 

system specifications as of passenger choice. 

Conceptual design: A suspension system is to be developed, designed and analyzed 

such that it can ideally fit for L7e car and enhance the ergonomics and comfort of Uniti 

car user. 

Product development: Morphology is the best tool used in this stage, which can 

generate multi concepts for each function of the system. Best concept for each function 

is further selected and evaluated form an entirely new product. But this approach is not 

taken for this project, as no new product is being developed, instead, an existing system 

is modified. 

Concept evaluation and selection: ‘Evaluation’ implies ‘comparison’ between various 

choices relative to requirements they should meet. The objective behind evaluation and 

decision making is to expend the least amount of resources on deciding which among 

the choices have the highest potential to become the ideal solution.  

2.2 Applied methodology for this project 

The project is to develop and simulate an ideal suspension system for Uniti car, 

for which the methodology applied is as illustrated in fig.1. 
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Figure 1: flowchart or ‘roadmap of the project’ 
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 Literature survey is carried out to understand basics concepts of suspension 

system and its classification, and vehicle dynamic characteristics. Recent 

innovations and latest practices in vehicle suspension are reviewed. 

 Pro-con analysis is done on various suspension systems to realize advantages 

and disadvantages of each of them. The results obtained from this are used to 

evaluate the potential of each system and aids during decision making in Pugh’s 

decision matrix. 

 House of Quality (QFD) is built to develop customer requirements and 

priorities of technical specifications. 

 Pugh’s decision matrix is a concept evaluation method to determine the 

potential of each system and select a system by the logical approach, that can 

best suit the purpose. Special criteria are listed to check over potentials of each 

system, and the suitable system is chosen for analysis. Pro-con analysis acts as 

database of information or input to Pugh’s matrix. 

 Technical specification priorities drawn out from QFD are then taken as 

important information during simulation of ideal suspension system that is 

selected from Pugh’s decision matrix. 

 Brake pull analysis, parallel and opposite wheel travel analysis provides the 

graphical plots that helps to evaluate and conclude the performance of the 

system. 

 

(a) Literature review:  

All basic information required to go ahead with the project is collected and reported 

in Chapter 3, which includes theory of automobile suspension systems, system 

classification, vehicle dynamics and steering geometry, recent practices and latest 

innovations.  

(b) Pro-Con Analysis: 

Pro-con analysis is advancement for SWOT (Strength Weakness Opportunities 

Threats) analysis, which is a base methodology for selection of project. When more 

than one solution exists as alternatives to solve a problem, this methodology suggests 

the following 5 steps to choose among the available alternatives [22].  

Step 1: make two columns on a sheet of paper and label one “pros” and the other “cons. 

Step 2: fill in the columns with all the pros and cons of an alternative. 

 

(c) QFD: 

QFD is one of the most popular techniques to generate engineering specifications. 

Once the house of quality is built, it means we have understood who are influenced by 

our product, what they expect, have technical specifications that measures the 
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customers’ desires, determining how well the product meets the competition and 

developing numerical priorities for each of the developed specifications [22]. Figure2 

is the schematic of HOQ which comprises of 8 blocks, where each block contains 

valuable information for design process/decisions. 

Step 1: identify ‘Who’ is influenced by a product. 

Step 2: ‘What’ they expect the product to do. 

Step 3: ‘Who vs. what’ not everybody will be influenced by a product in the same way. 

This block tells what requirement is how much important for ‘whom’ 

Step 4: ‘Now’ is technical-competitive analysis block which reveals about present 

market competition over ‘what’s’ and shows opportunities for and improved product. 

Step 5: ‘How’ in this block, we develop the technical specification such that the 

customer needs are answered in engineering terms. it states how an engineer can inhibit 

solution in a product to fulfill customer needs. 

Step 6: ‘What vs. How’s’ consists of engineering specification and their correlation to 

customer requirements. 

Step7: ‘How much’ is the prioritization blocks which tells about what is %of weight 

age of each specification. This let the engineer know which parameter is to be given 

most and least importance. 

Step 8: ‘how vs. how’ this forms the roof of the house which reveals interrelationship 

between every two engineering specifications. 

 

Figure2: The house of quality, also known as the QFD diagram [21] 

(d) Pugh’s matrix:  

Pugh’s matrix is a decision making model used to decide between a list of 

alternatives that has the ability to solve the problem. The most important criteria in the 
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decision are listed, and the alternatives are compared using these criteria [22]. The 

criteria are nothing but the decisive factors that evaluates the potential of each 

alternative to solve the defined problem.  

In other words, “the Pugh’s method provides a means of scoring each alternative 

system relative to others in its ability to meet the criteria” [22]. 

 

(e) Simulation:  

Vehicle suspension analysis is performed on an ideal system by using ADAMS 

2015.1.0 which is a Multibody Dynamics Analysis software. The results obtained by 

the software reveals the performance of the modified suspension system. If the results 

are unsatisfactory, the study must be restarted from understandings of the literature and 

further continued on the loop as shown in the flowchart. On the regard of satisfactory 

results and conclusions, a printed report is submitted to the examination board. 

2.3 Presentations and data collection 

We work on ADAMS 2015.1.0, which is a Multi Body Dynamics simulation 

software to simulate any predesigned templates of suspension systems that is derived 

from statistical product developmental strategies. The software helps to assess the 

performance of the system and draw conclusions about further improvements. All 

essential data to gain in-depth knowledge to go ahead with the thesis was derived from 

various books, technical articles and websites that are listed in the references. 
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Chapter 3: THEORY 

3.1 Theory of Suspension System   

Suspension system is a setup beneath the car body that supports weight, absorbs 

and dampens the shocks, and helps maintain the maximum tire contact with road 

surface. It creates harmony between driver and road irregularities. It coordinates all 

components of the chassis that work together. It stabilizes the behavior of vehicle 

during acceleration, braking and cornering. Also isolates the road roughness from the 

passenger compartment, thereby providing comfort to the passengers [2]. The system 

helps to maintain vehicle clearance (ride height), reduce shocks, maintain wheel 

alignment, road gripping and vehicle directionality. The objective of the system is to 

provide ride comfort and vehicle control, by isolating road shocks, enhancing road 

traction during cornering, braking and accelerating. An ideal suspension system should 

work to satisfy following functions [3]. 

 Isolate passenger compartment from road shocks to keep passengers 

comfortable. 

 Resist body roll and provide overall stability. 

 Provide vehicle control by keeping all wheels on firm road traction. 

 

3.2 Components of Suspension system 

Coil springs, Leaf springs, shock absorbers, spring shackles and stabilizers are 

some of the basic and most important components of suspension system whose location 

in a conventional car are pictured in figure3.  

 

 
Figure3:  Illustration of suspension components in a car [2] 

When an additional load acts on the springs or the vehicle meets a bump in the 

road, the springs will absorb the load by compressing. The springs are very important 

components of the system that provides ride comfort. Shocks and struts help control 
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how fast the springs and suspension are allowed to move, which is important in keeping 

tires in firm contact with the road, by dissipating the energy stored in the spring [4]. 

Shackles are the components which attach the springs to the body by fasteners. 

Stabilizer is an anti-roll component that transfers load from outer wheels to inner 

wheels during cornering and keeps the car body flat. 

3.2.1 Springs 

Springs are of few kinds, namely; coil springs, torsion bars, leaf springs and air 

springs. Coil springs are a kind of torsion bars coiled with diameter and pitch with 

respect to an axis [13]. Leaf springs (figure4) are what we find on almost all heavy duty 

vehicles. They look like layers of metal strips connected to the axle. The layers are 

called leaves, hence leaf-spring. The torsion bar on its own gives coiled-spring-like 

performance based on the twisting properties of a steel bar [6]. Instead of having a 

coiled spring, the axle is attached to one end of a steel shaft. The other end is slotted 

into a tube and held there by splines. As the suspension moves, it twists the shaft along 

its length, which in turn resists loads. The same shaft but instead of being straight, it is 

coiled up and as it is pressed on the top of the coil, it induces a twist in the shaft, all the 

way down the coil. Air spring is a rubber cylinder filled with compressed air. A piston 

attached to the lower control arm moves up and down with the lower control arm, which 

causes the compressed air to provide spring action. If the vehicle loads changes, a valve 

at the top of the airbag opens to add or release air from the air spring. An on-board 

compressor is equipped to supply air [13]. 

 

Figure 4 Leaf Spring [6] 

To have a glance at some of the often used spring terminology, the term bounce 

refers to the vertical movement of the suspension system. The upward travel of 

suspension that compresses the spring and shock absorber is called the jounce 

(compression). The downward travel of the tire and wheel that extends the spring and 

shock absorber is called rebound (extension). Spring rate is used to measure spring 

strength. It is the amount of weight that is required to compress the spring 1 inch. 
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Sprung weight is the weight supported by the springs, which includes the vehicle body, 

transmission, frame, and motor. Unsprung weight is the weight that is not carried by 

springs, such as the tires, wheels, and brake assemblies [13].  

 

3.2.2 Shock absorbers 

As the name implies, it absorbs shocks from the spring and gradually dissipates 

the energy stored in the spring. They are also called as dampers, because they actually 

dampen the vertical motion induced by driving the car along a rough surface. If the car 

only had springs, it would bounce and pitch until the spring comes to its original 

position naturally. Shock absorbers perform two functions. They absorb any larger-

than-average bumps in the road so that the shock isn't transmitted to the car chassis. 

Secondly, they keep the suspension at as full a travel as possible for the given road 

conditions [13]. Shock absorbers keep the wheels planted on the road, thereby 

providing traction. They are velocity-sensitive hydraulic damping devices that work in 

conjunction with the springs. The spring allows movement of the wheel to allow the 

energy in the road shock to be transformed into kinetic energy of the unsprung mass, 

whereupon it is dissipated by the damper [6].  

 
 

 
Figure 5 Damper (shock absorber) and Coil spring [6] 

Common types of shock absorbers are: oil filled, gas charged and reservoir type 

dampers. Oil filled shock absorber is the most common type of shock absorber used in 

car as well as bike suspensions and it looks similar to one in figure5. They have small 

one-way valves in the piston that open up holes when the piston is moving in one 

direction at different speeds, and close them when the piston is moving in the other 

direction. The shock moves easily when it is compressing to absorb a bump, then 

slowly lengthens to release the energy stored in the spring.  

Gas charged shock absorbers are those which are charged by gas, typically 

nitrogen, and the remaining setup remains to be same as the prior one. The setup has 
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extra unattached piston in the bottom of the damper cylinder, with oil above the piston 

and high pressure gas below the piston [13]. Nitrogen at 30 to 300 psi approximately 

is used because the oil would not combust with the nitrogen. The reservoir type damper 

has an extra reservoir to cool up the excess heat easily. This is more often used in heavy 

applications. 

 

3.2.3 Strut 

Strut is an active component of suspension which fulfils the primary function 

of shock absorber (damping), with the ability to support sideways loads. Its applications 

include load bearing in off road vehicle suspensions and aircraft wing support.   

 

3.2.4 Sway bar  

It is also called as a stabilizer or anti roll bar or torsional bar which connects to 

the opposite wheels as shown in figure6. It helps to reduce the body roll during 

cornering. During cornering, the outer wheels of the car tend to compress and the inner 

wheels rise off the road surface, which reduces the road traction and also steering 

control. Sway bars minimise this affect by transferring the vertical forces and thereby 

keeps the body flat. 

 
 
 
 
 
 
 
 
 
 

 
 

 
 

Figure 6 Sway bar [6] 

 

3.3 SUSPENSION TYPES 

 Suspension systems, based on the ability of a wheel’s counterpart to move 

correspondingly, are broadly classified as dependent and independent systems. 
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3.3.1 Dependent suspension system 

  They are also called as solid axle suspension systems, which has simple beam 

axle that holds both wheels parallel to each other. In this, change in camber angle of 

one wheel affects the camber angle of other wheel. This is more common in live axles, 

than the dead axles. It has got number of ways for mounting a solid axle and following 

are some of the examples. 

3.3.1.1Hotchkiss Suspension 

 In this case, axle is mounted on longitudinal leaf springs as shown in figure7. 

The springs are pivoted to chassis at one end and the other end pinned, which enables 

change in length of leaves when it takes the load. These were used during early times 

of evolution of suspensions, but were later replaced with tapered single leaf springs, as 

they were unable to control high braking and accelerating torques [9]. This system is 

now rarely used in passenger cars, but is actively used in transport vehicles which carry 

higher loads. 

 
 

 
Figure 7 Hotchkiss rear suspension [9] 

3.3.1.2 Four links suspensions  

This system can overcome some of the disadvantages of hotchkiss suspensions. 

The leaf springs are replaced by helical coil springs, which provide better ride than the 

leaf springs. The upper control arms absorb braking and acceleration torques, when 

lower control arms support the axle [9]. Its construction is as shown in figure8.  
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Figure 8 Four links suspensions [9] 

3.3.1.3 de Dion suspensions: 

 In this, the two partner wheels are connected by de Dion tube, which allows no 

camber change during rebound, thereby the system is great for traction. The differential 

is attached to the chassis rather than suspension (as in figure9), and thus reduces weight 

of unsprung masses [7]. The disadvantages of the system are that, it requires two CV 

joints for each axle, which again adds weight to sprung mass.  

 
 

 
Figure 9: de Dion suspension [7] 

3.3.2 Independent suspension systems: 

 It allows the wheels to rise and fall on their own without affecting the opposite 

wheel, as they are not connected to one another by any means. The system includes 

some of the sub-categories discussed in the following. 
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3.3.2.1 Double wishbone suspension: 

 It is also called as Double A arm or short length arm suspension which has two 

‘A’ shaped arms parallel to one another. For geometrical constraints, the upper arm is 

shorter than the bottom arm. One end of the arm connects two joints to the chassis, and 

other connected to the steering knuckle. Depending on the location of spring, either 

between the arms or above the upper arm, any of the two arms acts as main load carrier 

[9]. 

  
 

 
Figure 10 Double Wishbone suspensions [9] 

3.3.2.2 McPherson strut suspension 

 It is a combination of coil spring and shock absorber in which both the 

components are coaxial, along with only one control arm in a single assembly as in 

figure11. It provides more compact and lighter suspension, and is more likely to be 

used in front wheel drive axles. Its major drawbacks are that it allows camber angle 

change and sideways movement with vertical movement of wheel. Double arm and 

multi-link suspensions seem to have good handling when compared to this system [9].  

 

 
Figure 11 McPherson Strut suspension [9] 
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3.3.2.3 Trailing arm suspensions: 

 As in de Dion, the differential is attached to chassis to reduce unsprung mass. 

Its design is such that the pivot axis of the control arm is perpendicular to the 

longitudinal axis of the vehicle, which control squat and dive [6]. It is good at absorbing 

acceleration and braking forces. 

 
 

 
Figure 12 Trailing arm suspensions [6] 

3.3.2.4 Multi link suspensions: 

  This can be said as latest advancements in double wishbone. The difference is 

that, instead of rigid upper and lower control arms, each arm is made a separate 

component. As the car steers, the suspension geometry is altered by torqueing all four 

arms [7]. This makes road holding better than all other systems, because every joint is 

adjustable. This has lot more variations with change in number of joints, arms and their 

position. 

 

 
Figure 13 Multi link suspension [7] 



17 
 

3.3.2.5 Swing arm suspensions: 

 It has a suspension arm pivoted to a suspension member for rotation about 

horizontal pivot axis. A lateral rod is connected to the arm at one end, and suspension 

member in the other end. The position of the rod can compensate rolling forces and 

steering affects [5]. 

 

3.4. Current practices and latest innovations 

3.4.1. Air suspension system 

 An air suspension system is adaptable to various types and sizes of vehicles, to 

improve their ride characteristics and stability. By construction, it includes a carrier 

arm pivoted at one end to the frame of vehicle and its opposite end connected to the 

axle. Amidst the assembly of pivoted control arm and axle mounting, the system has 

the air spring which supports the major portion of vehicle load and quickly responds to 

any vertical wheel deflections at the axle [16].  

The system is adjustable with respect to axle and frame to permit alignment of 

axle. An engine driven pump supplies pressurized air to the system through reservoirs 

and releases air at desired rates to control stiffness of spring and enhance riding 

characteristics of the car. 

3.4.2. Hydro-pneumatic suspension system 

 As the name implies, it provides fine suspension by the interaction of fluid with 

pressurized gas. The system, by construction has engine driven pump, which pumps 

fluid to accumulator, which reserves pressurized fluid ready to serve. Apart from pump, 

it has struts which are hydraulic components that make the fluid act like spring, and 

spheres are like springs in regular suspension. The accumulator has pressurized 

nitrogen gas within the diaphragm, which allows pressurized fluid to compress the gas, 

and when the fluid pressure drops, the gas pushes the fluid back, returning both fluid 

and gas to equilibrium. The gas pressure in the system is equivalent to spring weight, 

and the inlet hole at the bottom of the sphere restricts the flow of the fluid and thereby 

provides damping action [12]. 

3.4.3. Hydra gas suspension 

 This system was developed by Dr. Alexander Moulton of Great Britain to 

improve the ride quality of small cars. It uses nitrogen gas as springing action and 

hydraulic fluid pressure drop as damping action. A hydraulic hose connects the 

damping fluid chambers of the front and rear on each side of the car, such that the force 

input at front wheel pumps fluid through hoses to the rear wheel. This reduces 

suspension differences between front and rear of the car body.  
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 By construction, a butyl rubber membrane separates and seals nitrogen gas from 

the fluid. Upward vertical movement of tapered aluminium piston increases the area of 

lower diaphragm against which the fluid pressure acts [11]. For every bump and 

rebound, the pressure levels differ between upper and lower chambers. 

3.4.4. Hydrolastic suspension 

 It is a suspension system in which front and rear suspensions are connected in 

order to give car a better level during the drive. The principle it follows is that the 

system has two Hydrolastic displacers, one per side, which are interconnected by a 

small bore pipe. Each displacer has rubber springs and valves which regulate the 

damping action. When a front wheel is displaced vertically upwards, the fluid in the 

pipe is pressurized and stiffens, and lowers the rear wheel. This way, the car body is 

leveled and kept away from pitching [18]. 

3.4.5. Ferro fluid / Magneto Rheological fluid dampers 

 As the name indicates, the dampers are filled with magneto-rheological fluid 

which is synthetic hydrocarbon oil containing micro magnetic particles. When voltage 

is applied to coil in the damper piston, it creates magnetic field, where all the magnetic 

particles in the oil change their orientation in microseconds, during which the damper 

squeezes the oil up and down making it more stiff, and thereby stiffens the suspension 

and vice versa [14]. 

3.4.6. Linear electromagnetic suspension / BOSE 

 This is a digital suspension system developed by BOSE®, which uses linear 

electromagnetic motors and power amplifiers instead of conventional springs and 

dampers on each corner of the car. The power amplifier receives the signals from 

control algorithms which operate by sensing surrounding surfaces. And then the 

amplifiers send electric power to motor in response to signals from control algorithms. 

The system responds quick enough to suspend the body from bumps and potholes. 

When amplifiers send power to the motors, they retract and extend according to the 

suggestion of control algorithm, whose goal is to eliminate roll and pitch during driving 

and suspend the vehicle from road shocks [17].  

3.5 Vehicle Dynamics (Equations) 

Acceleration forces, braking forces and steering forces acting on a vehicle are 

the dynamic forces that depend upon the tire-to-road friction. The vehicle suspension 

system should be able to sustain the following forces: The static and dynamic 

vertical loading of the vehicle are absorbed by the elastic compression, shear, bending, 

or twisting action of the springs used; The twisting reaction due to driving and braking 

torque is usually absorbed by the stiffness of the leaf spring; The driving and braking 
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thrust are conveyed and carried directly by the stiffness of the leaf springs, by wishbone 

arms; Any side-thrust due to centrifugal force, cross-winds, cambering of the road, 

moving over a bump or pot-hole, etc., are usually absorbed by the stiffness of the leaf 

spring or the hinge linkage arms of the suspension attachment between the wheel stub-

axle and the chassis [19]. Vehicle dynamics are necessarily considered for the design 

of suspension system. 

3.5.1 Half car model: 

A half car model used to investigate dynamic response of car under random 

road input excitations. Mass of vehicle body, mass moment of inertia of vehicle body, 

mass of front/rear wheels, damping coefficients and spring stiffness of front/rear 

suspension location of centre of gravity of the of the vehicle body and stiffness of 

front/rear tires are considered as random variables [20]. 

𝑚𝑠= Mass of the vehicle body (sprung mass) 

𝐼𝑠= Mass moment of inertia for the vehicle body 

𝑚𝑢𝑓 & 𝑚𝑢𝑟 = Mass of front wheel and rear wheel 

𝑐𝑠𝑓 & 𝑐𝑠𝑟 = Damping coefficient of front and rear suspension 

𝑘𝑠𝑓 & 𝑘𝑠𝑟 = spring stiffness of front and rear suspension 

𝑘𝑡𝑟 & 𝑘𝑡𝑓 = stiffness of front and rear tires 

𝑥𝑠= vertical displacement of the vehicle body at the centre of gravity 

𝜃𝑠 = rotary angle of the vehicle body at centre of gravity 

𝑥𝑢𝑓 & 𝑥𝑢𝑟 = vertical displacement of front and rear wheels  

𝑟𝑓 & 𝑟𝑟 = irregular excitation road surface from front and rear 

𝑧1 & 𝑧2 = vehicle displacement of the vehicle body at the front and rear suspension 

location 

a & b = distance of front and rear suspension location, with reference to Centre of 

gravity(𝑐𝑔) of vehicle body 
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a + b= l = length of body from Centre of gravity to the suspension system front and 

rear 

𝑍1 = 𝑍𝑠 + 𝑎𝜃 

𝑍2 = 𝑍𝑠 − 𝑏𝜃 

𝑀𝑠�̈�𝑠 = 𝐹1 + 𝐹2 

𝐽𝜃�̈� = 𝐹1𝑎 − 𝐹2𝑏 

𝑚𝑢𝑓�̈�1 = 𝐾𝑓𝑡(𝛾𝑓 − 𝑦1) + 𝐾𝑠𝑓(𝑧1 − 𝑦1) + 𝐶𝑠𝑓(�̇�1 − �̇�1) 

𝑚𝑢𝑟�̈�2 = 𝐾𝑟𝑡(𝑟𝑟 − 𝑦2) + 𝐾𝑠𝑟(𝑧2 − 𝑦2) + 𝐶𝑠𝑟(�̇�2 − �̇�2) 

𝐹1 = −𝐾𝑠𝑓(𝑧1 − 𝑦1) − 𝐶𝑠𝑓(�̇�1 − �̇�1) 

𝐹2 = −𝐾𝑠𝑟(𝑧2 − 𝑦2) − 𝐶𝑠𝑟(�̇�2 − �̇�2) 

[𝑀]{�̈�} + [𝐶]{�̇�} + [𝐾]{𝑈} = {𝑅} 

(𝑈) = (

𝑍𝑠(𝑡)
𝑂(𝑡)
𝑦1(𝑡)
𝑦2(𝑡)

) 

(𝑅) = (

0
0

𝐾𝑓𝑡. 𝑟𝑓
𝐾𝑟𝑡. 𝑟𝑟

) 

(𝑀) = (

𝑀𝑠 0 0 0
0 𝐽𝜃 0 0
0 0 𝑀𝑓 0

0 0 0 𝑀𝑟

) 

(𝐶) =

(

 
 

𝐶𝑠𝑓 + 𝐶𝑠𝑟 𝐶𝑠𝑓 . 𝑎 − 𝐶𝑠𝑟 . 𝑏 −𝐶𝑠𝑓 −𝐶𝑠𝑟

𝐶𝑠𝑓 . 𝑎 − 𝐶𝑠𝑟 . 𝑏 𝐶𝑠𝑓𝑎
2 + 𝐶𝑠𝑟𝑏

2 −𝐶𝑓𝑠. 𝑎 𝐶𝑠𝑓 . 𝑏

−𝐶𝑠𝑓 −𝐶𝑠𝑓 . 𝑎 −𝐶𝑠𝑓 0

−𝐶𝑠𝑟 𝐶𝑠𝑟 . 𝑏 0 𝐶𝑠𝑟 )

 
 

 

(𝐾) =

(

 
 

𝐾𝑠𝑓 + 𝐾𝑠𝑟 𝐾𝑠𝑓 . 𝑎 − 𝐾𝑠𝑟 . 𝑏 −𝐾𝑠𝑓 −𝐾𝑠𝑟

𝐾𝑠𝑓 . 𝑎 − 𝐾𝑠𝑟 . 𝑏 𝐾𝑓𝑠. 𝑎
2 + 𝐾𝑠𝑟 . 𝑏

2 −𝐾𝑠𝑓 . 𝑎 𝐾𝑠𝑟 . 𝑏

−𝐾𝑠𝑓 −𝐾𝑠𝑓 . 𝑎 𝐾𝑠𝑓 +𝐾𝑓𝑡 0

−𝐾𝑠𝑟 𝐾𝑠𝑟 . 𝑏 0 𝐾𝑠𝑟 + 𝐾𝑟𝑡)

 
 

 

Half system is to considered from Quarter car model to make it more optimized. 
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3.5.2 Quarter car model 

The most common model considered in the design and control of suspensions 

is the quarter-car model. The model consists of two masses: the sprung mass 𝑚2 

representing the vehicle body and the unsprung mass 𝑚2 representing the mass of a 

tire. The tire stiffness is represented by a linear spring, and the suspension itself is a 

combination of a linear spring and damper in parallel between the sprung and unsprung 

masses and its arrangement is sketched in figure14. In contrast to the two-track vehicle 

model, the quarter-car model is used to analyze the characteristics of a vehicle’s 

vibrational modes. The quarter-car model is a linear system, which calls for a different 

set of techniques for analysis than the nonlinear models of the previous section. In 

passive suspension design, as well as in the design of suspension control systems, the 

natural frequencies and damping ratios of the quarter-car model are shaped to desired 

design specifications to achieve a certain performance objective. Here, we derive the 

equations of motion of the quarter-car model with passive damping and control input 

using the Lagrangian formalism [20]. 

𝑚1 = 𝑀𝑠= quarter body mass of vehicle  

𝑚2 = 𝑀𝑢𝑠= suspension mass  

𝑘𝑠= spring constant of suspension system 

𝑘𝑤= spring constant of wheel and tyre 

c = damping constant of suspension system 

 

Figure 14 Quarter car model [20] 



22 
 

𝐹1 = 𝑘𝑠(𝑦 − 𝑥) 

𝐹 = 𝑏�̇� 

𝐹2 = 𝑏(�̇� − 𝑥)̇ 

𝐹3 = 𝑘𝑤(𝑥 − 𝑧) 

𝑚1�̈�1 = 𝐹1 + 𝐹2 − 𝐹3 

𝑚2�̈�2 = −𝐹1 − 𝐹2 

𝑚1�̈�1 = 𝐾𝑠(𝑦 − 𝑥) + 𝑏(�̇� − �̇�) − 𝐾𝑤(𝑥 − 𝑧) 

𝑚2�̈� = −𝐾𝑠(𝑦 − 𝑥) − 𝑏(�̇� − �̇�) 

𝑀𝑠𝑧 = −𝑐(�̈� − �̇�) − 𝐾𝑠(𝑧 − 𝑦)̈  

𝑀𝑢𝑠�̈� = −𝑐(�̇� − �̇�) − 𝐾𝑠(𝑦 − 𝑧) − 𝐾𝑡(𝑦 − 𝑟) 

𝑟 = 𝑅. 𝑒𝑖𝜂𝑡(Complex exponential function) 

LTI (Linear time variance) 

If the input is delayed, then the output is also correspondingly delayed. 

𝑅. 𝑒𝑖𝜂𝑡                                               𝑌𝑒𝑖𝜂𝑡       

Y= Complex Function(Phase) 

Basically, the input can be split into time domain and can be split into complex 

exponential or sum them up of complex exponentials. These can be seen n fourier series 

where we have a periodic function compressed interms of sin and cos which can be 

expressed also in terms of complex function for periodic function. Road inputs interms 

of complex exponential or number of frequency using another technique called fourier 

transform.Fourier transformation converts number of complex exponentials. 

If the one of the complex function is found by using fouries other values can be 

identified. 

[𝐾𝑠 −𝑚𝑠𝜂
2 + 𝑖𝑐𝜂]𝑧 − [𝐾𝑠 + 𝑖𝑐𝜂]𝑌 = 0 

−[𝐾𝑠 + 𝑖𝑐𝜂]𝑧 + [𝐾𝑡 + 𝐾𝑠 −𝑚𝑈𝑠𝜂
2 + 𝑖𝑐𝜂]𝑌 = 𝐾𝑡𝑅 

𝐺𝑧 =
𝑍

𝑅
=

𝐾𝑡[𝐾𝑠 + 𝑖𝑐𝜂]

[𝐾𝑠 −𝑚𝑠𝜂2 + 𝑖𝑐𝜂][𝐾𝑡 + 𝐾𝑠 −𝑚𝑈𝑠𝜂2 + 𝑖𝑐𝜂] − [𝐾𝑠 + 𝑖𝑐𝜂]2
 

𝐺𝑟 =
𝑌

𝑅
=
𝐾𝑡[𝐾𝑠 −𝑚𝑠𝜂

2 + 𝑖𝑐𝜂]

𝑑 + 𝑖𝑐𝜂𝑒
 

𝑑 = 𝑚𝑠𝑚𝑢𝑠𝜂
4 − {[𝐾𝑡 +𝐾𝑠]𝑚𝑠 + 𝐾𝑠𝑚𝑢𝑠}𝜂

2 + 𝐾𝑡𝐾𝑠 

𝑒 = 𝑘𝑡 − (𝑚𝑠 +𝑚𝑢𝑠)𝜂
2 

LTI 
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From this y (t) can be determined, 

y (t) = R𝐺𝑦  𝑒
𝑖𝜂𝑡 

z (t) = R𝐺𝑧𝑒
𝑖𝜂𝑡 

Magnitude of acceleration: 

|𝑍|

𝑅
=  𝑘𝑡√(𝑘𝑠

2 + 𝑐𝑠
2𝜂2)/(𝑑2 + 𝑐𝑠

2𝜂2𝑒2) 

|𝑌|

𝑅
=   𝑘𝑡√(𝑘𝑠 −𝑚𝑠𝜂

2)2 + 𝑐𝑠
2𝜂2)/(𝑑2 + 𝑐𝑠

2𝜂2𝑒2) 

 

Actual profile is matter of distance when input is given convertible spacial 

domain in to time domain here the linking factor is speed. Speed is the important factor 

and speed matters in all the input and output. If vehicle is at 50 km/h and 100 km/h in 

a same road input and output of the suspension will be different. 

Road holding: 

Road holding is the force that road exerts on the vehicle and vice versa. It is 

concerned with contact of tire with road which is very important for vehicle stability 

and breaking action. 

𝑘𝑡(𝑟 − 𝑦) = 𝐻𝑒
𝑖𝜂𝑡 

𝐻

𝑘𝑡𝑅
= 𝜂2√((𝑚𝑠𝑚𝑢𝑠𝜂2 − 𝑘𝑠(𝑚𝑠 +𝑚𝑢𝑠))2 + 𝑐

2𝜂2(𝑚𝑠 +𝑚𝑢𝑠)
2)/(𝑑2 + 𝑖2𝑒2𝜂2) 

 

Characteristic equation of undamped quarter car model: 

𝑚𝑠𝑚𝑢𝑠𝜔
4 − {(𝑘𝑡 + 𝑘𝑠) + 𝑘𝑡𝑚𝑢𝑠}𝜔

2 + 𝑘𝑡𝑘𝑠 = 0 

𝜔1,2
2 =

1

2 [
𝑘𝑡 + 𝑘𝑠
𝑚𝑢𝑠

+
𝑘𝑠
𝑚𝑠
]
± √[

𝑘𝐸 + 𝑘𝑠
𝑚𝑢𝑠

−
𝑘𝑠
𝑚𝑠
] +

4𝑘𝑠
2

𝑚𝑠𝑚𝑢𝑠
 

 

(𝑚𝑠 ≫ 𝑚𝑢𝑠)Spring mass >> unsprung mass 

(𝑘𝑡 ≫ 𝑘𝑠)Tyre stiffness >> spring stiffness  

Simplifying frequency equation for undamped natural frequency, 
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𝜔1
2 =

𝑘𝑡 ∗ 𝑘𝑠
(𝑘𝑡 + 𝑘𝑠)𝑚𝑠

 

𝜔2
2 =

(𝑘𝑡 + 𝑘𝑠)

𝑚𝑢𝑠
 

Typical values (for undamped system), 

𝑚𝑢𝑠 = 100,𝑚𝑠 = 1000 

𝑘𝑠 = 70, 𝑘𝑡 = 560 

Body frequency, 𝑓1 = 1.25 𝐻𝑍 

Wheel hoop stress, 𝑓2 = 12.64 𝐻𝑍 

𝑓1 = 1.25 , 𝑧(𝑡) = 8.9 𝑦(𝑡) 

𝑓2 = 12.64 , 𝑦(𝑡) = −89.1 𝑧(𝑡) 

3.5.3 Full car model 

The full-car model is a natural extension of the quarter-car and half-car models 

to include vertical motion, pitch, and roll of the sprung mass. Each quarter-car 

represents one of the four vehicle suspensions. The model is linear, due to imposing a 

small angle approximation on the roll degree of freedom as well as the pitch degree of 

freedom [20]. As such, the full car model is less accurate in modeling the roll motion 

as roll angle increases. Moreover, since the nonlinear coupling between the yaw rate 

and lateral acceleration is ignored in the equations of motion, the full-car model does 

not give a complete description of the phenomena influencing the roll dynamics. For 

these reasons, we will not use the full car model for control design; however, we have 

mentioned it here for completeness. 

3.6 European legislation for Vehicle suspension  

Any vehicle manufacturer who is trying to develop new suspension system for their 

vehicle will have to design the system for appropriate stiffness and damping with 

sufficient wheel travel that can provide acceptable handling and comfort on all types 

road surfaces and weather conditions. On this regard, the following European vehicle 

suspension legislative mentions are to be noted [25]. 

 Modifications can be done on ride height of the vehicle by remodeling the 

springs to restore its original height. 

 Suspension kits must only be manufactured by a certified corporation and must 

be designed and tested to ensure adverse effects on vehicle rollover, handling 

and braking performances.  
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 The conventional coil or leaf springs may be replaced by air suspension 

provided that, the ride height of any wheel cannot be altered manually while 

the vehicle is in motion, a minimum running clearance of 100mm is maintained 

at all selected ride heights during motion.  

 On replacement of conventional system with pneumatic systems of suspension, 

non-return valve on supply side is to be incorporated to ensure regular inflation 

of the system. On account of compressor failure, an indicator is to be fitted to 

alert the driver. 

 A motor vehicle with a gross vehicle weight rating of less than 4 500 kg must 

have a minimum clearance for all parts of it, other than the wheels in contact 

with the level roadway, that is no lower than the lowest point on the rim of any 

wheel in contact with the roadway. [26] 

 A person must not drive or operate on a highway a vehicle that has a gross 

vehicle weight rating of less than 4 500 kg if the vehicle's suspension can be 

independently controlled by a person riding in the vehicle while it is being 

driven or operated on a highway. [26] 
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Chapter IV: RESULT 

4.1 Product development  

‘Design’ is an effort made to fulfill the needs of a customer, for which 

discovering the need and converting it to functional/technical parameters is what we 

importantly do during development of any product [22]. Development of suspension 

system for Uniti car involves a methodology such that initially pro-con analysis is done 

to quote positives and negatives of each system. House of quality is built to understand 

user needs, development of technical requirements from the needs, prioritizing the 

requirement and evaluating the competition. Finally, Pugh’s decision matrix is used to 

evaluate which among the existing systems best suits the purpose of the car. The 

following section describes how we worked on the above methods for developing an 

ideal system. 

4.1.1 Pro-con analysis 

The analysis helps to evaluate the potentials of each system in terms of their 

positive and negatives, which are understood and extracted from the literature in 

chapter III. Later, this information becomes main source to work out on Pugh’s matrix 

and evaluate each alternative suspension system. 

Double wishbone suspension system 

Advantage Disadvantage 

a. Best handling system 

b. Wheel gain negative camber in 

bumps 

c. Low unsprung weight, packing 

doesn’t compromise styling. 

d. Low height, many different 

geometric characteristics 

possible 

e. Can be designed with minimal 

compromises. 

f. Infinite adjustability, with most 

ease 

g. Vehicle roll center can be placed 

almost anywhere 

h. Versatile system 

a. More expensive 

b. More number of components to 

make and assemble 

c. Alignment and fitment are 

critical to vehicle performance, 

large area of adjustment. 

d. Tolerance of part must be smaller 

e. Required constant alignment 

check for optimum performance 

f. Design often more complex 

because all suspension parameter 

is variable. 

g. Frame has to be able to pick up 

A-Arm inboard points 

Table 1: Pro-cons of Double wishbone suspension system [5] [7] [9] 
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McPherson strut: 

Advantage Disadvantage 

a. Cheaper and lighter than a double 

A Arm  

b. Low in maintenance  

c. Narrow than double A Arm 

d. Precision 

e. Performance/Ratio cost  

f. Easy assembly and limited 

possible setting 

a. Shock absorbers are almost 

vertical the ride height is high 

causing the center of gravity of 

vehicle to rise. 

b. The system also suffers change 

in camber of the car due to body 

roll and cornering  

c. The scrub radius is large 

causing the steering to be hard 

(no power steered) and the 

feedback to driver will also be 

less  

Table 2: Pro-cons of McPherson strut suspension [5] [7] [9] 

Trailing arm: 

Advantage  Disadvantage 

a. Economic  

b. Simple in design 

c. Trailing arm offers all of the 

improvement in ride and road 

holding  

a. High roll center from ground 

b. No camber control 

c. Weight: control arms must be 

very beefy to support the road 

loads transmitted through the 

wheels. 

d. The links require a significant 

structure ahead of them to 

support the entire suspension 

assembly.  

Table 3: Pro-cons of Trailing arm suspension system [5] [7] [9] 

Multi-link suspension system 

Advantage  Disadvantage  

a. Flexible change in wheel 

alignment against wheel travel 

b. Easily creates negative camber in 

order to compensate positive 

a. Occupies more space 

b. Complex in design and assembly 

c. Not a better choice for light 

weight cars 
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camber caused by body roll 

during cornering 

c. Smooth articulation of rear end 

without severe rebound 

d. Ideally absorbs braking and 

acceleration torques 

Table 4: Pro-cons of Multi-link suspension system [5] [7] [9] 

Swing axle/arm suspension 

Advantage  Disadvantage  

a. simple design 

b. less wheel movement  

c. good ride quality 

a. creates jacking 

b. Fails to reduce roll during 

cornering. 

Table 5: Pro-cons of Swing axle/arm suspension system [5] [7]  

4.1.2 QFD 

The actual design problem in developing an ideal suspension system is well 

accomplished by building a QFD. 

(1) Who: We identified that anybody who accommodates the car will be directly 

influenced by the car’s suspension system. Thus, ‘driver, and ‘Back seater’ will be the 

‘who’s’, so that the needs are developed in their view. Other than them, ‘stakeholders’ 

of the company and ‘legislations’ regarding corresponding product in its working 

environment are also noted under ‘who’s’. 

New Product Development (NPD) is influenced by multiple stakeholders, i.e. groups 

or individuals who can affect or are affected by the achievement of the organization’s 

goals [27]. Some of the stakeholders that can be mentioned are creditors, directors, 

employees, owners, suppliers from which the company draws its resources.  

European Legislation on modifications of vehicle suspension systems are noted and 

taken inti account before making any decisions on design changes.  

(2) What: The people or factors influenced by the product are identified to be Driver, 

back seater, stakeholders of the company and European legislations regarding vehicle 

suspension. The needs are addressed in this block, which lists what are the needs that 

‘who’s’ expect from a suspension system of Uniti car, to accept it as an ideal one.  
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Irrespective of driving speed, any person who accommodates a car will look for 

‘Comfort’, and on higher speeds, the performance of the suspension system can be 

estimated by its ‘road control’. As shown in Table 6, these basic needs are further 

elaborated as No noise, less roll, less pitch, less vibrations, quick response to 

disturbances, directional stability, neutral steering, maximum surface traction and 

aerodynamic, compensating which the basic passenger needs are met. 

Ease of assembly and maintenance are added to needs with the intention to aid DFA, 

DFC, DFM, and DFR, from the viewpoint of stakeholders who are benefited with 

economics of the company.  

(3) Who vs What: The importance of each need is evaluated by giving more weight to 

most important ones and less weight to less important ones. All the needs are not 

equally important to all ‘who’s’, which is addressed in this block by generating weight 

factor. The total weight of all needs together is taken as 10, and each of the need is 

given a weight according to its importance in the view of corresponding ‘who’. 

Driver: The weight factor of driver, is given with effect to his /or her thoughts of 

driving a car. For e.g. comfort is important for a driver but control of the vehicle is 

more important, as he is the one who interacts with the vehicle to control his drive. 

With such reasons, the weightages given from driver’s point are higher for control 

rather than comfort. 

Back seater: The back seater’s thoughts are opposite to that of driver. The back seater 

is not in contact with vehicle steering and he is not responsible or he doesn’t need to 

worry about the control of the car. Instead, he is highly influenced by the comfort that 

the suspension system provides to the passenger. On this regard, the weightages from 

back seater’s point of view is given higher to comfort and less important to control.  

Stakeholders: Few stakeholder of the company including mechanical engineers 

working for the company and financial officers were interviewed on this point of 

providing weightages to the listed needs from their point of view. Interestingly, as an 

employee of the company, they were more towards economy of the car, reducing the 

costs associated with design and manufacture (ease of manufacture and assembly), but 

not so far from ergonomics and performance of the system, on the reason that the car 

attracts better market only if the performance is more than usual expectations. 

Legislation: The legislation suggests that the vehicle on road shouldn’t interrupt the 

other vehicle on road. The weightages for needs from legislative prospects were almost 

balanced, as we see in the ‘who vs what’ block.   
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Table 6: Quality Function Deployment for development of ideal suspension system for L7e European car [21 [23] 
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(4) Now: This is a competition benchmarking block in which each competitor is 

compared with customer needs. The benchmarking cars assumed to evaluate the 

competition are Renault Twizy and Axiom City, both of which fall under L7e category 

of European vehicles, similar to Uniti car. We rate these cars in a scale of 1 to 5, on 

Customer’s point of view. On scale of 1 to 5, the number means the following. 

1. The competitor does not meet the need at all. 

2. The competitor meets the need slightly 

3. The competitor meets the need somewhat 

4. The competitor meets the need mostly 

5. The competitor fulfills the need completely 

This block gives us opportunity to identify where the competitor lags and allows us to 

develop the respective feature, so as to make the customer delighted with it.  

We didn’t get a chance to meet good number of users of benchmarked cars to 

interrogate them, but still, during August 2016, we met a Twizy user on the roads of 

Älmhult, Sweden. On a brief discussion about his driving experiences of Twizy, 

prompt ratings are given by ourselves by reviewing suspension performances of both 

the cars.  

For e.g. Suspensions of both of the benchmarked cars doesn’t produce notable noise 

during drive, which means that both of the cars meets this particular need mostly, and 

hence both of them were rated ‘4’, as shown in Table 6. It can be noted that the need 

for either of the cars are not rated as ‘5’, because no system is perfectly ideal and on 

iterations any system can be developed for more versatility than the previous version.  

Other e.g. on our experiences, we felt that Twizy has less tendency to roll when 

compared with that of Axiom City. On further discussions and interpretations between 

us, RT and AC were rated 3 and 2 respectively. Similar approach was taken to evaluate 

both of the benchmarked cars with respective each listed need, and the ratings are as 

shown in table 6.  

On evaluation, we understand that, suspension system of Uniti car can be developed in 

such a way that it can overtake ratings of the benchmarked cars with regard to 

mentioned needs by following appropriate design guidelines.  

(5) How: A set of engineering specifications are developed to answer the customer 

needs, which are the restatements that can be measured and can have target values that 

can be high, low or specified limits. 
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These engineering specifications can be taken as solutions to meet the needs 

practically. These specifications can also be taken as guidelines for the designer to 

design the system.  

For e.g. if we need to meet the need of ‘no noise’ in a suspension system, there must 

be some specifications that can answer the need to make it happen. Such specifications 

to aid the vehicle suspension to make ‘no noise’ is to limit the natural frequency of the 

suspension system to generate vibrations only between 1.0 to 1.5 Hz and setting rubber 

mounting at joints. Similarly, for the car to respond quickly to disturbances, spring 

stiffness should be less (appropriate) and damper with higher performance should be 

used in the system. Same is done with all of the needs and corresponding solutions are 

noted in the block of ‘how’, as shown in table 6. 

(6) How vs what: This tells about engineering specifications that relates to the 

customer needs and the strength between their relationships for every combination of 

these relationships are conveyed through specific symbols 

 = 9 = strong relationship 

 = 3 = medium relationship 

o = 1 = weak relationship 

Blank = 0 = no relationship at all 

As it can be observed from this section of table 6, each specification is compared with 

each and every need to see the strength of relationship between the pairs. When the 

first specification, ‘limited natural frequency’ is compared with the list of needs, it 

reveals that it has moderate relationship with helping the vehicle to roll less, pitch less 

and keep it directionally stable, while it has strong relationship to answer the need of 

running the car with ‘less vibrations’. The blank slots in this column shows that this 

specification has no relationship with other needs. This section is filled by following 

the same approach for every combination of ‘what’s’ and ‘how’s’.  

(7) How much: Here, we determine the importance of each specification by simple 

mathematical calculations, and the priority of every specification is expressed in 

percentage. This allows us to specify how much importance or effort is to be given to 

each specification during the stage of design or development. The following steps are 

followed for calculating the priorities. 

(i) For each ‘who’, the importance weightage from step (3) is multiplied with 

0-1-3-9 relationship values from step (6) to get the weighted values. 
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(ii) The weighted values of each specification are summed up. 

(iii) Normalizing these sums across all specifications. The sum across all 

specifications is 594.4, so the first technical specification (Limited natural 

frequency of 1.0-1.5Hz) has the importance of 74.7/594.4=12.56% 

Now, priority of each specification is known in %s. ‘Higher damper performance’ gets 

maximum priority of 17.34%, and ‘length of spring’ gets the least priority of 1.00%. 

On further evaluation it can be understood that to answer the needs of all of the persons 

who are influenced by the product, (or) who influence the product, the major part of 

priorities should be given to specifications with higher percentage of importance and 

vice versa.  

(8) How versus How: Engineering specifications may be dependent on each other. It 

is best to realize these dependencies early in the design process. Thus, the roof is added 

to show that as you work to meet one specification negative affect on others [22]. The 

triangular part in the roof of the HOQ represents this section. Each engineering 

specification is someway dependent on any other specification(s). This shows that 

working on a specification, indirectly gives a positive or negative (no) effect on the 

dependent specification. The following special symbols are used to represent their 

relationships. 

‘+’ dependent specifications (or) relationship exists 

‘-’ independent specifications (or) no relationship exists. 

For e.g. if the technical specification ‘limited natural frequency’ is related to all other 

specifications, it seems that ‘steering geometry’, ‘location of antiroll bar’ and ‘center 

of gravity’ are independent, whereas all other specifications are dependent, because of 

which they are marked with ‘-’ and ‘+’ respectively. The same comparison is done 

between all of the specifications to understand their dependencies.  

4.1.3 Pugh’s Decision matrix 

 Pugh’s decision matrix is a concept evaluation or decision making method to 

evaluate the potential of each system comparing with all other similar alternatives and 

helps to select a particular system that can best suit the purpose. Special criteria are 

listed to check over potentials of each system, and the suitable system is chosen for 

analysis. These special criteria are nothing but the basis on which the alternatives are 

to be compared with each other. Usually the basis for comparing the alternative 

concepts is a mix of customer requirements and engineering specifications, matched to 

the level of fidelity of the alternatives [22]. 
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The intension behind evaluation and decision making at this stage is to spend 

least amount of resources on the process of deciding which among the choices have the 

highest potential to become the ideal solution, and Pugh’s decision matrix is the best 

method to make such decisions. 

Pro-con analysis made earlier on all the systems, acts as database for working 

over the selection criteria in Pugh’s decision matrix for selecting an ideal suspension 

system for further developments. Selection criteria are the list which tells what 

characteristics of a system are most essential for it to suit the purpose. A logical 

evaluation is done through following steps to mathematically evaluate and adopt a 

suitable system for further development. 

Considered as +1: Adds value till some extent 

  +2: Adds value till maximum extent 

  -1: not necessary 

  -2: not necessary at all 

i. Listing selection criteria: The special criteria based on which the alternatives 

are evaluated can be the mix of technical specifications derived from the QFD 

to meets the needs or can be any factors that has the ability to differentiate the 

alternatives to effectively refine them. Compact in size, simple in design, light 

in weight, ease of assembly, better performance, ergonomics and cheaper cost 

are listed to be the special criteria for flowing reasons. 

 Uniti car is a vehicle which falls under the class of micro-sized cars. The space 

in its beneath is usually very less, because of which the suspension system with 

compact size is an important criterion.  

 Simplicity in design reduces the time period on actual design process.  

 The unsprung mass of any passenger car cannot be more than 40% of its whole 

weight. As the car is estimated to be not far more than half a ton, its unsprung 

mass cannot be heavy. 

 Ease of assembly reduces assembly time and system complexity, which is again 

economic factor. 

 A system being ergonomic can provide better package, while better 

performance on existing design can reduce the effort of redesign.  

ii. Provide importance or weightage for each criteria: Each alternative system is 

checked for ideal criteria and given suitable values (weight) out of 10. Not all 

criteria are equally important. As seen in table 7, compact in size, light in weight 

and design simplicity are given maximum weightage as these factors can favor 
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light weight cars. The cost given least importance doesn’t mean that it can be 

very expensive, but can be accepted if the system meets economy.  

iii. Evaluation/Computing the satisfaction: The weightage is now multiplied with 

the values of each system. The positive and negative symbols in the last row of 

table 7, shows if the corresponding system can or cannot be the ideal system of 

choice, respectively.   

iv. Conclusion: On evaluation, we can observe from table 7 that McPherson 

suspension system achieves most non-zero and positive numbers, which means 

that the system can satisfy most or all of the criteria listed. To crosscheck, most 

of the compact vehicles like Reva i, Twizy and many more adopt McPherson 

suspension. The literature also suggests that McPherson is exclusively compact 

and simple in design as the spring and damper are co-axial, thereby provides 

better package and light in weight.  

Selection 
Criteria 
 

Weight 

 
Double A 

Arm 

McPherson Trail Arm Multi-Link Swing Arm 

Value Weight 

* 

value 

Value Weight 

* 

value 

Value Weight 

* 

Value 

Value Weight 

* 

value 

Value Weight 

* 

value 

Compact 2 0 0 +2 4 -1 -2 -1 -2 -2 -4 

Simple in 
design 

2 0 0 +2 4 -2 -4 -2 -4 -2 -4 

Light 2 +1 2 +1 2 -2 -4 -2 -4 -1 -2 

Ease of 
assembly 

1.0 0 0 +1 1 -1 -1 -1 -1 -1 -1 

Performance 1.0 +2 2 +1 1 +1 1 +2 2 +2 2 

Ergonomics 1.5 +2 3 0 0 +1 1.5 +2 3 +2 3 

Cost 0.5 0 0 +1 0.5 0 0 0 0 0 0 

Total  10 7 12.5 -8.5 -9.0 -6.0 

Table 7: Pugh’s decision matrix to pick an ideal suspension system for Uniti car 

Interestingly McPherson strut suspension system meets most of the criteria 

based on which we evaluated all the alternatives, and thus it can be chosen for 

simulation where it will abide by the guidelines taken from the QFD. 
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4.2 Simulation 

4.2.1 ADAMS/Car 

ADAMS/car is a multibody dynamic simulation software which helps in virtual 

prototype development that can reduce product development cost and time. 

Predesigned templates of mechanical subsystems allow the user to set essential 

parameters which can be modified according to their specifications/ requirements at 

any point of simulation. Simulating the templates also helps in analysing factors like, 

vehicle roll, loads and forces associated, wheel travel and steering characteristics. It 

allows us to focus on what is particularly important for suspension analysis, such as, 

fast analysis with Variety of tests, physical test could be made in various stages without 

a prototype. It helps to reduce risk at each stage of design/ development in the future 

[24]. These analyses results were derived in the form of plotted graphs in relation with 

essential parameters that effects the suspension performance. Various analysis has been 

done over the suspension system which includes, Parallel wheel travel, Opposite wheel 

travel and Brake pull whose results are reviewed in the following section. 

ADAMS/Car suspension simulation helps us to learn how a suspension controls the 

motion of wheels and transmits loads from wheels to chassis. Some of the capabilities 

and benefits of the software includes the following [24]:  

 Easily modify the topology and properties of components of suspension and run 

a standard set of suspension and steering maneuvers. 

 Evaluate handling characteristics of virtual prototype and view the performance 

characteristics through graphical plots. 

 Predesigned subsystem templates and test rig templates helps to reduce 

development time, as we don’t need to design every suspension component 

from scratch.  

 It helps to acquire better information at every stage of vehicle development. 

4.2.2 Working on ADAMS/Car 2015.1  

The development/ simulation of suspension system would have been very 

difficult task in the absence of predesigned subsystem templates but we found it 

available in ADAMS/car. To start the simulation over a virtual prototype, the 

McPherson strut suspension template was modified as per the available data of Uniti 

car. Various tests were performed on the obtained new suspension model and the results 

were observed to be in the form of graphical plots. These graphs are reviewed to 

analyse the performance of suspension system templates that represent the steering 

control and ride comfort of Uniti car. 
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Data collection 

Modelling a suspension system for a new car is associated with modifying the 

subsystem with unique measurements as per the car’s basic model, for which exact 

measurements about wheelbase, track width, wheel and vehicle measurements were 

collected from Michael Bano, the industrial supervisor and are listed below in table8. 

S. No Parameter Measurement in millimetres 

1 Track width (front)   1147 

2 Track width (back)   1220 

3 Wheelbase  1910 

4 Overall height (without tires) 1303.52 

5 Overall length (with tires)  2751 

6 Overall width  1226.59 

7 Distance from back to back wheel axle  365 

8 Distance from front to front wheel axle   375 

9 Tire width (front and rear)  135 

10 Tire sidewall height (front and rear)   (135*0.8) = 108 

11 Tire diameter - 13.0'' 330.2 

12 Rim Diameter: 13.0'' 330.2 

13 Rim Width: 3.5'' 88.9 

14 Rim Offset  36 
Table 8: Dimensions of Uniti car  

Modification and Simulation of Predesigned templates  

Out of long list of suspension system templates available in ADAMS 2015.1, 

MacPherson suspension was chosen for simulation as it was the one that was chosen 

to be the best to fit Uniti car from the results of Pugh’s decision matrix. While the 

selected template appeared on the screen, sway bars and steering system are added to 

the template, thereby the suspension system now becomes a complete assembly setup. 

Suspension hardpoints are moved to change suspension kinematics and update the 

assembly to the configuration of Uniti car as suggested in the table8. The modifications 

done on the default template can be witnessed in figures 16 and 17 in Appendix A. 

Some common abbreviations that were found while modifying the suspension are listed 

below in table9. 

hp[lr]  hardpoint left or right 

arb anti-roll bar 

 lca lower control arm 

 prod push rod 

 uca upper control arm 
Table 9: Abbreviations used during simulation [24] 
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The newly created suspension assembly helped to simulate bump travel, vehicle 

roll, at various load conditions. Modifying and assembling the whole front and rear 

suspension gave us an opportunity to compare the results of the performance of new 

system with the standard unmodified suspension system.              

The steering rod was found to be in the left side as we find in the normal cars, 

but that has to be moved towards the centre, because this is how it has to be in the case 

of Uniti car. Default mass properties were applied to the bodies when a template is 

modified, this was modified as of our need in the Standard interface.  

Before proceeding to analysis, the constraints of front suspension system have 

to be set by using ‘Setup parameters’. Once the tire model, tire stiffness, wheel mass, 

and vehicle parameters like sprung mass, CG Height, wheel base, drive ratio and brake 

ratio are set, the information is applied to the model and we could see it transformed 

accordingly.  

When the templates are modified upon our requirement, and assembled 

suspension subsystem are ready, parallel wheel travel, opposite wheel travel, and brake 

pull are the important analysis gone through. These analysis reveals the performance 

of the modified suspension system in the form of graphical plots.  

4.2.3 Results 

The template considered for simulation was MacPherson strut suspension 

system for both front and rear wheels. Parallel wheel travel, Opposite wheel travel, and 

Brake pull tests were performed on modified templates, whose graphical plots are 

compared with that of standard templates to evaluate the performance.   

Once the suspension parameters are setup, foremost generated output is that it 

calculates spring stiffness, wire diameter, free length and installed length of spring, 

forces associated etc. using following expression [24]. 

Force = -K(C – DM(i,j)) 

C=FL – IL + DM(i,j)* 

Where, C is a constant 

FL is the Free Length of the spring, as defined in the property file 

IL is the defined Installed Length 

DM(i,j)* is the initial displacement between the i and j coordinate reference 

points.  

K is the nonlinear spring stiffness derived from the property file.  
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Figure 15 Spring Characteristics 

The input definitions given to analyse spring characteristics are displacement 

limits of -100 to 100 mm, with 25 iterations of force, for which the free length was 

assigned as 205.7mm and the slope for the plot between Force and distance appears to 

be as in the figure 15. For a load of 0 to -10000N, the spring appears to be extended 

from 0.0 to -100.0 mm, whereas the same spring is compressed till 100mm for the force 

of 10000N. The spring stiffness curve is progressive in its working range and outside 

the range of wheel deflection the spring cooperation with bumper causes the collapse 

of characteristics of the spring. 

Baseline Brake pull analysis:  

Brake pull is a situation of deviation of vehicle from baseline towards left or 

right when the brakes are applied. It occurs because of uneven application of brakes 

over inner and outer wheels. By performing the baseline pull analysis, steering location 

modifications can be done. Before performing the analysis, a load case file is to be 

created to run the analysis as shown in figure18 in Appendix B. 

The graph between steering wheel torque and steering wheel angle seems to be 

directly proportional. Higher torque is generated in the wheel during its positive 

rotation when the vehicle is taking a right turn, and vice versa.  To calculate the unequal 

brake forces, we assume that the vehicle is braking at a rate of 0.5g’s deceleration, with 
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64% front and 36% rear brake ratio, the vehicle mass of 800 kg, and the front braking 

force split 55% left and 45% right. Based on these assumptions, the total front braking 

force is: 

800 kg × 0.5 g’s × 9. 81 m/s2/g × 0.64 = 2511 N 

From this, the left and right braking forces are: 

Left braking force = 0.55 × 2511 N or 1381 N   

Right braking force = 2511 N – 1381 N or 1130 N 

Parallel wheel travel: 

Parallel wheel travel analysis is performed to analyse both bounce and rebound 

of wheels that displaces vertically from 100mm to -100mm, during which vehicle 

control characteristics like camber, caster, toe angle, roll steering, roll centre, and scrub 

radius are analysed. During the simulation, the test rig applies forces or displacements, 

or both, to the assembly, as defined in a load case file  

Scrub radius is the distance measured from the point at the intersection of the 

kingpin axis and the ground plane, to the line of intersection of the wheel and ground 

planes. For the standard simulation, the scrub radius varies little with wheel travel and 

is approximately 32 mm, but for that of modified suspension, the plot seems to be 

proportional until 100mm. A positive scrub radius means the steering axis lies inboard 

of the centre of the tire contact patch [4].  

From the analysis we obtain enough information to calculate the approximate 

torques produced about the steering axes using the difference in left to right braking 

forces. In addition, using the results of the calculation and the steering geometry, one 

may calculate the resulting unbalanced force at the steering rack and the torque needed 

at the steering wheel to keep the wheels straight. The graphical results obtained are 

attached in Appendix B as figure19 

Opposite wheel travel: 

Opposite wheel travel analysis is same as that of parallel wheel travel, the only 

difference is that when a vehicle undergoes bounce or rebound, right wheel suspension 

is expanded and left wheel suspension is compressed and vice-versa. During the 

simulation, left and right wheels move over the specified bounce and rebound travel to 

specify the parameters to define the vertical wheel travel and the fixed anti-roll bar 

value. 

This analysis is carried out with an intension to simulate and understand roll 

behaviour of the vehicle. This opposite wheel travel analysis moves the wheel centres 
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from -100 mm to +100 mm relative to their input position, while the steering is held 

fixed. 

The results that illustrate the opposite wheel travel tests are shown in Figures 

20 and 21 in Appendix B. The relative displacement between the wheel centres is 

minimal in the simulations. The results show that the deformation is quite close for 

both standard and modified plots in terms of absolute displacements.  
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Chapter 5: CONCLUSION 

 The possibilities of developing an ideal suspension system for a European car 

using product developmental methodologies are described and executed in this thesis. 

And the conclusions from these methodologies are used as inputs to simulate 

suspension template in a Multi Body Dynamics software. Various conclusions obtained 

are listed below: 

 Literature survey made during the earlier stage helped throughout the thesis, 

which also worked as essential part of database to perform Pro-con analysis. 

The various literature surveys carried out to understand the basics of the whole 

phenomenon of suspending vehicle mass are listed below: 

o Theory and Components of suspension system 

o Types of suspension systems 

o Current practices and latest innovations of vehicle suspension 

o Vehicle dynamics and related equations 

 Logical calculations and weightages given in the Pugh’s decision matrix over 

every individual suspension were based on the pro-cons listed earlier. 

 McPherson strut suspension system was determined to be the ideal one to 

simulate that could best fit the purpose of Uniti car. 

 From Quality Function Deployment, all of the user expectations were listed, 

technical specifications were prioritized, and competitor evaluation was made 

with respect to suspension performance, and interdependency of technical 

specifications were cross-checked. 

 The technical specifications prioritized in QFD are used as inputs to modify the 

McPherson suspension template to make it to the dimensions of Uniti car and 

simulations were carried out on test rig, whose results were obtained in the form 

of graphical plots. 

o Steering wheel torque vs Steering wheel angle 

o Camber angle vs Wheel travel 

o Caster moment arm vs Wheel travel 

o Toe angle vs Wheel travel 

o Roll centre height vs Wheel travel 

o Scrub radius vs Wheel travel 
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To conclude, all of the graphical plots of modified templates mentioned above 

were compared with that of standard templates, and interestingly the former showed no 

negative effects on the performance of suspension, instead the results seems to be more 

of positive and effective. This shows that the modified templates will not compromise 

over suspension objectives such as comfort, roll, yaw, and pitch. 
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Chapter 6: CRITICAL REVIEW 

 Completion of this project wouldn’t have been easy without using the 

appropriate methodology. Pugh’s decision matrix was tabulated listing most important 

criteria for selection of suitable system. As Uniti car is a two-seater microcar, 

‘Compactness’ and ‘light in weight’ was set as most important criterion. With the 

insight of DFA and DFM, ‘simplicity of design’ and ‘ease of assembly’ was given 

immediate importance. As the car shouldn’t compromise with road control and 

stability, ‘performance’ and ‘ergonomics’ was also given a range of importance among 

the criteria. When the Pugh’s matrix was solved logically, with respect to importance 

of criteria, McPherson strut suspension was determined to be ideal system that could 

best answer the objectives of Uniti car. This has let us know about what system 

template is to be simulated on MBD analysis software, but HOQ revealed the list of 

technical specifications or system characteristics based on which the template should 

be simulated and system performance is to be evaluated. 

 Passenger needs were listed and their importance is rated in the scale of 0 to 1.0 

separately for the driver and the back seater. Technical requirements were noted but 

priorities were given by following a numerical logic in the central block of HOQ. When 

the priorities were clearly mentioned in terms of percentages, we knew what aspects 

are to be given limelight during the actual design or analysis of the system. Competitor 

analysis helped us to notice certain areas where we could improve the performance of 

our system when compared to the competitor cars like Renault Twizy and Axiom city.  

 When the simulation was started, we knew that we work on McPherson strut 

system template that is modified in dimensions to the configuration of Uniti car, and 

components like sway bar and test rig were added to the templates to make sure that 

we follow up the specification priorities obtained from QFD. Simulation results we 

obtained were in the form of graphical plots that include steering wheel angle, steering 

wheel torque, camber angle caster moment arm, toe angle and roll centre height with 

wheel travel. These plots when compared with that of standard ones it showed that the 

modified McPherson system is more robust and stable on road.  

 The results would have been more reliable if the whole suspension was 

redesigned and checked for optimistic design for simulation, but that was not done and 

instead predesigned templates were modified and simulated because the time was a 

barrier.  
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Mattias Bokinge, the university supervisor guided us to follow right 

methodology throughout the execution, and industrial supervisor, Michael Bano helped 

us to have right material for literature that helped us to have better backup of relevant 

information to understand the basics. As of future work, Rudrakanth would work in 

Uniti Sweden AB to develop and execute Regenerative suspension system that could 

generate energy to power the car interiors. 
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Chapter 8: APPENDIX  

Appendix A: Modification of templates by tabular method 

 

Figure 16 Modification of McPherson suspension template1 

 

Figure 17 Modification of McPherson suspension template2 
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Appendix B: Results 

i. Baseline Brake pull analysis 
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Figure 18: Performing Baseline Brake pull analysis 

 

 

ii. Front parallel wheel travel 
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Figure 19: Front parallel wheel travel analysis  

 

iii. Front opposite wheel travel  
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Figure 20: Front opposite wheel travel analysis 
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iv. Rear opposite wheel travel 

 

 

 

 

 

Figure 21: Rear opposite wheel travel analysis 
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