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Abstract  

The main objective of this project is to obtain a ride comfort index of a vehicle. This 

parameter shall be representative of the vibration received by the human body during the 

ride. The comfort, as we understand, is the sensation which comes from vehicle dynamics 

and not from the luxury cabin.  

Initially the comfort evaluation of the cars was done subjectively. The driver-tester exposed 

his own feelings when he tested the car on a random circuit and compared with other 

vehicles that he tested before. This method presents several problems: Mainly the 

indeterminacy caused by the different sensations showed by diverse pilots who tested the 

same vehicle; and also the fail maintain of a database, the information of the models tested 

is sometimes lost and distorts, and finally the perception can change by the time.  

Therefore the method that we built was to resolve these deficiencies. With this objective we 

designed a work routine consisting of a first phase of data collection. The vehicle was 

instrumented with triaxial accelerometers at different locations of the vehicle, but we were 

focused on the steering wheel and the seat: the contact points between the machine and 

the human body. The process continues with two types of test: a random test and a 

deterministic. Both are representative of the full spectrum of driving, from driving on the 

open road to the impacts. The IDIADA [16] tracks were used for this purpose. 

In order to generate the comfort index a computer code was created and implemented in 

Diadem 2011 v11.3 using a similar Visual Basic programming language. That program 

generates four values to index: the comfort of the steering wheel in the random and 

deterministic tests, and seating comfort in the random and deterministic tests. A similar 

algorithm is used in these four studies. The first step is a pre-processing (average, cuts, …) 

based on the original signal recorded on the track. The second step will use a specially 

designed filter for each study, in order to obtain a signal of perceived comfort. The third one 

is obtaining a representative value of the filtered signal. The fourth is getting initial indexes 

from regressions adjusted by a comparative. Finally, the whole indexes obtained were 

mixed to generate new ones that are easily to understand.  

The objective results obtained in the operational simulation, contrasted with the subjective 

results generated by SEAT professional drivers, were fully accepted. The main conclusion is 

that it is possible to generate objective measures to rate the comfort of the vehicles. We 

have also fulfilled all the requirements of the automotive industry sector. 
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1. Glossary 

CTS   Acronym of Centro Técnico de SEAT or SEAT Technical Center 

CASiMiR model Finite element software of human model developed by Woelfel 

SDOF   Acronym of Single Degree of Freedom 

Hz   Hertz, the frequency unit of the International System of Units “SI” 

ISO   Acronym of International Organization for Standardization 

Unsprung mass Mass of the suspension, wheels and other components directly 

connected to them, rather than supported by the suspension 

Sprung mass  Portion of the vehicle's total mass that is supported above the 

suspension  

Roughness copy Phenomenon that occurs when all the asphalt roughness is 

transferred to steering wheel 

Natural frequency Frequency at which a system tends to oscillate in the absence of any 

driving or damping force 

Cutoff frequency Frequency limit from which the signal begins to decrease 

WBV   Acronym of Whole Body Vibration, generic term used where any 

vibration of any frequency is transferred to the human body 

Sampling  Reduction of a continuous signal to a discrete signal 

ASCII   Acronym of American Standard Code for Information Interchange, is 

a character-encoding scheme that represent text in computers, 

communications equipment, and other devices 

C++   General purpose programming language 

GPS   Acronym of Global Positioning System, is a space-based satellite 

navigation system that provides location 

Ethernet  Family of computer networking technologies for local area networks 

Datta logger  Electronic device that records data over time either with a built in 

http://en.wikipedia.org/wiki/Wheel
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instrument or sensor or via external 

PAV   Acronym of Pista de Alta Velocidad or High Speed Track 

U-shape  IDIADA track 7 impact with U profile 

BSP   Acronym of Big Step Positive, IDIADA track 7 impact with positive 

curb profile 

BSN   Acronym of Big Step Negative, IDIADA track 7 impact with negative 

curb profile 

BAR   IDIADA track 7 impact consisting in a transversal bar 

VDV   Acronym of Vibration Dose Value, metric for assessing the effect of 

vibration on humans 

RMS   Acronym of Root Mean Square, statistical measure of the magnitude 

of a varying quantity 

GUI   Acronym of Graphical User Interface, type of user interface that 

allows users to interact with electronic devices through graphical 

icons and visual indicators 

FFT   Acronym of Fast Fourier Transform, algorithm to compute the 

discrete Fourier transform (DFT). Fourier analysis converts time (or 

space) to frequency domain 

SRS   Acronym of Shock Response Spectrum, graphical representation of 

an arbitrary transient acceleration input 

CDB   Acronym of Comfort of Dynamic Behaviour, characteristic associated 

with comfort originated by the dynamic behaviour of the vehicle 
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4. Preface 

This project aims to collect all technical information created in the study of generation   

objective measures in driving comfort and the main reason for is because produce 

conclusions from subjective methods is extremely complicated. Also it includes an 

implementation model to generate, in a simple way, indexes of CDB (Acronym of Comfort of 

Dynamic Behaviour, characteristic associated with comfort originated by the dynamic 

behaviour of the vehicle) and it is shown by an example of using and operation.  

This study stems from an evolutionary process and not spontaneously. So we studied the 

origin of this project in its various stages and from two different point of view.  

4.1. Project origin 

The origin of this project was by two different reasons: First, by an industry reality of solving 

a problem in the CDB evaluation and secondly, due to a needing of doing University project. 

For a long time, when the automotive industry tried to obtain measures of CDB in a vehicle, 

the subjective tests were the only alternative. Comparing two or more vehicles in one test 

was the way to find conclusions. These tests consisted of performing a random route for 

testing the car. This causes a lot of problems: 

1. The main problem is to get an evaluation from a subjective perception, without any 

value to back it up  

2. The influence of a random route is detrimental to the goal, any variation of the road 

can change the result  

3. It requires experienced drivers with great sensitivity of CDB  

4. Different drivers can evaluate extremely different the same car  

5. A single pilot may have varying perceptions depending on their mood, emotional 

state, ... 

6. It is not possible to create a database because no numerical results are extracted  

7. The perception obtained by a tester can change over time 

The automotive industry tried to change this methodology from the second half of the 

twentieth century. The first approaches were building controlled tracks where isolate 
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problems of repeatability and temporal variation. This solved some problems but it still being 

unable to obtain measurable values. 

With the advancement of computer technologies and the development of new measuring 

equipment, in the early twenty-first century begins to raise the possibility of obtaining 

objective measures. Different automotive brands created new systems and work routines 

able to obtain measures related to CDB. But these systems are neither pure nor easy to 

understand (generally are signals graphics). 

In 2009 the SEAT Technical Center (henceforth will be referred as CTS) started to develop 

a project for this purpose. Now CTS engineers continue needing to improve the CDB of their 

cars to improve compared to the competence. A software tool was programmed to find a 

CDB value, but the program not fulfilled expectations. The results were inconsistent, 

sometimes the tool failed and the handling was poor. In 2011 the project was dropped, but 

always remained the target. 

As we see, the nature of the problem stems from the invention of the automobile. It was not 

until the twentieth century ended when originates the specific project. 

Turning on the point of view of the student, the project started from April 2013, when it 

comes to internships in the CTS, in order to finalize the career. The practices were found in 

the Chassis Development department and that allowed developing two greatest passions: 

informatics and automotive. Once in, the project of the generation of ride comfort index was 

continued.  
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5. Introduction 

5.1. Motivation 

From the point of view of the industry, today the inability to obtain objective measures exists. 

This is an extremely important handicap. For this sector is very important to achieve high 

levels of CDB as this can make their product distinguished from the competence. Also the 

motivation is to solve problems that society claims us and because this project is an exciting 

challenge. 

The clear difference can be perceived in those vehicles have been listed as uncomfortable. 

These have seriously impacted in the final results. A poor rating in any media can affect a 

lot in this regard. Thus, day by day more intense evaluations of all aspects of the vehicle are 

performed and improved, and this includes CDB. Among the topics that are usually analysed 

in the specialized press, magazines or in television programs is usually: the performance, 

reliability, vehicle dynamics, interior, equipment and finishes, price, safety and finally the 

CDB. The first perceived by the driver (although he is not aware of) is the CDB and this 

distorts the assessment of the rest of parameters. 

Therefore, having a poor rating in this regard strongly affects on the final assessment. 

Having a bad valuation of a vehicle can affect in sales even in the brand image. The CDB is 

one of the few parameters from those who have been seen before which today can not 

achieve objective measures. This is a problem and has made the industry forced to look for 

alternatives in this field. 

Also some brands seek to differentiate themselves in this sector, homogenizing the feeling 

of CDB in the full range of their vehicles. This is what has been previously slightly described 

as brand image. Attempts are being made to, through the CDB, an individual driving a 

vehicle be able to differentiate the brand. This is the extreme toward which this field is 

currently trending and is where the proposed project comes into action. 

This tool attempts to provide the ability to obtain this type of measure and to observe 

whether the vehicles share characteristics. That is why the automotive industry is interested 

in developing this kind of platform. It is known that the big groups recently are investing in 

this regard. This is known by the different alternatives that have emerged in recent years 

related to the driving comfort. 

There is also some personal motivation. The automotive world is a passion and being able 

to help in this area is a great challenge. Furthermore, this issue is closely related to the 
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driving safety. The mechanical vibrations that are transferred to the human body are 

partially responsible for the fatigue suffered on driving, and any improvement in this regard 

can be made to improve road safety. 

5.2. Scope 

The scope of this project is the design and testing of a set of tools and routines aimed to 

generate CDB indexes of a vehicle from objective measurement. See below a list of the 

particular considerations regarding the scope of the project: 

 The considered source of comfort is that coming from vehicle dynamics, and not 

from luxury of the cabin. The aim is to differentiate those vehicles that have a 

comfortable or uncomfortable behaviour during circulation. 

 One of the main considerations is to use physically measurable variables that can be 

used to obtain objective measurements. 

 The project gathers the study of the CDB perceived only by the pilot. We are not 

covering the CDB perceived by any other passengers. 

 Vehicles are assessed with a single set of mechanical settings (such as tire 

pressure), which is assumed as repetitive and optimal to CDB.  

 The tool is expected to be valid with any kind of car, regardless of their format, 

traction, size… Other types of vehicles were not considered (motorcycles, boats…) 

 Is not objective of this project to demonstrate which vehicles or drivers are more 

comfortable than others or why. The dataset used is only to support the design and 

testing of the tool. 

 The evaluation is performed only with data obtained from the test drive. The project 

aims to obtain an index as repeatable as maximal possible.  

 The programming language is chosen based on availability in the industry where the 

project has been developed. No alternatives have been explored in terms of 

programming language. 
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6. Prerequisites 

6.1. Conditions 

In this section we will detail the conditions set by the company before the tool was 

developed. 

The first condition to be satisfied by this project is that the calculations performed have to be 

based on physical measurements. I.e. the whole methodology has to be based on an 

inherent rationale CDB. Variables or weights may be adjusted through a comparative 

approach with subjective measures, but are not accepted calculations without a physical 

meaning.   

The resulting CDB indexes have to be coherent with the results given by the existing raters. 

The final indexes should be easy to understand. That is, the final result must be a value or a 

physical magnitude which is readily transferable to the dynamic reality of the vehicle. 

The usage of DIAdem 2011 v11.3 is required for several reasons: It is commonly used by 

the automotive industry at the time of gathering data (installed on all pc‟s of CTS), it allows 

programming scripts in a language similar to Visual Basic, and is able to handle large 

datasets. 

The tool must to be user-friendly. The tool has to be intuitive and easy to use. 

A generic set requirement is to meet the expectations of any quality software product, which 

was interpreted as: 

• The program must be consistent and not freeze 

• Having security mechanisms 

• It can easily move to newer or older versions of software 

• Use few resources, both memory and processing power 

• Do not interfere with other programs or processes executing simultaneously 

Staff experience or knowledge on vehicle CDB must not condition the results or the 

procedure of the analysis. The process proposed must be suitable to be carried by different 

operators without changes in the results. 
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The last conditions are the usage of the current unique methodology and instrumentation for 

data collection. There not be allowed to place the devices in different positions. The 

program must operate effectively when the measuring devices are connected at the pre-

defined points. The test drive may not change its nature or location. 

6.2. Features 

This section will detail some of the main features selected to be implemented in the tool.  

One of the main features that have to be able to get the tool is the automation in the 

generation of reports or car comparatives. These reports have to present all test results and 

graphs to easily understand the comparisons. Presenting results graphically help people 

without specific knowledge on CDB to understand a vehicle assessment. 

The visual interface used has to present the results directly on the screen. The GUI 

(Graphic User Interface) has to warn with a visual method when an index or values are 

compromising the CDB of the car tested. Also the interface has to be intuitive, pleasant and 

easily understood.  

The program must maintain and manage a database with the analysis and its results. 

Therefore: 

• It should be able to save the results of an analysis with all necessary data in 

order to repeat the analysis 

• It must be able to remove previously saved results 

• It must be able to rename previously saved data. It must be able to retrieve 

data previously stored 

In terms of usability, we allowed a maximum of three button presses per analysis. The 

analysis calculations not exceed 5 minutes and not required more than two files. 

Another feature that the program should have is the possibility of inserting comments in the 

analysis. If the tester thinks fit to add a comment of the implementation of the test, such as 

the tires were worn, it must be possible. These comments must be saved with rest of the 

results. 

Finally, for sake of maintainability, key calculation parameters must be accessible for a 

manually adjust of the calculation algorithm. Despite having this feature, it should not be 

visible to the standard operator and are intended only to be used in an advance mode. The 
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user is to be warned that alternative settings can cause errors in the outcomes. A user and 

adjustment manual will be incorporated. It is understood that anyone attempting to change 

the settings has a deep understanding on how these changes can affect the results.  
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7. State of the art 

In this section we describe some of current data collection or processing methods of the 

driving comfort analysis in vehicles. We also study their main perceived weaknesses in 

order to enhance them in the system that we want to implement. 

Due to confidentiality of carmakers, it is very difficult to know the details on the systems 

nowadays used in most of the companies. It is likely that more developed systems exist. 

However, it is understandable that companies do not want to share this knowledge with the 

intention to keep competitive advantage within their industry.  

7.1. Current systems 

We have identified five different types of systems in use for the purpose of this project. They 

can split into two different groups: Two of subjective basis and three pseudo-objective basis. 

We began to study the subjective basis group: They are the most used methods and 

implemented from the origin of concern about CDB. There are two types: random and fixed. 

Random subjective operative is the first method used historically. It basically consists of 

testing the vehicle for a random ride (variable in each test), and by the sensations described 

by the pilot. Finding defects in CDB allows adjusting the vehicle to the desired behaviour. 

This method, despite being the first to be implemented, is still widely used by automotive 

companies.  

 

Figure 4.1.1 Test track 
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The second subjective basis method is based on the fixed route in a test track. This method 

tries to correct that the random method did not allow repeat exactly the conditions of 

previous tests. With this intention closed tracks were created, not open to traffic, which 

could be public or private. In them it could be simulated different aspects of driving (trying to 

cover the whole spectrum) in perfect conditions of safety and repeatability. But finally, the 

analysis remains the same as above. The pilot contrasts his sensations for finding 

conclusions regarding CDB. Therefore remains a subjective method with all its 

consequences.  

Let‟s review now the three methods based on pseudo-objective measures systems. The first 

system is based on obtaining vibration graphs from different points of a vehicle by 

accelerometers. First, the time-displacement graphs are obtained and then the frequency 

spectrum is obtained using a Fourier transformation of the signal. Following this process 

with different vehicles doing the same route, which can be done in a free run or a test track, 

makes possible to compare the graphs to obtain a classification of vehicles. As we see, 

comparative conclusions can be obtained from data, but they are not an actual index. 

The following method is the one developed by the company Wölfel, mainly by engineer 

Steffen Pankoke [2]. The methodology of this system is the use of a test dummy Memosik 

placed in the seat. This can collect the vibrations experienced by the driver seat between 1 

and 30 Hz. Together with the test dummy includes a computer software able to process this 

information through a Casimir biomechanical model to obtain objective measures. Due to 

the substitution of the pilot position by the test dummy, in order to perform the tests will have 

to use a robot to control the steering wheel, accelerator pedal, clutch, brake, and gearshift. 

 

Figure 4.1.2 Memosik and Casimir human biomechanical model [2] 

Finally there is a method developed by the CTS, mainly by engineer Nadim Maamari [6]. 

This method mixes the two subjective methods, the graphical method and finally with 

biomechanical models and the extraction of objective measures. The process begins with a 

random test and a deterministic test which both were performed in a test track. Then the 

vibrations are acquired with two accelerometers: one on the steering wheel and another on 

the seat. Next the methodology established in the ISO 2631-1 [3] 2631-5 [4] and 5349-1 
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[5], about the human perception of vibrations, is programed in computer software and get 

some CDB indexes.  

As we see in this report, the methodology of Nadim Maamari has some similarity to the 

system object of this project. But as we have seen in the preface and we are going to see in 

the following section of the advantages and disadvantages of all the above systems, our 

project is a significant evolution of it. 

7.2. Disadvantages and conclusions 

It will begin by describing the disadvantages and problems presented by the use of the 

methods described above. Then we do a comparison with the system proposed and attempt 

to draw any conclusions. 

The first system presented is the random subjective. As mentioned in the preface this 

system is widely used due to its simplicity and adaptability, but it has many disadvantages. 

The main problem is getting evaluations from a subjective perception, without any 

measurement to back it up. With this method it is very difficult to create a database, since 

no numerical data is extracted. Also the nature of a random walk is detrimental to the final 

purpose, any variation of the road can change the result. This method requires experienced 

drivers with great sensitivity of CDB. The problems of the subjectivity of the drivers are: 

Different drivers can evaluate extremely different the same car and a single pilot may have 

varying perceptions depending on their mood, emotional state… Also, the perception 

obtained by a tester can drift over time. Despite these problems, this method remains being 

widely used today. The main reason is because when pilots really have the sensibility 

enough it produces good results when testing the vehicle in live performance. 

The second method illustrated in this report is the fixed route on a test track. With this 

method it is possible to eliminate the influence of the variation in path. This enhances the 

repeatability of the track conditions and ride, thus achieving more accurate comparisons. 

However, it still presents some of the problems seen in the previous system. In fact the 

evaluation methodology remains subjective. 

As can be seen, subjective methods have multiple inherent issues, mainly caused by human 

influence and the inability to obtain data. However, they also show some advantages, such 

as the absence of instrumentation equipment and immediate response without the need of 

a further analysis.  

Let‟s now focus in the pseudo-objectives methods created with the intention of eliminate 

these subjective drawbacks. 
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With the graphical method it is possible to compare cars in similar test conditions. But this 

comparison may not directly reflect changes in CDB perception. What is being really 

compared is the vibration magnitude in different locations of the vehicle. It may seem that a 

greater amount of vibration at a point of the car, in a specific frequency range, directly 

means more incomfort. But this is not necessarily true, as can be seen in the ISO models 

mentioned above [3], [4] and [5]. Human perception varies depending on the frequency 

range. Moreover, not only the capacity of human perception of vibration is critical in this, it 

also the capacity of the human perception of CDB. That the human body perceives a 

vibration is not necessary condition of an uncomfortable feeling. For example a massage 

chairs vibrate at a natural frequency that the human body assimilates as comfortable. 

Therefore, as mentioned in the previous section, this method does not provide CDB 

indexes. 

The next system to analyses is the test dummy developed by Wölfel. This is the first method 

which presents itself purely objective measurement. Still, it has some drawbacks. First the 

test dummy may not adjust properly to the vehicle seat. It can move and falsify the results. 

Also affects negatively the absorption frequency of seat cushion. Another negative point is 

that the robot is not able to obtain information from the steering wheel vibration, which this is 

an important contact point between man and machine. Using of a robot to control the car is 

essential, as the pilot is replaced by the test dummy. This implies slowing all the tests and at 

the same time limiting them to the test track. This is obviously an expensive method, which 

requires a large initial investment in the test dummy, the robot and the software. 

The latest system is developed by Nadim Maamari [5]. This model conceptually addresses 

many of the deficiencies observed in previous systems. However, this method showed 

some drawbacks as for: presents big sensitivity to spikes in the data, have a non-

consistency of the results with driver‟s assessments or the complexity of the resulting 

indexes, and the large processing time (over half an hour) being necessary to obtain a 

result. The program had compilation problems and proposed unclear results. 

As can be concluded, all systems present significant problems. The errors in subjective 

systems are principally by human mistakes and in the pseudo-objective systems are due to 

their poor physical relationship. Currently no system is fully satisfactory in providing 

objective indexes.  
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8. Design goals 

After defining the users requirements, identified the technical limitations of current 

techniques and also indicated the motivations and scope of this project, it is time to clearly 

define all the design goals to develop. The objectives are separated into three categories: In 

methodology, calculation and functionality. 

Regarding the methodology objectives, they will require different solutions. To begin, a 

basic and a not too expensive instrumentation for the car were required. They must have 

enough specifications to collect data accurately. In order to collect information from all 

points of contacts the instrumentation had to cover as much the seat and the steering 

wheel. Must also allow the testing has been done with a pilot, making unnecessary to use a 

robot. 

Another goal is that the tests are carried out in a controlled and repetitive manner. For our 

purposes, the use of random patterns should be fully rejected. In addition, these tests must 

be representative of all aspects of real circulation. In them the pilots should not be aware of 

their feelings, only testing properly, preventing limit tests for accelerating the process. 

On the use and methodology of the tool their operation must be easy, fast and intuitive. Is 

restricted to a maximum of three push buttons for analysis, a maximum of five minutes of 

processing and only use two data files. The tool had to show strength against errors and 

crashes, it should have to be very stable without consuming excessive computer resources. 

Another objective was the complete elimination of subjectivity in the whole process, 

although it was necessary to adjust initially and verify the tool.  

Regarding the objectives in the calculation, obviously the main one is that the tool work 

reliable. All calculations must be based on physical reasoning based on CDB. As seen, it is 

important to obtain objective measures. But not just any measure, only the useful 

quantifiable measures of the perception of CDB when a human being is in a seated position. 

As described above, these calculations should be fast and direct, avoiding any unnecessary 

delay calculations. For the last calculation, indexes must be simple to understand, being 

readily transferable to the dynamic reality of the vehicle. Any outsider of CDB knowledge has 

to understand what is shown by the program. 

We depart initially from programming calculation developed by Nadim Maamari [6], based 

primarily on the implementation of the different ISO's [3], [4] and [5]. Finally we create a 

new methodology capable of measuring CDB. Therefore, the signals recorded will be filtered 

through filters adapted to our needs. Will following the search of a process to obtain a 

characteristic value of the filtered signal. And finally the task of properly weigh all systems 
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will have. 

Finally the functional objectives are diverse. Initially requires an intuitive, simple and 

practical interface. The GUI has to present all the final results and visually highlight 

whichever indicator of a problem in CDB and to show the ability to automate the creation of 

reports and comparisons. Being the most benefit from this system (obtaining values of CDB) 

is extremely necessary be able to compare between the different vehicles tested. Therefore 

it has been able to maintain a database, in which can save, delete, rename and query any 

vehicle. An additional functionality was the possibility to add comments to the analysis. 

As we saw, we mixed the wishes of the automobile industry, with all its conditions and 

requirements. The purpose was to minimize the limitations of all previous CDB evaluation 

systems. All of these goals had to be achieved during the student's stay in the CTS, at 

estimated seven months duration. 
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9. Comfort 

9.1. Biomechanical models 

In the next chapter we are going to study four different models of biomechanical analysis of 

a seated person. The aim is to see their response to vibration and relate them to the study 

of CDB. Note that modal analysis simulations have been previously performed by different 

engineers [6], [11], so we focus only on the conclusions of the simulations. 

The first model to be studied is the single degree of freedom (SDOF). This model is usually 

represented as a mass in contact with an exciter by a spring and a damper, which has the 

ability to vibrate in the vertical axis. For their study, the second equation of motion Newton's 

laws are used, such that the total sum of forces equals mass multiplied by the acceleration. 

These types of systems have an amplification response in the resonance frequency. As can 

be concluded this system is meaningless for this kind of analysis which obviously have to 

take into consideration the rest of degrees of freedom involved. Also the factor of the 

resonance frequency is not critical to the study of CDB. 

 

Figure 9.1.1 Single degree of freedom model 

The following model is Patil and Palanichamy [7] linearized model. This consists on 

nonlinear 7 degrees of freedom. It is represented as the human body divided into seven 

parts of masses connected by 8 sets of springs and dampers with the total mass of 80 kg. 

The representation is such as the figure shown below: 

 

Figure 9.1.2 Patil and Palanichamy model [7] 
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This model is much more consistent and realistic in their responses to vertical vibrations that 

the SDOF. That is because dividing the mass of the human body in different pieces, each 

brings its resonance frequency effect, producing more realistic couplings and interference. 

In the different results obtained in Matlab simulations can be observed [6] that from 10 Hz 

exists an attenuation of the vibration until stop transmission. But like has been mentioned in 

the previous model that still presents the same limitations, being effective only in the study 

of vertical vibrations and ignoring the rest. 

The third model that we will consider will be the Boileau and Rakheja [8] four degrees of 

freedom. This model is based on the combination of 4 springs with linear damping relation 

and a total mass of 55.2 kg with the following configuration: 

 

Figure 9.1.3 Boileau and Rakheja model [8] 

This system is even more reliable in their simulations than the previous model. Their biggest 

difference is to place the frequency peak around 5.5 Hz, while the model Patil and 

Palanichamy is close to 2 Hz. Also allows the transmission of vibrations to higher 

frequencies close to 30 Hz. These differences are supported in the ISO-2631-1 [3]. But still 

having the same problem of not being able to introduce different excitation directions and 

just be realists in vertical vibration. Moreover, as in all other models previously seen, these 

models allow us to know if the vibrations can be sensed by the human body, but no contrast 

if they are perceived comfortably. 

Finally we will study the unique models that allow us to implement different excitation 

directions, the finite element models. These models often have difficult modelling the 

response of the soft tissues of the human body with accuracy, requiring complex 

viscoelastic parameters. This type of model is used by Wölfel software tool CASIMIR [2], 

including the bones and soft tissues. This model is very close to that described in ISO 2631-

1 [3] about the transfer of vibrations in different directions in Fourier space. Also includes a 

study of CDB. Nevertheless, we can only resort to this model to compare the response of 

the seat, ignoring the steering wheel. The disadvantages of CASIMIR not come from the 
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introduction of this model, they come from the rest of the methodology, as seen in the state 

of the art in section 7.2 of disadvantages and conclusions. 

9.2. Comfort perception 

Comfort is defined as everything that produce welfare in us. This definition, according to the 

National Institute for Safety and Health at Work in their evaluation of whole-body vibration 

on comfort, perception and dizziness caused by motion [9], are complex because it contains 

physical, psychological and physiological variables. The difficulty of the technical centers 

attempted to obtain objective measures. Also develop a predictive model that takes into 

consideration all these factors of the individual's subjective response to vibration. 

The level of discomfort is associated with the frequency of the vibration and is directly 

proportional to the intensity of it. Furthermore, has also been observed that increasing the 

time of exposure to vibration means an increase of discomfort. With this in minds, we know 

that low-frequency vibrations, close to 1 Hz are transmitted throughout the body by 

increasing malaise. While higher frequency vibrations are attenuated by the human body 

and reduce the discomfort. It is also interesting to note that monotone continuous low 

frequency vibrations increase fatigue, while transient vibrations produce stress [9]. 

 

Figure 9.2.1 Resonance frequencies of each body part 
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As can be seen in the picture above, we must also take into account that each part of the 

human body has a natural resonance frequency [12]. This affects all studies in general, and 

that perception is not continuous throughout the body. Therefore we must find a point of 

reference to help integrate the whole system. 

All of this is very interesting and we can help to understand how the human body perceived 

comfort. But these conclusions, from the analysis mentioned above, are highly focused on 

health and the risks caused by usually prolonged exposure to these vibrations. In addition, 

this analysis is produced in an environment associated with the world of work, completely 

away from the experienced inside a car cabin. It is true that concepts like stress and 

tiredness behind the steering wheel are being studied in this project, but we can not use 

these conclusions to shape the real human perception of the CDB. 

Actually, what we wish to study more precisely is incomfort. In fact there is not any way to 

modulate the vibrations transmitted by the vehicle dynamics to being perceived as 

comfortable. This idea is not considered, as the vibrations of the vehicles are not designed 

to generate relax in us, cars are not seats which massage the rest. Therefore we measure 

the vibrations to predict how much discomfort generated. 

At first will apply the concept of intensity. It is easy to understand that those vibrations with 

higher intensity will be perceived more uncomfortable than the most mitigated. This brings 

us to a conclusion on the ultimate CDB, which should be assimilated to the null 

transmissibility or perception of vibrations. This will apply in this way in our model, but it 

must be clear that this is not an objective of the automotive industry. The fact to completely 

isolate the driver from vibrations causes the pilot to lose all the information generated by 

their activity. A reduction in the sense of confidence and security of the pilot is generated. 

As the aim of our project is not to evaluate these sensations (confidence and security) are 

not include in our model. But it must be clear that the maximum CDB is possibly harmful. 

CTS Professional experimenters are accustomed to evaluate subjectively CDB from long 

time. Due to this work have reach some conclusions of relevance in this matter. The first 

one that will implement is of great importance and often resort to understand the model. It is 

related to the phenomena predictability vibration.  

When a pilot driving on a road on which observe that later must pass through some kind of 

impact, such as an expansion gap, the body of the pilot will be prepared to receive a higher 

vibration in the vertical and horizontal direction. This is a psychological factor, but profoundly 

affects the conception of CDB in vehicles. We can associate this fact analogous to those 

vibrations that are not expected to produce the greatest discomfort. They are generally 

linked to the resonance frequencies of the car subsystems. Therefore, we focus on 

distinguishing those vibrations that are not expected by the driver in a range of frequencies 
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that are possible to be perceived by the pilot and directly dependent on the intensity. The 

variability of perception ability exposed in the different ISO for each type of vibration must 

also be taken into consideration. 

A second conclusion made by the experimenters is that a lot of information from the CDB is 

received by the steering wheel. Naturally understand this factor since the steering column is 

connected directly to the steering control, which in turn is connected to the wheels and the 

road these. Therefore it is a major focus of assessment, and any model that excludes not 

be conceived. 

A third conclusion was also performed, but this can be easily understood in the ISO 2631-5 

[4] engaged to the impacts. As can be see, there are two different kinds of filters when 

analysing vibration signals. This is because the human body perceives completely different 

depending on the direction of the acceleration. As a summary of the experimenters, the 

human body has a greater perception of vibration in the vertical axis, while in the XY 

horizontal plane capacity is lower. This should be solved by weightings, as generally vertical 

vibrations are associated with vibrations expected. 

As a final point, we have to look that the evaluation environment is a vehicle, where 

sometimes other external factors may change human perception. Generally noise is one of 

these factors (being the biggest factor on human evaluation error. Due to the 

implementation of the project methodology these factors are completely isolated, focusing 

only on the reality of the vehicle. 

9.3. What is the CDB? 

The word comfort is a term that can be used in several factors of the vehicle. For example is 

used in the quality of the cabin, the comfort that produces the feel of the materials... Even in 

the equipment, for example a car is comfortable if having a good air conditioning.  

This project is not about analyzing this type of comfort, only the comfort caused by the 

dynamic behavior of the vehicle. For example the perceived when driving and an expansion 

joint is crossed, in some cars is not perceived and others the vibrations generate discomfort. 

We remark that the dynamic behavior can make the car comfortable or sporty depending on 

the character desired during the car design. Generally sports cars prioritize performance to 

comfort and that is the reason why we can contrast them. 

For these reasons we have generated the acronym CDB (Comfort of Dynamic Behavior) 

with the intention to differentiate it from other meanings of comfort. 
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9.4. Conclusions 

After detailing the above three points we can better understand concepts a way that will be 

relevant when developing the model. We must make clear that the validity of the model is 

critical for the proper functioning of the tool. A model that is not based on the physical 

concepts outlined here will also not be deemed valid by the users. Any design decision is 

expected to must be based on these criteria. 

First that we have defined were the main four existing biomechanical models. As we have 

seen, each of them is valid to calculate the response of the human body to different 

vibrations. Also no one is able to evaluate the perception of CDB, except CASIMIR finite 

element method [2] powered by Wölfel (discarded for other reasons). Therefore, it is not 

feasible to implement any existing model. 

Next we analysed in depth the perception of CDB by the human body when driving a vehicle. 

We have seen that it is very difficult to obtain a model based on a single degree of freedom. 

It is evident that will have to assemble different concepts including the followings: 

1. The ability to perceive vibration by the human body in seated posture (defined in 

different ISO [3] [4] [5]) by the body such as the arms 

2. The influence of expectedness vibration as a psychological factor 

3. The influence of the direction of vibrations emission as human perception distinction 

4. The factor of variation due to the signal intensity and more variable concepts 

All of this must be taken into account to implement the model. 
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10. Vehicle dynamics 

As in the previous chapter we have studied the intervention in the perception of CDB by the 

human being, in the present chapter will study the influence of the car. So we are going to 

introduce the elements and systems of a vehicle directly involved in this area. 

Vehicles are formed by the assembly of different parts. Generally all vehicle dynamics 

related elements are associated with the vehicle chassis. These parts are usually in charge 

of giving the vehicle theirs distinctive character and in which these will be deepened. 

Nevertheless, we must not forget that all parts of the vehicle are involved in this aspect. We 

might think, for example, a simple belt is not a factor in this matter, and we would be wrong. 

This belt and their systems have an associated mass which affects the global vehicle 

weight, and the weight is a very influential factor. 

So let's see all the systems involved actively in vehicle dynamics and driving CDB. 

10.1. Basic vehicle dynamics 

Let's begin understanding the movements that occur in a vehicle in a dimensional space 

controlled by three axes (horizontal, lateral and vertical). Obviously the first movement 

happens in a vehicle is the displacement in the horizontal direction, controlled by the throttle. 

The displacements in the vertical and horizontal axis are not allowed. Evidently the car also 

suffers rotational movements. First we locate the rotations via this chart: 

 

Figure 10.1.1 Vehicle dynamics along the 3-axis 
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As can be see there are three rotations: Roll, Pitch and Yaw. The Roll is the rotation through 

the longitudinal axis. Is primarily due by the freedom granted by the suspension of the 

vehicle and the lateral accelerations occurred in turns. We followed the pitch, which is the 

rotation through the lateral axis. It usually occurs by the displacement of the suspended 

mass about the center of mass when acceleration or braking occurs. Finally we have the 

Yaw, which is the rotation around the vertical axis. It is very important about vehicle 

dynamics and that is in charge of allowing the rotation of the vehicle and is controlled by the 

steering wheel. 

The way in which these movements or the reactions based on the car's controls (steering 

wheel, gas and brake pedals,...) occur are those that provide the distinctive character of 

each car, making some sports and others comfortable. In sports cars the performance is 

prioritized, and shorter and rigid suspensions are used keeping firmer the vehicle to the 

road, increasing the traction. But this causes a decreased of CDB. A shorter suspension 

always means a loss of CDB, because bottoming soon and transmits the bumps and 

potholes in a much more violent way. It is more violent because they can not absorb the 

energy produced by the impact. These reactions depend on different parameters to be 

described below. 

The first group of parameters are determined by the geometry of the vehicle. The first, the 

center of gravity, is determined by the combination of all the components of a vehicle, both 

of the sprung mass and unsprung [1]. The distance between the center of gravity and the 

road surface are directly related, as much greater distance more dynamic rotations. The 

second is the distance between the wheels, known as the track width (direction Y), which 

determines that a wider track width more stability and lower angle of Yaw and Roll. And 

lastly is the wheelbase (X direction), which determines that a longer wheelbase gives more 

stability and less angle of Pitch and Yaw. 

The next group of parameters are determined by the different control systems incorporated 

into the vehicle chassis. These are suspensions, ball joints, bushings and steering column. 

Suspensions are fundamental in the dynamics, depending on the type (independent, 

geometry, magnetic, controlled by computer ...), the hardness of it, the hysteresis loop and 

height. As for the ball joints and bushings are determinant mainly for its hardness and its 

effects will affect the reactivity. Finally we have the steering column, which is critical for the 

reactivity of the vehicle in turns and Yaw angle. 

The mode in which all of these systems interact has been studied for many years. It is not 

the aim of this work to find a better definition in this field, only to evaluate it. Today we have 

a better understanding of why a harder suspension and other systems lead to increased 

handling and sportiness, while softness gives greater CDB. The main reason for this 

phenomenon is the steering response, which is smaller than for a sports car than a 
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comfortable car. This can be seen in the following graph: 

 

Figure 10.1.2 Steering response Vs. Ride comfort [10] 

We shall describe the last two parameters. There are aerodynamics and wheels. The first 

really have a very limited impact, affecting slightly in Roll and Pitch angles, which increase 

with poor aerodynamics. However the wheels directly affect to ride comfort and dynamics. 

Usually with higher tire profile greater is the absorption of road irregularities, avoiding the 

copy (undesirable phenomenon occurs when all the asphalt roughness is transferred to 

steering wheel). In addition, a wider tire causes more friction with the ground causing minor 

Yaw dynamics.  

As we have seen, there are many factors involved in the dynamics of a vehicle and affect in 

very different ways, so it is very important to find a tool to globally evaluate vehicles. 
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11. Vibration exposure 

11.1. Vibration types 

Vibration is referred the elastic waves propagation, causing strain and stress on a 

continuous medium. Two of its main features are the frequency and amplitude, which can 

be easily visualized through the following graph: 

 

Figure 11.1.1 Graphical representation of a wave 

These two features are essential for understanding their impact and vibration exposure by 

the human body as it will impact depending on their intensity and frequency. But to 

understand the types of vibrations must be cataloged two peculiarities. [11] 

The first is temporality. Will be different the continuous vibration in time, called permanent, 

than the transitional vibration, which dissipate at a random time. The important point of the 

permanent waves is to determine the operation frequency. The important aspect in the 

transient wave is to know the maximum amplitude and time of peak-to-peak to determine 

the energy dissipation. 

The second feature is the directionality. The vibrations can be one-dimensional (directional), 

two-dimensional (surface) or three dimensional (spherical). We may split into longitudinal 

(propagating in the direction of motion) or transverse (propagate perpendicular to the 

direction of motion). 

These four properties determine, in general, the vibration that a body can suffer. Obviously 
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not all types of vibration occur while driving a vehicle. So let's look in detail the vibrations 

that affect our analysis. 

11.2. Whole body vibration 

We will look at the whole body vibration (WBV). This type of vibration is induced when the 

base which supports the human body begins to get excited. This case is very representative 

in the study of human driving a vehicle in a seated position. That is because the body 

receives the vibrations from the base and the seat causing the transmission of vibration to 

the whole body. Such vibrations can be permanent (for example vibrations caused by the 

roughness of the asphalt) or transient (impact against a curb). 

11.3. Local vibration 

We will look into local vibration. This case is also relevant to this project because one of the 

points of contact between man and machine is the steering wheel. This has been studied for 

a long time for M. J. Griffin [11] as for reference [5]. This type of vibration is transmitted 

from a fixed or local point, and transmission is limited to the areas of contact, without 

affecting the rest of the body. 

11.4. Sickness phenomenon 

Finally I would like to discuss the phenomenon of sickness. It is common when discussing 

the CDB of vehicles this phenomenon appears associated. What we know is that this event 

occurs with vibrations below 1Hz, as described in reference [9]. This usually happens on 

boats where the vibrations caused by the maritime movement are of great wavelength. Cars 

can also cause this phenomenon, but occurs randomly, affecting some passengers and not 

others. Therefore it is a phenomenon which is not derived from the vehicle dynamics and 

therefore there will not be studied. 

There is much difference in the sickness susceptibility of persons exposed, based on 

psychological and physiological reasons, even temporal reasons. To study this 

phenomenon would focus on the subjects and not on the vehicles and would require a 

whole individual project. Additionally this phenomenon is produced in the passengers, rarely 

in the pilot. As we saw in the scope, chapter 5.2, is not aim of this project to study the CDB 

of passengers, only of the driver. 
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12. Technical development 

This section details the process of implementing the tool to obtain a ride comfort index, and 

the differences from the current and other alternatives. 

The order within this section follows the scheme used to achieve the operational objectives 

during the previous phase. 

12.1. Procedure idea (Operational system) 

The most recent studies on CDB locate their cause in the transfer of vibrations from the 

vehicle to the human body through the points where the contact between them occurs [11]. 

This transfer, if occurs continuously, causes fatigue leading to increasing levels of 

discomfort. Undoubtedly, besides the above phenomenon, brief but intense impacts are 

also known to increase the degree of stress of the pilot. 

The main points where the contact between the vehicle and the human body exist are: the 

steering wheel through the hands and in the seat through the rest of the body. Therefore we 

will focus on the study of vibrations at these points, knowing that those suffering from higher 

levels of vibration are more uncomfortable. The proposed solution is a protocol that follows 

the steps described below: 

1. Setup of the Instrumentation in the vehicle object of study  

2. Perform appropriate tests to obtain the necessary measurements  

3. Data preprocessing (signals in this case) to be understood by the interface  

4. Analysis of data by the tool to develop  

5. Getting to index values  

6. Validation of results  

7. Presentation of results and comparison reports 

This procedure matches the steps followed by studies developed in other areas in the CTS.  

It has to be noted that point No. 6 is a one-off process and that this validation will not take 

place once the tool has been released. This model has to be verified once it is implemented 

in the system. Therefore we will have to make an assessment of the results in order to 
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adjust the tool to optimize the results.  

We present below a section for each of these steps.  

12.2. Vehicle set-up 

12.2.1. Introduction 

The instrumentation is an essential part of the project development. It is in charge of 

obtaining objective measures aimed to meet the objectives of this study. In this next chapter 

we will give an overview of the measuring devices we use for the model. In particular, we 

will review the position of the accelerometers in the car and the appropriate equipment 

specifications. 

One must understand that there was already a method in CTS for the characterization of 

CDB in vehicles. Nevertheless through him an objective assessment was not obtained. 

Therefore, we try to use some of the features of this method to solve our project. 

To begin we will take a common test configuration and implementation of CTS vehicles. 

Through triaxial accelerometers located at different points of the car we can get the desired 

vibration signals. There are six accelerometers located on the vehicle: Two in the front and 

rear spindle (to observe the vibration of the wheel), two in the front and rear cup (to observe 

the vibration of the vehicle body), one on the steering wheel and finally another in the seat 

rail. Given what we have seen in the initial design goals we will focus on the study of the last 

two accelerometers. 

 

Figure 12.2.1.1 Schematic of the six accelerometers 

 

All accelerometers are connected to a datalogger that can transmit signals to a data 
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acquisition program through a router. The router is through an Ethernet cable to a laptop. In 

addition to these signals, the datalogger also receives other information of different devices, 

such as the speed and position of the vehicle through a GPS system. This speed will also 

be used in the setup. 

Data are stored as plain ASCII, and subsequently transformed using C++ routines so it is 

suitable for DIAdem v11.3  

12.2.2. Equipment 

The equipment used requires a separate chapter in this study. Specifications and their 

placement are fundamental in data collection. Initially we will consider the four elements 

involved in our model: Accelerometers, the datalogger, the router and the laptop. 

An accelerometer is an instrument for measuring acceleration or vibrations. These can be 

mechanical or piezoelectric. Mechanical accelerometers are based on mass displacement. 

The piezoelectric are based on compression of a piezoelectric crystal lattice to produce an 

electric charge proportional to the applied force. Today piezoelectric accelerometers can be 

manufactured in a very small size removing their mass influence on the experiment. Also, 

this allows setting them in small areas such as the steering wheel. This is the reason why, 

piezoelectric accelerometers have been selected for this project.  

 

Figure 12.2.2.1 Accelerometer mechanic and piezoelectric 

The key specifications that can vary in the different options for the accelerometer are: 

Allowed axes and the sampling frequencies. In our case we want to cover the maximum 

possible information and all possible modes of vibration. Therefore the uniaxial 

accelerometers be dismissed and triaxial accelerometers are selected. These cover the 

XYZ axis (Horizontal, lateral and vertical). Regarding the sampling frequency, we are 

interested in the time resolution necessary to observe the captured vibrations. Considering 

the Nyquist criterion [13] we use accelerometers capable of recording information from a 
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frequency up to 1000 Hz. In previous solutions have been used less frequently 

accelerometers, highlighting problems in collecting high-frequency vibrations such as those 

produced in an impact. 

In the final implementation triaxial piezoelectric accelerometers branded Kistler, in particular 

the model 8688A [14], were used, with a sampling bandwidth between 0.5 and 5000 Hz, so 

being able to work up to the desired 1000 Hz. We have to mention that can be used any 

other accelerometers brand that meets the requirements described above. 

The next element of the instrumentation is the datalogger. It is an electronic device that 

usually acquires data in ASCII format over time or in relation to the location by instruments 

and sensors externally connected. In our model will be the accelerometers and the speed 

signal of the GPS antenna. In addition, is also responsible for feeding power to these 

sensors. This converter plug from cigarette lighter is used, although it could also be 

connected directly to the car battery. 

 

Figure 12.2.2.2 Datalogger Magneti Marelli HRDL-1 

What will be determinant in choosing the Datalogger is the amount of available inputs and 

outputs to connect externally and the sampling frequency. As has been observed previously 

six triaxial accelerometers and a GPS speed reading is required, making a total of 19 

entries. Of course, will be required an output to pass data to another device. During the 

project the HRDL-1 model Magneti Marelli [15] which allows direct output used by Ethernet.  

It is possible to connect the data acquisition system to another data collection system via a 

cable. Connecting the system directly to the laptop is the preferred choice. The laptops 

come with all incoming connections, including Ethernet. They giving us the flexibility to act in 

the field and also display live signals received by the accelerometers. Generally it does not 

require any special feature when choosing a router, as any unit that allows us to connect 
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wired and wifi options are valid. 

 

Figure 12.2.2.3 Example Linksys wireless router (not used in the model) 

The last highlighted element in the implementation is the laptop. Virtually any modern laptop 

on the market has the necessary specifications for this development: We require Ethernet 

or wifi connection as the main feature. Overall the operating system running most programs 

used in this industry is Windows, both 32 and 64 bits. For correct use of the datalogger 

must be data recording software, as can be Wintax. Optionally, we can include a trigger to 

make the cuts between tests, but the program itself can be controlled directly from the 

laptop. 

See below a schematic of the system to ease the understanding of the instrumentation 

system: 

 

Figure 12.2.2.4 Schematic of the system 
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12.2.3. Seat 

As seen above, the key points of contact between the human body and the car are two, the 

seat and steering wheel. Therefore it is very important to look at the two accelerometers 

placed in these positions because they will be using in our calculations. Start with the seat. 

As we know from the experience of many years in the CTS test drivers most of the CDB 

information comes from the seat, because much of the human body is in direct contact with 

it. Therefore the placement and position of the accelerometer is very important to be truly 

representative on this comfort. 

The vehicle seat is fairly large and has multiple sites could be placed an accelerometer, but 

not all are valid. All the parts that are quilted are not valid because they woul distort the 

recordings and mitigate the magnitude of the vibrations. It should be mention that place the 

accelerometer on the seat cushion could be a good possibility. As the cushion stiffness 

affects the human perception would be obtained a more pure signal. But this system inserts 

some problems: could not use the driver's seat and the human error could distort the signal. 

For these reasons it is discarded. 

Barring these positions, the main candidates would be the rear of the backrest and the seat 

bottom. 

 

Figure 12.2.3.1 Accelerometer placed on the seat guide 

The rear of the backrest is not recommended for this case, because also has some 

flexibility in their movement and this would affect the collection of signals. Therefore, it has 

been determined that the only feasible site to place the seat accelerometer is at the bottom 

of the seat. For convenience and facility of access, being a point that is attached to the seat 

and the vehicle body, the seat guide is the most suitable position to place the 

accelerometer. 
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To attach the accelerometer to the seat guide the most recommended is to use a two-

component adhesive, which hardens quickly and without flexibility. If the guide is particularly 

narrow it‟s possible to insert a plate also glued to the guide to secure the accelerometer. 

12.2.4. Steering wheel 

As discussed before, the steering wheel accelerometer is expected to provide relevant 

information. By means of the vehicle's steering wheel, the pilot's hands connect to the road. 

This generates a high flow of dynamic performance of the chassis information. As explained 

previously in basic dynamic vehicle in section 10.1, one of the main settings to define 

vehicle behaving in sports or comfortable way is the variation of the rotation angle (or yaw 

angle) depending on the steering wheel rotation. We need to capture precise data in this 

location, so the proper use of instrumentation for this aspect is particularly relevant. 

Accelerometer placement on the steering wheel isn‟t trivial. There can be different positions 

and methods of implementing this element. Formerly the steering wheel and steering 

column were associated with a fixed configuration. Nowadays we have the possibility to 

change its configuration in both height and depth. Also, the strength of resistance to rotation 

provided by the steering column can be adjusted with the intervention of electromechanical 

or electrohydraulic components [10]. This complicates the original situation desired of 

repeatability, creating the need to establish a protocol so that any vehicle can be compared 

to the rest. 

For feasibility assessment, we reduce the possibility of placing the accelerometer to the four 

cardinal positions of the wheel, (0-90-180-270 degrees). Positions at 90 and 270 degrees 

are deemed not feasible because they correspond to the position of the pilot hands gripping 

(Experienced drivers may be able to avoid their hands in this position, but for safety it has 

been decided not to use these positions). Therefore the valid choices will be 0 and 180 

degrees. 

 

Figure 12.2.4.1 Accelerometer placed on the steering wheel 
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Another option would be to use two accelerometers shifted 90 degrees between them. This 

would give us information about the rotational vibration which can undergo the steering 

wheel and perceived by the driver. Currently there are many studies of this type, resulting in 

malfunction of some elements of the directive part of the vehicle such as wheel 

misalignment. This is not the objective of this project, and therefore this system is not used. 

Moreover, as we have seen in the previous paragraph, would require an accelerometer 

placed at 90 or 270 degrees, and we have seen that we avoid fixing the accelerometer to 

these positions for safety reasons. 

Initially, following the protocol established by CTS engineers, the accelerometer is placed on 

the top of the steering wheel. During tests, steering column is positioned in the lowest and 

deepest possible part. As noted in various studies [10] this position corresponds to the 

worst case, i.e. more vibration transmitting. This setup aims to achieve the maximum 

intensity in order to avoid null signals. 

To set the accelerometer at the wheel, the chosen method is connecting it to the base by 

means of a flange. Then we use a two-component glue to attach the accelerometer at the 

base. A detail of this can be seen in the picture 12.2.4.1. 

12.3. Tests 

12.3.1. Introduction 

Choosing to perform testing is a very important issue. As seen in the design goals in 

chapter 8, it is desired some tests that do not affect overly external variables such as 

climatology or temporary erosion. This is wanted to achieve the highest repeatability. They 

should be designed to cover the largest possible spectrum of driving situations. 

Tests should gather two basic issues when riding. Initially, the first aspect should be about 

driving on a normal road, to test what we call Random or stochastic. This situation is most 

common when driving, as it includes city traffic and highways. The second test should treat 

the second general factor when driving, which is to pass through obstacles or impacts. We 

call them the deterministic test. This test covers situations such going up or down of a curb, 

driving over a sewer cover or over an expansion joint in the highway 

For this project, we have used the private facilities of Applus + Idiada. In a location like this, 

the state of the track is very stable, thus reducing test input variability. This is a common 

setting for carmaker‟s CDB testing and other types of test. Using conventional or public 

roads would have reduced the options of obtaining results suitable for comparison across 

vehicles. 



Generation of ride comfort index   47 

 

An important constraint of our protocol is not to extend the test length. Streamlining the 

entire process of data acquisition and calculation reduces costs. We have to understand to 

go to centers like Idiada generate a significant cost impact on the test.  

The influence of speed is crucial in these tests. It is not the same to impact against a curb at 

10 km/h than 100 km/h. As we have been discussing, we want to establish evidence to be 

representative and truly comparable. Therefore speed has to be known and stable and it 

has been established at 40 km/h. The influence of speed and also the reason will be 

considered in the validation of the solution in chapter 13. 

But first, let's start by describing the two established tests. 

12.3.2. Random test (Stochastic) 

The Random test is probably the most representative test of normal circulation, and thereby 

the most important. Over this section we will see its description and evolution in order to 

understand their physical underpinning and real application. 

First we will describe the evolution. In an origin, and as seen in the Nadim Maamari project 

[6], this test was performed on the open road, i.e. the car was tested and even CDB 

features was measured in a random ride by conventional roads. As has been noted in the 

initial paragraph this causes great disadvantages. To begin if the path is not always the 

same, any comparison is meaningless. The same happens if road conditions also vary, as 

in a resurfacing or deterioration. The possibility of encountering traffic during the test can 

also be a disadvantage, unable to keep a constant speed. Pass through a sewer or 

unexpected impact can also cause failure in these processes. This affects directly 

generating a lack of repeatability. 

To solve this error must resort to controlled tracks, where conditions are constant. This 

presents two possibilities, have own tracks or use external tracks controlled. Obviously the 

first option gives total control, but turn their costs are extremely high. In external tracks we 

can find the same benefits but significantly reducing costs. 

In such installations, such as for example the Idiada tracks [16], may exist many types of 

tracks. For this particular purpose, the stochastic test, may use different tracks: track 7 of 

comfort, PAV (high-speed track) and track 3 of resistance. All deal with a section of road 

with different types of roughness including variant asphalts. 

The high-speed track or PAV is an oval circuit that can reach speeds higher than 250 km/h. 

The asphalt is slick and fine, very similar to what can be found on a highway, only curves 

roughness produced something to excite the vehicle. For this reason it may not be 

convenient to use this track to extract information, given that it has very little input. 
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Figure 12.3.2.1 High-speed track of Idiada 

Track 3 of fatigue has a section where the asphalt is rough with transversal stripes and 

incorporate cobblestones and unevenness‟s. It is designed to simulate certain sections of 

road where these stretch marks are used to increase adhesion. Unlike the PAV much input 

exists causing a lot of very high frequency vibration manifesting as noise. Even to cause the 

driver to lose steering wheel contact with the hands. The pilots were not able to correctly 

evaluate the vehicles with this track, and this is a fundamental part of the methodology to be 

used (compare the cars with the subjective results). So this track shall not be used for this 

purpose. The purpose of the track is to achieve the maximum fatigue to check the car 

reliability, not to evaluate CDB. 

 

Figure 12.3.2.2 Fatigue track of Idiada 
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For the purpose of this project, track 7 (also called “of comfort”), has been preferred, 

because it is a track commonly used for CDB testing. The rest of tracks can be used and 

their influence will be discussed later in chapter 13. 

Track 7 consists of two strips of high roughness asphalt in a straight section of 300 meters, 

generating great excitement of the dynamic system of the vehicle under the same 

conditions that would occur on any road. This is well suited for our purposes because it is 

representative of the case to be simulated and studied. 

 

Figure 12.3.2.3 Comfort track of Idiada 

We talked about the evolution and the description of the track chosen for this method. Now 

we will explain the operations to be performed on this test.  

Once the vehicle is properly instrumented as seen in the previous section, the vehicle is 

transported to the entrance of the corresponding track, in this case the comfort track 7 of 

Idiada test circuit. 

It is recommended before starting the test to heat the vehicle, for example driving around 

the PAV and after entering track 3 (fatigue). This causes all devices influencing this purpose 

to work properly and as they would do in a real situation. Once in the track, the data 

collection system is switched on. Pressing the shutter the system starts recording just 

before going through the rough bands at a speed of 40 km/h. When the track finished shoot 

the trigger to stop recording. This process is done 3 times to get more information. 

After this operation we would be ready to address the next test. 

12.3.3. Deterministic test 

The second and final test of this model is the deterministic test. It consists in a set of 

different impacts along a straight track. 

This test is less representative of real driving, usually we do not circulate receiving impacts 

like the one in this test. However, a shock of this kind allows us to perceive the dynamic 

behaviour of the vehicle, so it is an interesting test. 

The deterministic tests are carried out on the track 7 Idiada comfort, consisting of 25 
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deterministic inputs grouped into six different sections by about 1 km. As in the random test, 

to improve the result and get a lower statistical dispersion is passed three times over this 

track at a constant speed of 40 km/h. For our application we will analyse data from only four 

tests, which are presented below. 

1st U-shape:  

The obstacle in this test is a deterministic U-shaped hole with a beginning downward slope, 

followed by a backslash and then a positive slope. The total drop of the wheel is 5.5 cm. 

This test is repeated five times on the track. The scheme is shown to the left and the actual 

photograph on the right. 

 

Figure 12.3.3.1 U-shape test 

2nd Big step positive:  

The next test is a simple obstacle in the form of positive curb. The step height is 2 cm. This 

test is repeated three times on the track. 

 

Figure 12.3.3.2 Positive input test 
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3rd Big step negative:  

It is the same test as above, but instead of hitting the wheel against the curb, he falls from 

the top asphalt. This test is repeated three times. 

 

Figure 12.3.3.3 Negative input test 

4th bar:  

Finally, the following test is an obstacle in the form of bar in the axial direction of the car. 

The outline of the obstacle is shown in the following figure. This obstacle is repeated five 

times on the track. 

 

Figure 12.3.3.4 Bar test 

As we see with these four types of testing we cover the full range of impacts that can occur 

in routine circulation. The rest of deterministic tests were considered to represent only 

exceptional situations, as something too random to be included in this study of comfort. 
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12.4. Data processing 

12.4.1. Files 

After reviewing the tests and instrumentation, we must proceed to analyse the data 

processing. During execution of the test, signals are recorded temporarily and the initial files 

are generated for each test. These were not functional in this state, as intervals of interest 

are recorded unwanted and disorderly (which does not benefit the programming). For that 

reason we have to preprocess the signals. 

Once we have transferred all the data from the accelerometers to the data acquisition 

program, these are treated by a specific Diadem macro created by Idiada. This macro 

generates different types of reports and adapts the performing FFT [18] (Fast Fourier 

Transform to transform the time domain to frequency domain) and other signal applications. 

But this is not the subject of our study, and we will address only the part of the program that 

affects specifically this project. 

The data is stored as ASCII, and then converted by a subroutine of C++ into the data format 

required by Diadem. 

In our application, raw data consists of six files, three of the random test with three laps and 

three deterministic tests also with three laps. In this macro a range of modifications are 

made on signals that help us to simplify the programming of the tool and consequently to 

improve the readiness for the analysis (speeds up the process and avoids processing 

errors). These modifications are generally cuts, unions and name changes. 

So let's move on to study each case separately. 

12.4.2. Random test preprocessing 

Let's begin with the signals to be processed in the Random test. 

We have two accelerometers of interest, the one from the steering wheel and the seat, with 

three signals (X, Y, Z) corresponding to the three spatial axes. Thus six signals for each lap. 

When we make three laps, 18 signals of interest in this test are generated. 

Each signal collected at a frequency of 1000 Hz, characterized by the specifications of the 

instrumentation, so every second 1000 data points are collected. The duration of these 

recordings is typically around 30 seconds. 

The first thing this macro does is to collect 3 laps in a single signal. So finally obtain two 
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groups of signals: A large group (X, Y, Z) of the wheel and the seat. It also gives the option 

to trim the beginning and end of the signal if it has not been accurately with the trigger 

during the test (The trigger is operated from the vehicle to start saving data). 

 

Figure 12.4.2.1 Union of the three laps on the Random test of the seat accelerometer at the 

XYZ axes 

Once it the union has been made and adjusted the beginning and end of the signal, the only 

remaining step is to rename properly each signal. For it, is only required connect the 

accelerometers orderly to the datalogger. This ensures that the program automatically 

detects always the same order and the same channels. This avoids potential cross-linked 

errors. 

12.4.3. Deterministic test preprocessing 

Now we will analyse the data preprocessing needed for the deterministic test data. 

Regarding the signals of this test, the procedure is similar to previously analysed in random 

testing, but slightly more complex. It needs to detect and cut more sections, matching the 

different obstacles of every lap. 
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As it is acquired with the same instrumentation, we continue receiving 3 channels (X, Y, Z) 

for each of the two accelerometers (seat and steering wheel), and each of the three laps 

that are performed in the test. The first step performs Idiada macro is cut into separate 

impact of each signal produced by each obstacle deterministic parts. Detects both past the 

front axle and the rear axle, and also separates them. 

The process to know what each peak acceleration obstacle belongs is because the 

obstacles are always in the same order in the track. Therefore each hit can be identified and 

segmented. For example, the first impact is a U-shape. So the first impact (peak signal) 

read and detect by the macro will be a U-shape of the front axle, both the accelerometer the 

steering wheel and seat, finally cutting them. 

 

Figure 12.4.3.1 Signal of impacts in the U-shape test in the X and Z axes 

So we sign two accelerometers in three axes XYZ, separated front and rear axle, for each 

type of obstacle, and in three laps. It also allows the option to trim the beginning and end of 

the signal to adjust manually if a mismatch in the input or an output track occurs. This 

producing a new signal impact and cut unscrewing the remaining test. 

As a result of these steps, we have a large number of separate signals but with a name that 

will allow us to easily study them. 
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12.4.4. Conclusions 

Having seen the data processing by Idiada‟s macro, a problem with this process can arises. 

We have seen how this methodology produces a large number of signals, collected by the 

accelerometer at 1000 Hz. This totals large amount of datapoints collected, which brings 

processing time challenges.  

For example, in the U-shapes is achieved by passing 15 times every bump (five hits for 

three laps), they split between front and rear axle (30 signals) for each axis XYZ (90 signals) 

and two accelerometers (end 180 signals). 

This will be the same for each of the four types of impact. Therefore we will work with wealth 

of information. Making quick calculations, by the random test are 18 signals from 30 

seconds to 1000 Hz, which are about 600,000 points, and the deterministic part 576 signals 

500 points, generating a final number of 300,000 points. In total we will work with about a 

million time points analysed. 

It may seem that this is an acceptable amount of points for trying, but the reality is that there 

are few programs that can take so many fields. For example, the Microsoft Office Excel 

program system is only able to take 65,536 rows. This may seem now that is not relevant, 

but it is actually the reason that DIAdem software is used. 

Finally, Idiada macro allows to save and store these data in two files .TDM (DIAdem 

generics files), one for the random part and one for the deterministic part. Therefore, we will 

be very comfortable working in this program, subsequently not having to further convert the 

data for the processing. 

Once this process has ended will be in a position to focus on the analysis of the data, which 

is the key part of this project. 

12.5. Data analysis 

This is the most relevant section of this project and where the methodology is allows 

obtaining ride comfort indexes. Everything seen before are steps that allow us entering into 

this section with data suitable for the analysis. As discussed below, we will examine four key 

datasets, which are the signals received by the seat accelerometer in the random test, seat 

accelerometer in the deterministic test, steering wheel accelerometer in the random test and 

steering wheel accelerometer in the deterministic test 

The methodology implemented in this project will be applied very uniformly across these 

four datasets. 
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12.5.1. Introduction to the operational analysis 

While sharing many similarities in the four signals to be analysed, there will be a similar 

operation, in which the specifications vary. In fact the general outline of the process is 

maintained. An overview of the process to be applied in the analysis of each of these parts 

is as follows: 

1. It starts operating with pure accelerometer readings from each of the tests we have 

discussed above. Datasets have been preprocessed by cutting, joining sections or 

renaming them, but signal remains pure. It is defined as pure because the signal 

has not changed, values remain the same as when they were collected from the 

accelerometer. 

2. The next step is to filter the signal through different filters. The intention is to get a 

weighted estimate of what a human body perceives. This part is the most important 

because it has the responsibility of linking the signal intensity perceived and if 

perceived as way uncomfortable. This filtering is specific for each test, and we even 

have to divide the data into different axes: The human body perceives differently 

depending on the direction of the acceleration. 

3. With the filtered signal, we will calculate a representative value of this in order to 

obtain an exposure index. The results of this part depend a lot on the procedures 

followed in the previous point. Different methodologies can be applied and their 

suitability will be studied. It should be understood that this value is subsequently 

processed to obtain an index between zero and ten. This process will be discussed 

in section 12.6. 

These three steps will vertebrate at each of the four analyses discussed below, although the 

two have assembled concerning the steering wheel. This process will be as strictly used in 

all analyses to be described below. It has to be alert to failures that may appear, to resolve 

them and obtain good results. 

Therefore, start with this methodology for the seat accelerometer at the random test. 

12.5.2. Data analysis of the seat accelerometer in random test 

12.5.2.1. Introduction  

This is possibly the most informative analysis we can find of the four that we will study. This 

consists of the analysis of the signal obtained from the seat accelerometer at random test. 

We have to remember that studies the signal analysis of the three laps that are conducted 
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on track seven, so-called “of comfort”. 

Historically, professional pilots of CTS have gathered the opinion that perception on the seat 

in random drive along track seven is the most suitable descriptor of whole CDB perception 

of a specific car model. 

Nevertheless, we will not depreciate the remaining signals, as we know that they can 

expand the information we collect from our tests. 

It is key to find a filter that has the ability to translate from pure signal to the pilots CDB 

perception. This requires considering two steps. First, the pure signal, which is collecting 

from the accelerometer have to analyse that part of this or the intensity that the human body 

has the ability to perceive. As a second step must come analyse how much of that signal 

distinguished by the human body is perceived as comfortable or uncomfortable. To begin 

with, as in the implemented Nadim Maamari [6] system, the filter found in the ISO 2631-1 

[3] and test their performance. 

Then filter this study we pay special attention to the calculation of a value that allows us to 

index the test. A representative value will call this value, which must be representative of this 

test. To do this we use the typical tools of signals study (RMS, VDV, integration…). As 

discussed in section 12.6, an increase of this value will mean a signal with a lower degree of 

comfort. 

Finally we will post the results of different vehicles analysed and expose the implementation 

in the programming language Diadem. The purpose of these two sections will draw a 

conclusion that somehow allows us to validate the methodology applied. 

As we see, follow faithfully what has been discussed in the previous section on systematic 

operational for this type of analysis. Therefore we will begin studying the signal collected in 

this test for this accelerometer. 

12.5.2.2. Time and frequency domain spectrum 

As initially commented, spectrum time domain random test arises from the union of three 

laps along track 7 of comfort. Obviously, the graphic representation of this signal is 

separated into three parts, one for each axis (X, Y and Z). 
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Figure 12.5.2.2.1 Signals of random testing in all three axes 

It can be easily seen that the signals from all axis have a similar order of magnitude. Still 

there are some interesting facts. One can see that the X axis signal points or acceleration 

tips presents more than the other axes. Also in the Z-axis a greater amount of vibration and 

signal peaks are observed, while "Y" axis has the lesser intensity. This is consistent with the 

nature of the test. If exist any excitement will be reflected in the XZ plane. That is because it 

is a straight line test where does not appear lateral accelerations which alter the signal 

perceived by the accelerometer on the Y axis. 

After represented the time domain we will transform the signal to the frequency spectrum by 

FFT [18] (Fast Fourier Transform). It never ceases to be a simplified way to get a Discrete 

Fourier Transform estimate. This will allow us to treat the signal to a simpler way when 

filtering.  

The discrete Fourier transform (DFT) is a specific kind of discrete transform, used in Fourier 

analysis that assigns a function to another for a discrete set of points. Basically relate two 

finite series of length N. Given a series x[k] for k=0, 1, 2…., N-1 the discrete Fourier 

transforms this sequence into X[r] for r=0, 1….N-1 and the transformation is done following: 

 

And conversely the inverse of transform is done using the following formula: 
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The mapping from the time domain to the Fourier domain is performed using the FFT [18] 

algorithm. This is performed by deploying this section in Diadem with predefined functions. 

In the next step we perform a Fourier transform of the acceleration. 

Figure 12.5.2.2.2 FFT in the three axes of the random test seat unfiltered 

As can be seen in the previous figure for the Z direction has large part of the information 

signal between the frequencies of 0 to 50 Hz. While the direction X, see that the largest 

vibration is around 20 Hz. Y axis shows a distribution in the spectrum unchanged. 

Moreover, it is interesting that all axes to 87 Hz showed an important peak signal. Has been 

determined that this is a harmonic signal peak from the vibration mode of a subsystem of 

the vehicle because if we extended the frequencies beyond 100 Hz we would see more 

harmonics distributed by the graph. But we must understand that the human body is not 

able to perceive this magnitude of vibrations. Therefore we will focus on the previous 

frequency range. 

12.5.2.3. Signal filtering 

After we get the three channels of the frequency spectrum thanks to an algorithm that has 

been programmed into DIAdem, we can address to filtering. This is a very important point 

because we must transfer the signal received by the accelerometer to that senses the driver 

while driving. 

We begin by evaluating the behaviour of the filter that is used in the ISO2631-1 [3]. It is 
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about perceived vibrations in the center of gravity of a seated human body. According to this 

norm, these vibrations are such a pattern that comply the following specifications: 

1. The region between 0 and 0.5 Hz is reserved for dizziness (a phenomenon that 

occurs at very low frequency vibration). As we have seen in section 11.4 is not within 

the study of this project 

2. The human body has no sensitivity above 100 Hz  

3. As the frequency increases from 10 Hz the human body begins to lose sensitivity 

4. There is a jump in perception between [0-5 Hz] (lower) to the [7, ... Hz) (top) 

All that can be translated in three filters combined into one filter to evaluate formed at this 

early stage. 

To begin with, we analyse the first filter. Is a high-pass filter and low-pass between 0.5 and 

100 Hz such that: 

 

Figure 12.5.2.3.1 High-pass and low-pass filter 

We can implement this filter using a subroutine already created by DIAdem, we just pass 

cutoff frequencies. So do not be need to create a specific program for this part of the filter. 

However, the formulation of this filter is: 

 

With this filter what is intended is to meet the two specifications set out in the norms (1 and 

2). There are about the ability of the body to not perceive vibrations above 100 Hz and 
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reserve the lowest frequency band to study the effect of dizziness. As we have seen in the 

study of the frequency domain this is consistent with the data. The reason is because in all 

axes the relevant information was placed between 5 and 50 Hz. 

The second part of the filter corresponds to a decreasing filter that decreases from 10 Hz. 

The following figure illustrates the behavior of the filter for different cutoff frequencies and 

quality factor. 

 

Figure 12.5.2.3.2 Decreasing filter  

Keep in mind that in the ISO2631-1 this filter is designed with a quality factor of 0.62 to 

generate zero gain at the cutoff frequency. This filter can be implemented by Diadem 

equation provided by the ISO2631-1: 

 

The aim of this filter is to fulfill the third specification presented in the normative. This filter is 

consistent with the analysis performed previously on biomechanical models. During this was 

stated that the response of the human body vibration is only relevant within that frequency 

range, and from this point it begins to lose sensitivity linearly. 

And finally we call the filter, Upward-Step, which describes the transition from a low 

frequency to high frequency due to acceleration. As in the above case is shown in the 

following image filter pass different frequencies and different qualities of the system, in 

order to understand the operation of the variation thereof. 
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Figure 12.5.2.3.3 Upward-step filter 

This filter can be implemented through the equation provided by the ISO2631-1 manually in 

Diadem: 

 

As the name suggests the following filter perform a step forward in the frequency spectrum 

of frequencies between f5 and f6. The quality factor Q5, Q6 is used to quantify the damping 

takes place during the transition to the corresponding frequencies. 

This filter pursues to meet the fourth specification presented in the normative. It is related to 

the variation of acceleration and how it influences the perception. In simple terms, when the 

human body undergoes a change in high-frequency acceleration is better able to perceive 

that if they occur at low frequencies. We understanding a high frequency the superior of f6 

and low as below of f5. 

Finally the total filter is obtained by the result of multiplying the three filters at level equation, 

and graphically the result is such that: 
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Figure 12.5.2.3.4 Combined filter of the ISO 2631-1 

As shown in the graph, this filter being fulfilled the four specifications that were required to 

start. All this was already created and implemented in the ISO 2631-1, therefore is not 

designed nothing new. In fact, in the study by Nadim Maamari [6] applied this filter in its 

methodology. The CTS engineer tested this method, and the result was not satisfactory. 

The interpretation given to the results were deemed misleading. 

In order to solve this problem, we noticed that this filter does not evaluate the comfort. We 

note that this filter is very focused on the area of 10 Hz, which coincides with the natural 

vibration of the vehicle body. Therefore this filter is much more acute in the vibration that 

travels the bodywork and a human being is able to perceive. But this filter not difference 

whether this vibration causes feelings of comfort or of discomfort. Therefore is not useful for 

this task. 

As seen above in the section of the comfort perception in chapter 9.2, it was decided to 

implement one of the conclusions developed by the experimenters drivers: when assessing 

CDB, it really bothers us are those unexpected vibrations. I.e., outside the range of 10 Hz, in 

particular we look at the area of 20 Hz. In fact the frequency band 20 to 50 Hz is usually 

considered the resonance of the subsystems present between the wheel and the body 

(steering column resonance, motor ...). We know this from experience demonstrated by the 

experimenters of CTS, which from his experience warn that these vibrations are not 

expected and thus they are felt more as discomfort. 

Thus look at that frequency band corresponds to look or increase the possibility of finding 

vibrations perceived as uncomfortable. That is because these resonances are not visually 

perceive and are usually unexpected. This does not imply that the filter model is wrong. 
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Actually it has a physical basis which is very useful (eliminate vibrations that the human 

body is not able to perceive). But our proposal is that it should be adjusted to suit the new 

parameters of CDB exposed in this section. 

What we have done to comply with the criteria of CDB, has been shifting the filter to the 

area described as unexpected vibrations, such that: 

 

Figure 12.5.2.3.5 Modification of the original filter to CDB parameters 

As can be seen, the filter is practically the same, but has been shifted so the action of the 

Upward-step to area of interest falls between 20 and 50 Hz. Although it seems that this 

modification is simple, it must be understood that varying a parameter of the previously 

observed filters causes a profound modification of the final filter. Therefore all values have 

been revised. The characteristic values of this filter are: 

From high-pass and low-pass filter: f1=0.5 f2=55 

From decreasing filter: f2=46 f3= 47 Q4=0.68 

From upward step: f5=6.7 f6=9.7 Q5=0.9 Q6=0.9 

Even so, this filter did not provide quite convincing results. This filter was not differentiating 

between the perceptions of different axes, which is critical in the sensitivity of the human 

being. We do not have the same perception in the vertical Z axis than in the horizontal X or 

Y axis. Provided to mitigate this effect it was decided the division of this filter in two different 

filters, one for the X axis and other for the Z axis. For the Y axis, as it has virtually no energy 

during this test, was decided to apply the same filter as the Z direction 

Therefore, the filter applied in the Z and Y axes are the same that in the image presented 

12.5.2.3.5, because correct results were achieved for these directions. For the X axis is the 

one shown below: 
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Figure 12.5.2.3.6 Modification of the previous filter to CDB X parameters 

As can be seen in this axis profound modifications have been applied. What is wanted is to 

collect more detail the effects of the subsystems that impact on this direction, such as the 

vehicle's axles. The final values of this filter are: 

From high-pass and low-pass filter: f1=1.2 f2=55 

From decreasing filter: f2=27 f3= 48 Q4=0.79 

From upward-step: f5=12 f6=20 Q5=0.9 Q6=0.85 

Once applied these new filters, the resulting frequency spectrum obtained will be of the 

type: 

 

Figure 12.5.2.3.7 Frequency domain once filtered  

As can be appreciated, we eliminated all high frequency vibrations, and enhanced the area 

between 20 and 50 Hz, as pursued with the news filters. In the next picture we can see how 
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they have been removed or changed those frequencies after applying the new filters: 

 

Figure 12.5.2.3.8 Comparison of frequency domain before and after filtering 

To restore the filtered signal to the time domain, we will put it through the inverse Fourier 

transform, obtaining filtered signals such as: 

 

Figure 12.5.2.3.9 Filtered time signals 
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Can be see how it has changed the original signal compared to the new observing this last 

image with figure 12.5.2.2.1. The main difference is that the filter has removed all the 

vibrations that the human body is not able to perceive and those that have no relation to 

CDB. 

Once we have obtained this new filtered signal, we start focusing in getting a descriptive 

value able to indicate CDB level. 

12.5.2.4. Representative value calculation 

Finally, with the filtered signal we calculate a representative value of the resulting signal to 

index it. For this, as in the previous section about filtering, will start the process by assessing 

the system exposed at the norm ISO 2631-1 [3]. 

The first step the norm encourages to perform is evaluate the three signals together, as the 

system must be able to take into consider the signal as a whole. The acceleration or own 

vibration is the result of the combination in all directions and this combination is which 

should be evaluated. To do this we will combine the three axes in a single signal normalized 

by the following equation: 

 

Where Kx, Ky and Kz are weights that can be applied to the three axes. In the ISO 2631-1 

[3], all axes are rated equal, therefore equal to 1. As discussed in the previous sections 

must also take into account the sensitivity of the human body is greater in the X and Y 

vibration, and lower in the vertical direction Z. For this purpose it was decided to set (Kx, Ky, 

Kz) = (1‟2, 1‟2, 1) constants weights according to reference [9] that specifies this gain in the 

horizontal plane. 

Once obtained the combined, weighted and filtered signal we will calculate the vibration 

dose. For this, like indicated in the norm, a VDV (Vibration Dose Value) is used. This rises 

to the fourth power each point of the signal, sum each point (integrated) and finally the 

fourth root is made. In fact it is similar to the RMS (root mean square) but equivalent to the 

fourth power: 

 



68  Generation of ride comfort index 

 

After evaluating the performance of this calculation was found that was very unstable. With 

completely normal tests results are ordered correctly with the subjective results that gave 

experimenters of CTS. But at the time there was some small variation, peak signal (for 

example when entering a track, a small edge causes a vibration) or small experimental 

error, the results were wrong. This is because this type of calculation, the VDV, being raised 

to the fourth power is extremely sensitive to the signal peaks, and this is not what we want. 

Our goal is to evaluate the complete signal, that does not vary too much for a single signal 

peak, because in this section is not being evaluated impacts or signal peaks. So finally the 

RMS, typical signals research tool, which is the same calculation but bringing to the table 

each point and finally realizing the square root, will be used. 

 

In this regard, the RMS evaluation is more stable with the complete signal. Because being 

raised to the second power, this method is less sensitive to signal peaks. After seeing the 

results using this system, they are perfectly ordered with subjective outcomes. Also small 

variations or peaks do not distort the final evaluations. 

To implement the integral for the sum of signal points in DIAdem we create a subroutine 

based on the integration thanks to an approach by Simpson, because the integral 

predefined function DIAdem not tolerate discrete channels, being the rule such: 

 

The trapezoidal rule between each differential interval of two consecutive time points is 

used, which should give a range of 0.001 seconds (1 second divided the sampling 

frequency of 1000 Hz). So the area is achieved under each section straight between two 

points. There are also no tradeoff problems between negative and positive areas because 

to perform the RMS all the points are positive by squaring. The combined areas would like 

the following example: 
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Figure 12.5.2.4.1 Example of sections of a signal with 20 Hz sampling frequency 

Due to the implementation of these changes an assessment that matched correctly with the 

subjective results was obtained. In addition we have a relationship with the study more 

faithful to the idiosyncrasies of the test signals. 

12.5.2.5. Qualitative validation of the RMS value 

We are going to compare three very different segments of vehicles to see their behaviour 

under the model implemented in this section. With this method we can observe how affect 

they the different subsystems of a vehicle. For reasons of confidentiality with the companies 

and brands involved, the specific models of each car were not shown. 

We will use three vehicles in all tests along this project, so we will call these vehicles like 

Car-1, Car-2 and finally Car-3. We will respect this agreement provided to compare the 

results of each vehicle and so to reach conclusions about the model and its influences in the 

final validation of this project. 
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Vehicle 
RMS 

Results 

Car-1 0,701 

Car-2 0,555 

Car-3 0,485 

Table12.5.2.5.1 Seat-Random test results in three different cars  

As we can see we have chosen very different vehicles. The first vehicle, the Car-1, is 

corresponding to a small vehicle with rear rigid axle and with a sporty suspension character. 

CTS pilots and experimenters described this vehicle as a car with excess of copied 

(phenomenon in which the entire asphalt roughness transmitted to the vehicle as vibration). 

Therefore, to find such a high value corresponds exactly to the subjective evaluation of this 

car. 

The most outstanding vehicle is the Car-3. As we can see is the vehicle with best result 

because the RMS value is the lowest, so that its signal intensity is lower at rest in this test. 

This model corresponds to a higher level than the other two vehicles segment, as well as 

having a system of independent rear suspension with an electrically controlled adaptive 

suspension (has the ability to be hardened or softened as a series of input parameters). 

According to subjective ratings of the pilots, this vehicle feel completely isolates copying 

asphalt, offering levels of CDB range superior to the rest. Therefore, the results again are 

consistent with both the specifications like to the assessments. 

The second, Car-2, is the vehicle of an intermediate size, also with rigid rear axle, but with a 

suspension of more standard, with less sporty damping character and without being 

adaptive. As we see are situated in an intermediate position, which is consistent with the 

dynamic behavior of the vehicle, both for its technical specifications like per the valuations 

expressed by the experimenters. 

Therefore, we have obtained consistent and representative results from both, the test and 

the vehicles. 

12.5.2.6. Implementation in DIAdem 

As has been discussing previously, DIAdem uses a programming language similar to 

Microsoft Visual Basic that allows us to implement programs with a simple interface. Its 

main use is to automate everyday tasks and build applications and database services for 

desktop. They allow access to the functionalities of an event-driven language and access to 

the Windows API. 

In addition, DIAdem script has defined a number of great predesigned features for this type 
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of study. They are usually statistical functions, or for example the FFT [18] and its inverse 

function. This saves us a lot of time when writing sub-tasks. 

Obviously we will not write all the code for this project in each section, because otherwise 

over 160 extra pages would be needed to cover the text. Therefore, we will briefly describe 

the characteristic terms in each section. First, a flow chart of the process should help to 

understand this: 

 

Figure 12.5.2.6.1 Flowchart of the seat accelerometer random test data processing 

For this analysis, the seat-random test, the points have been seeing in the previous 

paragraphs are followed. Initially it has the Fourier transform performed by the FFT DIAdem 

function for each random signal. Below were manually implemented three functions, one for 

each filter, to create the total filter. For this we have used the functions specified in ISO 

2631-1 [3]. But it have left the frequencies and values of quality variables as adjustable 

parameters, in order to make adjustments and tests. Also to distinguish between the two 

filters used along the axis that was being analysed. 

Once filtered these values we go back to the time domain with the inverse FFT [18] 

(ChnInverseFFT), which is also a subroutine DIAdem predesigned. Then passed to another 

subroutine with a weighted function created manually and standardize the three filtered 
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signals to obtain a single one. Finally, the RMS is performed thanks to the approach of 

Simpson (for the sum) also implemented manually with the formulas expressed in the 

previous chapters. 

Due to the use of predefined DIAdem functions are significantly reduced the lines of code 

compared with the implementation of the functions manually. This creates a faster and more 

efficient subroutine, generating a less weight final file with less memory usage. To get an 

idea of the final work in this section, of the approximately 4500 lines which has the final 

program, about 750 lines are designed exclusively for this purpose.  

12.5.2.7. Conclusions 

We will try to summarize some conclusions we have been extracted through this analysis. 

We will follow the points that have been developed in an orderly manner. We will start with 

the first point at which it was possible observe interesting things. 

In this case we start with the filter. We were really concentrated on all the methodology of 

ISO 2631-1 [3]. What has been observed is that the whole system is able to evaluate the 

vibrations but not to evaluate the comfort. In fact, the feeling that makes this ISO is that of 

be very focused on the study of the effects of vibration on the health of persons. Therefore 

the calculation of vibration dose is a means and not a goal. 

This is very reflected in the filters proposed in their study. It is interesting and very helpful 

the ability of this filter to transfer vibrations from the accelerometer to what the human body 

sense. But there is nothing about the CDB. This can be seen in for example no 

differentiation in the filters used according to the axes. 

Another clear problem with this topic is the implementation of VDV instead of RMS. It is 

clear that this system what is being sought is to find the peaks to evaluate its effects on 

people. Instead the RMS is much more representative of the signal and therefore more 

suitable for this purpose. 

Is believed that the ISO methodology is more appropriate to calculate, for example, the 

amount vibrations suffered when an operator is handling a hydraulic hammer, because with 

this method can predict how long it may be working without having repercussions on their 

health. 

It can be concluded that this system helps us to find the vibrations that really are perceived 

by the human body, but not to distinguish uncomfortable vibrations. Therefore its 

modification has been adequate. 

Continue with the study results. As we have seen the results fit perfectly with the subjective 
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results of the experimenters of CTS. Once seen as the results vary we can ask which 

vehicle systems involved or affect the results. 

As can be seen this type of test allows us evaluating all vehicle systems together. For 

example, we have seen that rear axle vehicles have different results, some good some not. 

However, vehicles that together present an uncomfortable behaviour by combining all 

systems have poor performance. 

Finally, the last comment to be exposed is the fact that the program could have been more 

agile, because initially the programming language used was unknown, and have wasted 

useful functions for this purpose. 

Even so has succeeded a tool that complies with the requirements initially set and it works 

properly obtaining a desired result. 

12.5.3. Data analysis of the seat accelerometer in deterministic test 

12.5.3.1. Introduction  

The next signal to be analysed is produced by the seat accelerometer in the deterministic 

test. Together with the analysis in the previous section would complete the study of the seat 

accelerometer. 

The attempt is to simulate with this process the second most common action in daily 

circulation. This test is essentially based on impacts, as we can find when we climb a curb 

or when crossing an expansion joint on a highway. Obviously this process is less usual than 

the asphalt circulation. But due to this test it is easier to reveal the dynamic behaviour of the 

vehicle. 

As it has already been discussed in section 12.3.3 about the protocol when it comes to 

testing, it will pass over a sorted series of impacts on the track 7of Idiada. The first kind of 

impact will be the so-called U-shape, which will relate to the transverse joints. The second 

type of shock will be the Big Step Positive or BSP, which is assimilated to the impact of 

climb a curb. The third, very similar to the previous, will be the Big Step Negative or BSN, 

which will recreate the status of down from a curb. Finally we test the bar or BAR, which 

attempt to simulate the effect produced by crossing a crossbar. 

With all these types of impacts we expect recreating most of the shocks that can be 

suffered when driving on a daily basis status. For example crossing a sewer that is deeper 

than the field will be similar to first pass through a BSN followed by BSP. Will have to 

consider that each test gives us different information and it will be important to evaluate 

each test later to make a good weighting. 
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The study of exposure to shocks or impact is highly developed from the creation of the SRS 

[19] (Shock Response Spectrum) and which is very present in the ISO2631-5 [4]. 

Therefore, we will try to implement the development of the ISO in DIAdem for every 

deterministic test and evaluate their performance. This have the same intention as was 

done in the previous analysis: deduce whether we can be helpful or modify it to suit our 

requirements. 

Should be borne in mind that the perception of CDB in this type of testing is different to that 

seen in the previous analysis of the random test. This fact will have to be reflected in the 

filters that are used for evaluation. We will also have to keep in mind along this analysis how 

the tests need to be weighted to obtain a final value. So, we will have to pay close attention 

to the information provided by every different impact. 

Before getting started with this discussion, and like we did in the previous test, we will begin 

studying the original signals both in time domain and the frequency. 

12.5.3.2. Time and frequency domain spectrum 

Before starting with the analysis of the domains of this study first what will be done through 

the new program is to implement a channel resulting from the different laps performed with 

the vehicle. As we have reviewed, three test executions are performed to try to eliminate 

some of the dispersion of the data. But in this case there will not be gathered continuously 

three equal laps, but a representative average signal of all laps will be created.  

When impacting a car against an Idiada obstacle, we should always obtain the same result 

(same car, same conditions and same impact). But there is always deviation: go through a 

little faster, not to enter the wheels aligned respect the impact... That is the reason why is 

passed 12 times through the same impact (4 times for each of the 3 laps), to remove the 

dispersion. Creating an average of all signals a more representative result is obtained, 

mitigating errors or deviations. 

DIAdem incorporates an average function which will produce an average signal for all 

channels. With this function, we will generate two signals, an average signal of the front axle 

and another of the rear (as has been seen in section 12.4.3 where can distinguish the two 

signal peaks produced by both axes, and therefore can be divided generating two signals, 

the first of the front axle and the second of the rear), for each of the three spatial axes (X, Y 

and Z). So we get six averaged signals for each test.  

The time domain is different for each test and axis. We will have a signal for the front axis 

and other for the rear axis for each of the four tests, therefore a total of eight different 

signals and spectrums. There is no need to present the graphs of the eight temporal 
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signals, as they are not very different from each other, vary in intensity, but all will be similar 

to the following: 

 

Figure 12.5.3.2.1 Typical time domain of an impact 

Once obtained these averages channels, as in section 12.5.2.2, the second thing we deploy 

in this macro is passed the averaged channels to the frequency domain via the Fourier 

transform. Therefore we can use the same DIAdem utility previously used for random 

testing.  

 

Figure 12.5.3.2.2 Frequency domain of the tests on the vertical axis 

The first image seen above of the frequency domain is corresponding to the different tests 

on the vertical axis. The first thing to notice is that in the dominant frequency (around 15 Hz) 
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belongs to the U-shape impact on the front axle. This intensity is double that of the rest of 

signals. This is primarily due to the nature of the test, where the impact is greater depth and 

most noticed when it affects the front axle as it is closer to the seat. Most of the energy 

generated by these tests can be found between 12 and 25 Hz. although its amplitude is a 

half of the peak signal we commented. Even so all tests should be taken into account, since 

the information it gives us is different in each case. 

 

Figure 12.5.3.2.3 Frequency domain of the tests on the longitudinal axis 

We continue with the study of the frequency domain, but in this case with the X axis 

longitudinal. As can be easily see in the picture above, as with vertical axis test the U-shape 

dominates in amplitude, but in this case exciting the rear axle. This makes perfect sense, 

since the impact received by the rear axle is transmitted through the rigid axle (testing of 

these images have been made with a rigid rear axle vehicle) for the rest of the vehicle 

exciting horizontally. This is a very interesting fact, since we are observing that this test 

gives us a lot of information of how the rear suspension behaves in the horizontal direction. 

As we will see throughout this analysis, each test will give us different information about the 

dynamic behavior of the vehicle, especially in aspects of CDB. 

One can also see information as most of these tests is in the range between 10 and 30 Hz. 

As in the vertical axis, it can be seen that after the U-shape test, the Positive Big Step and 

Negative Big Step tests are placed with a similar order of magnitude in both cases. And 

finally, with minimum amplitude, we find the effects of BAR test. This is very important for 

the final weights of each test as it gives us an idea of the information that each test 

transmits. 

Finally, the study of the lateral Y axis virtually is meaningless because due to the nature of 

these tests: They produce minimal excitation in the lateral axis. It is true that the 



Generation of ride comfort index   77 

 

accelerometers collect information in this direction, so there is transmission of these 

vibrations. In order to find the origin of these small signals these vibrations are analysed. 

The entry on the impact does not usually occur with both front wheels instantaneously at the 

same time and this produces a small lateral acceleration input. In addition, the subsystems 

of the vehicles can cause transmission of accelerations with other direction to propagate 

until reaching a lateral direction. Nevertheless, the study was also performed, but its 

influence shows itself almost negligible. 

The time and frequency domain in this direction will be similar to that observed in the X axis 

because they occur in the same horizontal plane. Therefore, the relevant information in this 

direction will also be located in the band between 10 and 30 Hz. All of this will be relevant as 

we will see in the filtering of these signals. As we know, the directions of the accelerations 

are different in each case and have to make physical reference in this area, with the 

differentiation of the filters an option in this regard. 

12.5.3.3. Signal filtering 

The ISO 2631-5 [4] defines narrowly how the filters used to determine the transmission 

from a given point to the center of gravity of the human body in sitting posture must be. One 

can see that there will be two for this purpose, one for X and Y (horizontal plane) axis, and 

one for Z vertical direction. As noted in other chapters, the perception of CDB in the Z axis is 

very different from the rest, this phenomenon generally happens because of the 

constructive biomechanics of the human body, which is closely related to the orientation of 

the backbone. 

In the horizontal plane, therefore in X and Y directions, the response of the spinal column is 

quasi-linear and is represented by a model of one degree of freedom (SDOF) as seen in the 

picture below and equation: 

 

 

Being fn the undamped natural frequency with a value of 7.5 Hz and ζ is the critical damping 
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with a value of 0.22 according to ISO 2631-5 can be collated in reference [4]. According to 

the normative, to filter this signal one simple low pass filter is used, and their equation type 

is: 

 

Where  is the natural frequency of the system and  dependent quality factor 

of critical damping.  

One of the first things that had to be modified was the filter in the XY plane. The Z axis filter 

was working perfectly. What we observe is that the highest point of the filtered signal 

amplitude was not located in the first peak of the original signal. This is something illogical 

because the first term is directly caused by deterministic impact, while the rest of peaks are 

rebounds of the suspension. In this case what matters the most in this analysis is the 

maximum amplitude which occurs in the initial signal peak. 

 

Figure 12.5.3.3.2 Error in the deterministic filter X-Y 

As can be observed in the previous image 12.5.3.3.2 extracted from DIAdem about the 

vibration caused by a U-shape on the front axle in the X direction, the original signal (in red 

color) contains the peak of higher amplitude in their first period. As seen in the second 

signal, after the filtration, the peak of greater amplitude is located not in the first period, but 

rather in the second. This fact is clearly introduced by the filter processing. 

This is indicating us a failure in the characteristic parameters of the filter, which depend on 
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the natural frequency and critical damping. In order to achieve this correction which has 

been performed is to increase the value of the quality of XY filter through the modification of 

the critical damping value from 0.22 to 0.8. Also by locating the natural frequency of the 

damper from 2.125 Hz to 10 Hz area which we are studying (related to the natural 

frequency of the vehicle bodywork). All this has been deduced from the study of temporal 

and frequency domain of the previous section 12.5.3.2. 

 

Figure 12.5.3.3.3 Deterministic X-Y signal corrected  

As shown in previous figure, the new filtered signal has a direct correlation with the original 

signal, being the first peak the highest value. This maintains consistency with the nature of 

the test. Followed will provoke a similar process performed to the study of the seat 

accelerometer in the stochastic test such be returning to the time domain through the 

inverse FFT [18] and calculate a representative value.  

12.5.3.4. Representative value calculation 

Once in the time domain, we have filtered signals that will be representative of the car CDB. 

In this case one must understand that for this test the important input to the CDB estimator 

is going to be the intensity as measured after the filtering. I.e., a greater intensity of the 

filtered signal will be interpreted as worse CDB. 

In the analysis of the seat random test we combined the three different axes to generate a 

single signal. But in the deterministic test it is not necessary to combine them, because in 

this case we are interested in the maximum value in a specific direction. The predominant 

energy of the analysis discussed earlier was found in the X and Z axis. Based on these 

results, we will also analyse axis individually, as we know that the information provided by 

each signal can be different.  

The standard ISO 2631-5 [4] marks in this section that the calculation for a representative 
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value must be performed through the Vibration Dose Value (VDV). This calculation uses the 

sixth power of the signal. As seen earlier this operational is extremely sensitive to the signal 

peaks. VDV is even more sensitive than the estimator we used in previous sections (which 

is based on the 4
th
 power). In this case we are very interested in this aspect as we seek the 

maximum signal peak. Thus does not amend this aspect of the standard. 

For vehicle analysis in a test, six VDV calculations are made. The three values of the three 

axes X, Y and Z, for each of the axles (front axle and rear axle). As we aim having a single 

estimator for the test, we will have to combine them. What performs the norm [4] in this 

case is a new calculation of VDV combination of the six values. This makes perfect sense, 

because as we have been remarking what interests us is the maximum value of this 

analysis. In this case the VDV highlights notoriously which of the six values is prevailing over 

others. 

But it still does not just resolve the issue to get a single value, because until now we would 

get would be four representative values, one for each test. At this point, seen from the 

methodology implemented by Nadim Maamari [6] a simplification is performed to obtain the 

desired result. The simplification that was made in this section was that, when evaluating 

the impacts, the test with the higher acceleration value was chosen. This would not help in 

our intentions, because the representative value would be always given by the result of the 

U-shape test, because this impact is wider than the rest. 

Each test gives us different information about the CDB of the vehicle. In fact, the analyses 

that we made demonstrate that the first two tests (U-shape and Big step positive) give us 

much information of the rear axle in the X direction. That is, a vehicle with independent rear 

suspension will give good results in these readings, with similar values in the X and Z axis. 

However, a vehicle with rigid or torsional rear axle will cause a very high acceleration in X 

due to the bounces of this kind of axles when receiving any excitation. On the other hand, 

the Big Step Negative and the Bar test give us much information on the front axle on Z 

direction, that is, about the harshness of the suspension. 

Overweighting the result of the U-shape is something very inconsistent with our purpose, 

because we are losing valuable information relative to vehicle behaviour.  

What finally we will do is to provide the value of each of the four tests to index to obtain a 

value between 0 and 10. Later we decide how to weight the information from each of the 

tests to obtain a final index of the deterministic test set. 

To help in the understanding of the methodology applied, we are going to expose the step 

by step process of the results obtained in these tests for a random vehicle. The first step to 

be presented is a table with the maximum and minimum values of the filtered three-axis 



Generation of ride comfort index   81 

 

XYZ, differentiating between front and rear axle signal for each of the four tests. 

Max Min Max Min Max Min Max Min Max Min Max Min

U-shape 2,32747 -1,86663 5,72234 -4,19336 0,35244 -0,20478 0,42482 -0,31854 2,62620 -2,52017 2,15927 -1,45579

BSP 1,28210 -1,37866 3,16415 -4,36700 0,37792 -0,19477 0,20708 -0,27138 2,00522 -1,35547 1,11459 -1,39912

BSN 0,84468 -0,66302 2,38169 -1,90434 0,21999 -0,17873 0,35974 -0,26504 0,95606 -2,22163 0,89212 -0,98935

Bar 0,21809 -0,26966 0,65528 -0,67582 0,25815 -0,19613 0,12435 -0,14252 0,38488 -0,53581 0,28978 -0,41857

Front Rear

X Y Z

Front Rear Front Rear

 

Table12.5.3.4.1 Maximum and minimum values of the deterministic test 

The next step is to obtain the VDV from each of these signals. As we see, the six values for 

each deterministic test which initially we commented are obtained. 

 

 
X Y Z 

 
Front Rear Front Rear Front Rear 

U-shape 2,42082 5,86132 0,35467 0,43657 2,89136 2,19182 

BSP 1,49818 4,46647 0,37909 0,27965 2,03591 1,45322 

BSN 0,87479 2,47565 0,22945 0,36875 2,22398 1,06290 

BAR 0,28098 0,74750 0,26583 0,15147 0,54743 0,42592 

Table12.5.3.4.2 VDV values of the deterministic test 

We are going to see a particular value of this table to understand the functioning of the 

VDV. For example the value of 2.42082 of the U-shape on the front axle test in longitudinal 

direction X is chosen. As shown in table 12.5.3.4.1 the maximum value for this test was 

2.32747 and the minimum of -1.86663. As we see the result of VDV is very close to the 

highest value in absolute terms between the maximum and the minimum. Therefore the 

VDV is very representative of the maximum peak of the signal, something we are very 

interested in this study. The next step is to discriminate between what value is 

representative of this test, and therefore the front and rear axles also be gathered together 

through the VDV. 

 

 
X Y Z 

U-shape 5,86616 0,45534 2,97631 

BSP 4,46753 0,38865 2,07850 

BSN 2,47645 0,37223 2,22837 

BAR 0,74785 0,26733 0,56602 

Table12.5.3.4.3 VDV values of the joint between the front and rear axle 

As can be seen in the above table, in the U-shape test in the horizontal direction have been 

dominated the signal coming from the rear axle. As we have been exposing the U-shape 

test gives us a lot of information on the functioning of the rear axle in X, and is 
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demonstrated here. Can also be deduce some conclusion over the latter table, for example 

the impact of the study of the lateral direction, as can be appreciated their influence is 

negligible. Finally we will study how to join these three directions values for each test. For 

this will return to use the VDV methodology because is very sensitive to the peaks. In the 

end is what interests us most in this analysis, to distinguish the maximum intensity value. 

Thus is finally obtained a representative value of each test. 

 

 
Value 

U-shape 5,88272 

BSP 4,47505 

BSN 2,65859 

BAR 0,76986 

Table12.5.3.4.4 Finally representative values of each test 

Finally, these values will be used to calculate an index. Obviously we will have to be 

weighing each test to achieve a final index of the deterministic test. We can find some 

conclusions about the example of process we have performed with the latter tables. It can 

be observed as the predominant test always corresponds to the U-shape, so we have 

theoretically improved information flow that occurred following the methodology of the 

standard ISO 2631-5 [4]. Note that this standard is not to measure CDB, but exposition to 

vibrations. 

In this example we can also be observe how the BAR test produces practically no results, 

while the results of Steps testing are similar. 

12.5.3.5. Qualitative validation of the VDV value  

We will compare three highly different segments of vehicles to see their behaviour under the 

model implemented in this section on the seat accelerometer in deterministic test. Through 

this process we can observe how affect the different subsystems and components of a 

vehicle. As we discussed in the analysis of seat accelerometer in the random test, for 

reasons of confidentiality with the companies and brands involved, the specific models of 

each vehicle are not shown. 

Following the methodology outlined in section 12.5.2.5 will use three vehicles we call Car-1, 

Car-2 and Car-3. We will compare the results of each vehicle and reach conclusions about 

the model and its influences in the final validation of this project. 
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Vehicle U-shape BSP BSN BAR 

Car-1 7,83 5,16 3,53 0,74 

Car-2 7,05 4,24 2,81 0,70 

Car-3 5,54 3,94 3,05 0,46 

Table 12.5.3.5.1 Seat-Deterministic test results in three different cars 

As observed in the above table the outcomes vary so much in ranking order (there is not a 

car that is the best all around) and difference between values (some values are closer than 

others). So we are going to analyse each individual test to understand what is happening 

with the results. 

We start with the U-shape test. As we see there exists a huge difference between the third 

car and the rest. As we have been discussing throughout this analysis, this test is favorable 

for exciting the rear axle. In this case the Car-3 has an independent rear suspension, while 

the other two cars have rigid rear axle. It can also be see that between the two cars with 

rigid rear axle setting exist a difference (not as pronounced), and this is because the rest of 

the vehicle configuration. The Car-1 comes standard with a sport suspension, while the Car-

2 carries a conventional suspension. Furthermore, the wheelbase also varies, because the 

Car-2 corresponds to a higher segment as the Car-1. All these effects cause the order of 

these vehicles is appropriate to the results obtained and subjective assessments of pilots. 

The second test corresponds to the Big Step Positive. As we see, the difference observed in 

the previous test is repeated in this test. Vehicles equipped with an independent link 

suspension pass this type of obstacles with fewer perturbations than the rigid axle vehicles. 

Therefore, the information given to us by this test is similar to that offered by the U-shape. 

Even so, there is distinctiveness, as can be seen in the difference between values. The 

vehicles not differentiated among themselves and that is because in this case the 

suspension has a greater impact on the results. Therefore, the Car-3 with the toughest 

suspension has the worst test results, with a greater difference between the rest car values. 

The following test is the Big Step Negative, and as we see in this case changes the order of 

the vehicles. We see that the car had the best results in the previous two tests now located 

midway between Car-2 and Car-3. In order to find the origin of this phenomenon, it is easy 

to understand if we consider the nature of the test. This test attempts to simulate as 

descend of a curb, therefore when the front axle suspension falls compresses it hard. The 

information transmitted by this test is the hardness of the suspension, and always find 

higher value in the front axle. That is because it placed a greater weight distribution on this 
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axis due to the motor creates greater compression. Therefore, the Car-2 equipped with a 

conventional suspension has the best result, followed by Car-3 carrying a somewhat shorter 

and stiffer suspension. Finally is placed Car-1 which has the most rigid and short 

suspension of the three vehicles (although its weight is less). 

And finally we have the test of the bar. This test should be a union between the previous two 

tests, but as we see the results are very uneven. The influence of this impact is so small 

that the impact is barely noticeable. Therefore, this test will be of value, but just keep in 

mind that it can not assimilate certain information. Moreover, the own experimenters of the 

CTS recommend not trying to extract information from this test since neither of them are 

actually able to perceive the output of this impact. 

As seen, the results are consistent with both the technical characteristics of the vehicles, as 

well as the results of comparative evaluations. As we see the model is viable for this 

purpose, and simplify the result to a single test was a disadvantage in our target. 

12.5.3.6. Implementation in DIAdem 

On this occasion the macro will start with a point that did not exist in the previous analysis. 

The first that will be used will be the default DIAdem ChnAverage function, which allows us 

to make the average of several channels simultaneously. Directly from the macro Idiada we 

reach around 300 channels separated with names that will allow us to obtain the desired 

channels. We will have 4 different types of impacts, for 3 spatial axes, 2 axles of the car, 4 

runs for each hit in one lap, for three laps down the track. 

An example of this would be the signals from the front axle in the longitudinal X direction in 

the u-shape test, which channels name would be: Chn_U-shape_front_X_1, Chn_U-

shape_front_X_2, Chn_U-shape_front_X_3… and up to 12 in this style. And what is desired 

is to have a single channel (Chn_U-shape_front_X) that will emerge from this function 

(ChnAverage) by introducing the 12 channels of the same type of impact. With this we will 

reduce up to 24 channels (3 spatial axes, 2 axles of the car, 4 tests). This will allow us to 

work with the methodology that we have observed in the preceding paragraphs. 

The next stage that will be performed will be to move to the frequency domain these 24 

"average" channels by the predefined DIAdem function of FFT. The next step is the filtering 

of these signals from the frequency domain. Although the conclusions of the above analysis 

in section 12.5.2.7 we have seen that they could implement default DIAdem filters, in this 

case there are two very specific filters by ISO 2631-5 [4]. At the norm are well defined in 

matrix structure, and finally will be manually implemented in DIAdem. We will leave the 

factors of natural frequency and critical damping as variables that can be changed from the 

visual interface (as we have seen it has been necessary modified to adjust the filter, it might 
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in the future need to fit more as future CDB parameters). 

Once obtained the 24 filtered signals will return again to the time domain through the 

inverse FFT [18] (also predetermined function in DIAdem). From this point we will apply the 

process model we have exemplified in the previous section 12.5.3.4 to obtain the 

representative values of the four deterministic tests. The first thing to do is applying the 

methodology of the Vibration Dose Value (VDV) to the sixth power. We will keep in mind 

that the VDV is calculated by the following operational: 

 

As already discussed in previous sections the integral is performed by approximating 

Simpson with a differential time interval between two consecutive points, and is calculated 

by: 

 

Once implemented this process manually in the macro, we will get 24 VDV values 

representative of CDB and also have to go manually combining through VDV. We must to 

comment that for this task will be easy to find the appropriate channels to combine, since as 

we have seen the channels come properly named. This will facilitate considerably this task. 

Values of the two axes of the car (front and rear) are first combined by VDV and then 

combined the three spatial axes (X, Y and Z). Finally the four desired representative values 

of the deterministic impacts are obtained. 

12.5.3.7. Conclusions 

We will gather the conclusions we have been seeing throughout this analysis in each 

section. Avoiding the introduction begin with the time and frequency domain. The first thing 

we see is that the acceleration in the lateral direction is not relevant to this study and does 

not have influence on the results. The next thing that we see is that in the frequency domain 

the information concerning the impacts is located in a range between 10 and 30 Hz. It also 

shows clearly that the U-shape test is twice as intense as the rest and that the bar contains 

very little information. 

As for the filter, unlike the previous analysis of the seat accelerometer in the random test 

where the ISO 2631-1 [3] was able to filter the signal to get what perceive the human body 
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but not differentiate whether it was a comfortable feeling, in this case the ISO 2631-5 [4] it is 

able to offering this differentiation. In this analysis the only important aspect to take into 

account on the perception of CDB is the intensity: a higher input signal will be the higher 

feeling in the individual incomfort. 

Despite this, the norm offers two different filters, one for the vertical Z direction and one for 

the horizontal plane XY. This is related to the fact that the human body have different 

perception by the direction of the acceleration, which at the same time is related to the 

direction of the backbone and the nervous system. We must to comment that although the 

filter was very definite, not work properly with the quality parameters of the filter. In fact, the 

maximum signal peak is not placed in the first period (directly caused by the impact) and 

was in the second period (rebound due to suspension). By setting the natural frequency and 

critical damping it obtained that the filtered signal continue faithfully to the original signal. 

Regarding the calculation of the representative value, we see that the norm uses the 

Vibration Dose Value (VDV) but to the sixth power. This is very favourable to us by what we 

have seen in the perception of CDB in these impacts. The simplifications used in previous 

projects have been avoided because a lot of information is lost. As an example we have the 

Nadim Maamari project [6], where the test with greater acceleration is chosen as the 

representative of the study, and due to the U-shape test is more intense than the rest is 

always the representative test. To correct this has been studied separately each test and 

will be discussed later how weighting them to generate a single index. 

Concerning information provided by each type of impact: the first two tests (U-shape and 

Big Step Positive) give us much information about the rear axle in the horizontal X direction. 

The next two tests, the Big Step Negative and the Bar, give us much information about the 

front axle on Z, i.e., on the hardness of the suspension. Therefore only simplify the result to 

the U-shape not achieve the project objectives. 

In the latter point the implementation in DIAdem, we have seen that there has been a 

distinct step of this test using the default Average function. This function allowed us to 

gather the signals of the same impacts. Also has done a great job in the proper names of 

signals allowing easily distinguish each signal for further processing. Moreover the filters 

were manually implemented by the fact that the norm is clearly defined. We only leave the 

quality values of the filter as variables, being adjusted using the graphical interface of the 

macro. 

Once we have seen all this, and observed that the outcomes are validated by the 

experimenters of CTS, we can proceed to the next analysis concerning the whole steering 

wheel accelerometer. 
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12.5.4. Data analysis of the steering accelerometer  

12.5.4.1. Introduction  

To conclude this section of analyses we will study the steering wheel accelerometer on the 

group of the two tests. As we have seen the characteristics of the CDB and many of the 

methodologies characteristic of each test, will not need to analyse or understand many of 

the conclusions already raised in the previous two chapters. 

Even so there will be many features of this study will be unique and therefore will have to be 

considered in isolation. As will be seen this analysis will differentiate into some other point of 

the rest of analysis and will not follow the same structure of the studies about the seat 

accelerometer. 

In this case, the solution for the stochastic and deterministic test will arise, it will not try to 

simulate anything in particular, will be the same as seen above. In random testing is 

intended to simulate the normal circulation on asphalt and in the deterministic test the 

impacts that may occur during such circulation. Even so all of this will have to be analysed 

from the point of view of the perception from the arm-forearm assembly. 

Obviously neither the signal captured by the steering wheel accelerometer and the 

perception by the human will be the same as we have previously analysed. The signals 

captured by the accelerometer of the seat are related to the vibrations transmitted by the 

vehicle body. However the signals that are captured in the steering wheel accelerometer will 

be more related to those vibrations that are transmitted from the wheels, produced by the 

roughness of asphalt, and transmitted by different components such as the steering column 

or the transmission to the wheel. 

Obviously these signals keep some similarity between them, for example by impact of 

maximum amplitude peaks and rebounds will occur synchronously. Nevertheless, the 

transmission of vibrations up of separate components generally causes a big differentiation. 

A clear example of this phenomenon may be the vibration caused by unbalanced wheels in 

the asphalt circulation. This event occurs when the wheels are not balanced. That is, when 

they have difference in weight between them. This cause that a specific speed range 

different inertia on each side of the direction are generated inducing vibrations that are 

transmitted through the steering column to the steering wheel. Therefore, result of this 

phenomenon would have a signal excited in the wheel but not in the seat. Of course our 

goal is to study vehicles with a good setting of wheel balance, but due to this example we 

can see how the different components affect each accelerometer way. 

Apart from the signals produced are clearly different must also take into account that the 
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perception of arm-forearm assembly is not at all the same as that which occurs by the 

human trunk. In the two previous studies the vibrations coming through the bottom of the 

seat being transmitted by the rest of the body mainly through the spine and finally being 

centralized in the center of gravity of the driver. In this case, the vibration will be captured in 

an origin from the fingers and hands, which are those which have a better perception. This 

area has a lot of sensitivity because there are numerous nerve endings, transmitted by the 

wrists to the arms and damped finally in the thorax or center of gravity of drivers. 

Therefore, in the first instance the filters may not be the same as we used earlier in the two 

corresponding tests. First we study the time and frequency domain of these new signals, 

and evaluate whether it can implement some previous methodology. These include the 

performance of the ISO 5349-1 [5] study, which has already been developed in the earlier 

study by Nadim Naamari [6]. 

Finally, we need to calculate the representative value of each test. Obviously that will be 

assessed will be the most appropriate methodology for each of the tests and analyse its 

viability. 

After reviewing these initial considerations we will approach the analysis with the study of 

the operational for each type of test. 

12.5.4.2. Random and deterministic operative 

When trying to address the two analyses (random and deterministic) to time we will need to 

characterize the specific operational will continue each test separately. We will begin this 

study with the operational will follow the analysis of random testing for steering wheel 

accelerometer. 

Same as the seat accelerometer, we start with three signals (one for each spatial axis XYZ) 

of the union of the three laps through the Idiada track 7 of comfort. The first thing that the 

macro should do, as in all studies that have been explaining, is passing these signals to the 

frequency domain using the Fourier transform. This is a predetermined function of DIAdem. 

With this, we will be able to see where and how concentrated information on this type of test 

is distributed. These new channels will have the style to the figure below. 
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Figure 12.5.4.2.1 Frequency domain of the steering wheel accelerometer in a random test in 

the longitudinal direction X 

It can be observed two special features that should be studied. As we see, the important 

information that may be susceptible or being perceived by a human being is concentrated 

between 10 and 80 Hz. However the frequency band between 25 and 50 Hz seems to 

contain those vibrations are assimilated to those coming from vehicle subsystems. 

Therefore the vibrations related to CDB due to unexpected vibrations. 

The second remarkable characteristic of this signal is the peak of maximum amplitude 

located in the 80 Hz. After studying this peak individually trying to find an explanation was 

able to determine their origin. We can affirm that this peak is the resonance frequency of 

the arm-forearm ensemble that is transmitted to the accelerometer due to subjection the 

wheel by the driver. In order to check this fact we were able to perform the same test 

without a pilot, controlling the vehicle from a robot. When we analyse the steering wheel 

accelerometer signal this frequency peak disappeared. Therefore we find an unwanted 

phenomenon, the influence of the pilot on the results. We will analyse in more detail in 

section 12.5.4.4 about human influence. 
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Figure 12.5.4.2.2 Temporal and frequency domain of the three axes in the random test 

Once we studied the frequency domain through the same process we have done in other 

studies, which try filtering this signal to obtain a signal representative of the CDB of this test. 

Regarding filtering, will study the evolution of the filter in section 12.5.4.3 about the signal 

filtering. Once this specific filtered signal, we will continue the operating returning to the time 

domain via the inverse Fourier transform. 

From here should be continued the operative by calculating of the representative value for 

indexing. After analysing several possibilities and evaluating the proposed process of the 

ISO 5349-1 (Measurement and evaluation of human exposure to hand-Transmitted 

vibration) [5], it has been observed that the methodology implemented in the seat 

accelerometer is also the most suitable for the evaluation in this test.  

We have to mention that the ISO 5349-1 proposes solutions for two types of manual grip, 

for holding a cylindrical bar (which in our case we are interested will be able to assimilate 

the steering wheel rim) and one for support a hemisphere.  
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Figure 12.5.4.2.3 Different hand posture considered by ISO 5349-1 

This norm proposes to calculate the daily vibration exposure using the function known as 

A(8), which refers to the energy received during the eight working hours. The A(8) have a 

similar calculation to Root Mean Square (RMS) but weighting the vibration to hours of 

exposure. As we see this approach is intended to calculate or evaluate the effects on health 

due to long term exposure. As has we have been discussing these norms are very focused 

on this aspect, health of people exposed and the effects due to this exposure. This is 

something that we are not interested because in our case these vibrations have no effect on 

health and the vibrations are of very low intensity.  

In our case will make the RMS without any weighting, as has been done in analysing the 

seat accelerometer. This is further supported by studying the frequency domain in which 

could be observed the information kept consistency with what studied in the seat 

accelerometer.  

Therefore the random test operative is the same as was done for the seat accelerometer. 

We starting with the union of the three axes in a combined signal, and next performing the 

RMS to the combined signal. Finally we obtain a value to be used to index this test. 

Continue with the second test, the deterministic, analysed from the steering wheel 

accelerometer. Will begin the operative with the signals coming from the Idiada macro, 

where they had cut and renamed the signals of each impact to maintain good order. 

Evidently the operative will be similar to those studied in the seat accelerometer, starting 

with the average of the equal signals (from the same type of impact) through the default 

"Average" DIAdem function, obtaining 24 signals those should be analysed (three spatial 

axes by two axes of the car by four types of impacts). 

At this point it should consider what possibilities exist to evaluate these 24 signals. The first 

would be to follow the methodology proposed by the ISO 5349-1. In this case no distinction 

whether it is deterministic or stochastic test, and describe a unique methodology through the 

RMS but weighted by the hours of exposure, called A(8). The second option would be to 

apply the methodology implemented in the previous case of the random test at the steering 

wheel accelerometer, combining the spatial signal and applying only the RMS. And the third 

and last methodology that could be used would be to follow the same operating 
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implemented in deterministic test of the seat accelerometer, based on Vibration Dose Value 

(VDV) which has been rising as the RMS but the fourth or sixth power. 

First we will observe the frequency spectrum of these signals to make decisions. In this 

case we propose the graphic SRS system [19] (Shock Response Spectrum) already 

analysed in section 12.5.3.2, and will observe the main directions of study, the vertical Z and 

the longitudinal X. As we know from the previous deterministic analysis the lateral direction 

has not influence on this type of testing. 

 

Figure 12.5.4.2.4 SRS of the steering wheel accelerometer at the deterministic test in 

vertical direction Z 

As can be seen in the image above, both the front and rear axle U-shape test again 

dominate the study of these tests in the vertical direction. The Big Step Positive and 

Negative are placed in an intermediate zone and information bar practically no appreciated. 

As we can see the information comprises a broad band between 10 and 70 Hz. 
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Figure 12.5.4.2.5 SRS of the steering wheel accelerometer at the deterministic test in 

horizontal direction X 

In this case we again obtain the same conclusions as in the previous section: The tests 

have a similar impact and with only variations in the frequencies of the peak signals. All in 

all, these test results can be viewed as the range is similar to the above, focusing on the 

information the same area. 

As we see in these spectra, the similarities are greatest with what was obtained in the 

deterministic seat test. As in this case what we returns to interested is the maximum peak 

amplitude because it will relate only the intensity with the CDB. For that reason, of the three 

options outlined above we will choose the third, i.e., we will make the same operative 

exposed in the deterministic seat test, based on the VDV.  

The analysis will start filtering these 24 signals, which as previously mentioned the filter will 

be explained in the next section. Then will follow combining the signals, first the axes of the 

car and then the XYZ spatial axes, based on the VDV. Finally we obtain four representative 

values, one for every deterministic impact. 

What we can conclude is that the operative that we will continue in the two tests are the 

same as they have argued in the analyses of the two corresponding tests of seat 

accelerometers. That is, the RMS methodology for random testing and VDV operative to 

deterministic test. Even so the filters will not be the same and must adapt to the new 

steering wheel signals.  

So we will continue with the analysis of filtering these signals. 
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12.5.4.3. Signal filtering 

In this section the implementation of the filter used will be studied to evaluate the signals 

from the steering wheel accelerometer both random and deterministic test. Clearly three 

relevant points are discussed in this methodology: The evolution has undergone the filter 

until the final decision; the characteristic parameters of the filter; and the operation or 

performance of the filter on the results obtained compared with subjective ratings. All this 

will be done at the same time, so it is expected to obtain well-defined conclusions. 

As a starting point we take the filter described in the standard ISO 5349-1 [5] which also 

applies in the previous project by Nadim Naamari [6].  The first thing to see in this norm is 

the filter that determines the sensitivity of the human body to local vibrations (arm-forearm 

assembly). This is a filter that will serve both random and deterministic testing. Besides their 

implementation is very simple, since it is a high and a low by-pass filter, with a frequency-cut 

values of 6.31 Hz and 1250 Hz; and in addition a decreasing filter from 15.915 Hz. The 

equation that describes the first filter is: 

 

Where f1 and f2 are the cut frequencies of minimum and maximum Hz. Q1 corresponds to 

a quality factor of the same filter with value of 0'71. The variable S corresponds to the 

variable of the Laplace transform with s = j2πf value. The equation that governs the 

decreasing filter is: 

 

Where f3 and f4 are the same value that matches the frequency from which the filter begins 

to decrease, and its value is 15'915 Hz. Like in the previous case, Q2 corresponds to a 

quality factor of the filter and in this case the value is 0'64. In addition, the K value is a gain 

factor, but the norm defines it with unitary value, so its effect is null. Finally the overall 

function of the filter is such that: 

 

And their graphic style will be: 
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Figure 12.5.4.3.1 Filter of the ISO standards 5349-1 [5] 

By testing this filter quickly found that once filtered signals were not representative of CDB 

perceived by the pilot. Also CTS experimenters disagreed with the results because those do 

not fit at all with their subjective ratings. Also the CTS engineers did not agree with the filter 

characteristics. Therefore we have to make modifications. 

The first modification was the cut-off frequencies f1 and f2 of the by-pass filter. As we saw 

in the description of the instrumentation, the sensitivity of the accelerometers goes up to 

1000 Hz and the norm define a cut-off frequency of 1250 Hz. Obviously, the arm-forearm 

assembly cannot feel vibrations of 1250 Hz or 1000 Hz, in fact these vibrations are often 

perceived as noise. 

As seen in section 50.8 of vibration in the reference [11] by Michael J. Griffin, above 150 Hz 

most of the vibration energy is dissipated in the tissues of the hands and fingers. Therefore, 

it makes no sense to study vibrations from 100 Hz. We will place the high-pass filter at 50 

Hz, to cause the fall of this filter decreases to 100 Hz, which should be cancelled. 

Regarding low-pass filter located at 6.31 Hz, turns to have the same problem of resonance 

of the body of the vehicle, which coincides with 10 Hz. We are not interested to incorporate 

these vibrations to the study because they are not perceived as unexpected vibrations. 

Therefore we will refer another time to the characteristic of the expectedness. We locate 

and enhance the frequency band that includes resonance frequencies of the subsystems of 

the vehicle. Therefore we cut-off the low-pass filter at 20 Hz. Hence we stayed with the band 

from 20 to 50 Hz, which we observed in the previous chapters is the most representative of 

driving CDB. 
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With regard to filter attenuation caused by the loss of sensitivity of the hand-forearm 

assembly with increasing frequency (according to ISO 5349-1 located at 15'915 Hz), due to 

the modifications is not inside the new frequency band spectrum. What we will do is 

delaying it until the 40 Hz to place it inside for represent at the same way this effect. This we 

have been able to measure in a test bench of a vibrating steering wheel, where frequencies 

of 20, 30 and 40 Hz are perceived with the same intensity.  

F1 [Hz] 30 30 20 20 20 

F3=F4 [Hz] 40 40 50 40 40 

F2 [Hz] 60 50 60 60 50 

Name P1 P2 P3 P4 P5 

Car1 0,667 0,614 1,006 0,955 0,884 

Car2 0,756 0,677 1,154 1,033 0,929 

Car3 0,721 0,660 1,087 1,022 0,942 

Car4 0,786 0,704 1,199 1,075 0,968 

Car5 0,736 0,677 1,109 1,053 0,975 

Car6 0,748 0,687 1,130 1,067 0,986 

Car7 1,072 0,984 1,624 1,536 1,422 

Table 12.5.4.3.1 Results of different cars for different cutting frequencies 

After setting the physical relationship of the desired filter parameters implemented, its 

performance was evaluated. Were produced seven different vehicles data and random test 

results were obtained with 5 different filter settings, using the methodology proposed in the 

previous section. As can be seen P5 corresponds to the proposed filter. 

 

Figure 12.5.4.3.2 Graph of the results of the five options proposed 

It is clearly seen as the first four proposals virtually identical results obtained, where the 

order of the vehicles is the same. The only variation occurs with P5 filter (corresponding to 

previously proposed, based on the physical characterization of the problem), and has been 
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validated by subjective rating of the experimenters of CTS. Hence an optimal process 

performance is obtained. 

Moreover, all this is supported by the study (Effect of steering wheel acceleration frequency 

distribution on detection of road type) of reference [17] where one can observe that the 

appropriate frequency band to detect these vibrations through the steering wheel coincides 

with the proposed filter. Therefore we validate the proposed filter. 

After all this analysis can be thought that it has not studied the problem from the point of 

view of deterministic impacts, because the above process was carried out for the stochastic 

event (remember the use of the rough band of the track 7 Idiada comfort for these tests). 

It is true that have not been presented results, but the reality is that the proposed filter 

performance is correct. The interesting factor in the deterministic filter is the maximum 

intensity of the acceleration that a human can perceive from the vibration caused by the 

impact. In this case the filter parameters are correct for this purpose. It is repositioned in the 

area of greatest interest and no problems tracking curve occur due to the quality (referring 

to the quality and the parameters Q1 and Q2 mentioned above). 

The results of applying the VDV methodology on signals weighted with this same filter was 

consistent perfectly with subjective assessments proposed by the CTS experimenters, 

completely validating both the filter and the methodology of obtaining representative values. 

12.5.4.4. Human influence 

This section will discuss an issue which was observed posterior, as additional results were 

achieved and comparisons were made between vehicles. It summarizes explain the error 

has been found and will also consider possible solutions to finally explain the solution used. 

It was observed that the algorithm developed could give different results when the same 

vehicle was tested repeatedly on different days. This is unacceptable, because the same 

car, without any modification, and under the same test conditions (track, weather conditions 

...) in two different tests separated by a period indifferent time (no matter if it is five minutes 

or five years) should always generate  very similar results. 

As these differences were observed, different tests were performed to try to find the root 

cause. It was noted that, when tests were carried out on the same day by the same driver, 

the same results were obtained. The frequency spectrum of two different vehicles was 

analysed and the result was seen in the images below. 
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Figure 12.5.4.4.1 Frequency spectrum in steering wheel of two different vehicles tested on 

the same day 

It can be seen that the signals are very similar. In particular, these signals share three points 

in common. The first is that the resonance of the bodywork is between 10 and 25 Hz. This is 

the region where the information relative to the sprung mass of the vehicle is concentrated. 

The second consideration is that between 30 and 50 Hz is distributed the resonance of the 

vehicle subsystems. So it can be defining the area of unexpected vibrations. And, finally, we 

can see a peak frequency on 80 Hz caused by the resonance of the arm-forearm with the 

steering wheel. We can see how this frequency peak is located exactly in the same position, 

which is the key element that would give us the solution to our problem. 

The above two graphs correspond to two cars that were analysed with the same driver on 

the same day. We have also tested the same car used in two tests on different days and the 

results were identical with the same driver. But we will observe what happens when two 

vehicles are tested on different days, but with different drivers. The graphs of these tests 

correspond to: 

 

Figure 12.5.4.4.2 Frequency spectrum in steering wheel of two different vehicles tested on 

different days 

It can be seen as the peak frequency displaced caused by the resonance of the arm-

forearm on the steering wheel 80 Hz to 60 Hz. Therefore, different pilots involve different 
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resonance frequencies. Thus, the fault that is suffering corresponds to human variability, 

caused by the use of different drivers in these tests. We have also observed that placing the 

accelerometer on the extreme of steering wheel rim causes that in larger diameter of rim 

obtain more output than the smaller radius. 

 

Figure 12.5.4.4.3 Differences in frequency spectra depending on grip 

We have assumed that this as an experimentation error. Indeed, we have observed that the 

force with which the steering wheel is tightened when testing is crucial at the time of 

attenuate these frequencies. So it is also critical in the situation of the resonance frequency. 

As this is a human influence, on this factor affect different aspects of the individual from the 

exerted pressure, skin condition, his state of mind, temperature... Many factors affect, and 

therefore is not trivial working with this type of influences and is attempt to avoid as much as 

possible (because they are not predictable as other types of errors). 

We need to understand that this fact is decisive to getting results on the methodology 

outlined in this analysis. It must be taken into count that such intensity peak could highly 

influence in the index of the signal if it is inside the frequency band allowed by the filter.  
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For example, if an analysis produced by a pilot, call it A, has a resonant frequency that is at 

80 Hz, this peak will not enter into the analysis because the filter mitigates signals beyond 

50 Hz, and it is obtain a good result. However, if we have the same test as above, with the 

same car but with a different driver, call it B, whose resonance frequency occurs at a lower 

frequency, for example 50 Hz, this peak will enter in the studio and we get a biased result. 

Therefore A will perform better than B for the same vehicle, and this should be avoided. 

To try to isolate this source of variability, a number of measures that would be useful to this 

cause were considered. The first was to consider the use of a dynamometer steering wheel 

which is able to capture accelerations through its own instrumentation, isolating the human 

factor. This idea was soon discarded, since by replacing a wheel by another is varied 

completely the transmissibility of vibrations from wheel to the hand, losing the differentiating 

factor of each wheel. It would also be always under the same geometry. In addition, it can 

take longer to perform tests and would amount to a higher initial investment. Therefore, this 

option is definitively excluded. 

The second was to use a robot to control the vehicle. This would remove the human 

influence, but, as we discussed at the beginning of the project in section 7.2, using a robot 

involves a number of investment and limitations that will not be tolerated in this application. 

Therefore this option is also dismissed. 

The last option examined was to replace the position of the steering wheel accelerometer, 

from the steering wheel position to the top of the protection of the steering column. With this 

change, theoretically, be achieved simultaneously isolating the two factors that arise initially. 

As the column has not direct contact with hands, their effect is reduced. And since it is not 

connected to a steering wheel zone, the factor of geometry is eliminated. Tests were 

performed using an accelerometer steering wheel and another on the column to check if the 

information transmitted to the measurement system was similar, and the results were: 
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Figure 12.5.4.4.4 Accelerometer signals placed on the steering wheel and column 

As can be easily see the signal produced by the accelerometer of the steering column is 

very similar to that provided by the accelerometer of the wheel but with an offset in the 

intensity. Hence the information that is generated from each of the accelerometers is 

practically the same. Once this fact was confirmed, various tests were performed using the 

accelerometer to check if what was actually proposed theoretically was true. And the reality 

is complying with the specifications in full. The signals were much stable without influence of 

grip, especially in the frequency band between 0 and 50 Hz, which particularly we are more 

concerned. 

Consequently would be clearly the best option for solving these errors, but also poses a 

crucial disadvantage that precludes the use of this method in the model. Access to the 

protection of the steering column from the dashboard is not allowed in all vehicles. In some 

it is not possible to disassemble this cover, and in others, although is accessible, there is not 

physical space to place an accelerometer. Therefore, despite the best performance, this 

option will also have to be discarded. 

Finally we should mention that there is not exist a perfect solution for this error. It has been 

decided to leave the assembly of the original instrumentation and set a protocol for 

performing the tests. If we consider that for the two tests, both random and deterministic, 

being straight tracks there is almost no intervention of the steering wheel all that is needed 
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is to stay focused. This can be accomplished without too much grip. Therefore, keeping the 

steering wheel with only the edges without tightening the grip can be achieved practically 

perfect results. The peak of the resonance will still exist but will be located in an area whose 

influence will be negligible. 

12.5.4.5. Qualitative validation of the representative values 

As we have seen in previous comparative simulations we will use three different vehicle 

segments that serve to obtain results with the model and the methodology presented above. 

Through these results we can see the differences between vehicles. That is their 

components and specifications, to the whole of results obtained by the macro. 

Keep in mind that in this simulation have to present two sets of results, one for the random 

test and another for the deterministic test. Therefore we will have the ability to obtain two 

sets of conclusions simultaneously from both experiences. 

We will start with the results of the random test: 

 

Vehicle RMS Results 

Car-1 1,42 

Car-2 0,88 

Car-3 0,74 

Table 12.5.4.5.1 Steering wheel-Random test results in three different cars  

As can be seen easily in the random test the Car-1 receives the highest results of the 

comparison. This is because, as we already know, this vehicle corresponds to a lower 

segment to the rest, with an extremely sporty and stiff suspension and a very short 

suspension movement. Also, all this stiffness causes excessive copied, phenomenon in 

which all the roughness of the asphalt is transmitted from the road to the wheels passing 

through several subsystems until reaching the driver's hands. 
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Figure 12.5.4.5.1 Roughness of the asphalt 

As it can be seen in the picture above the asphalt is not perfectly smooth. There are some 

roughness and ridges. This roughness can be transferred to a greater or lesser degree from 

the asphalt to the steering wheel. To some extent, carmakers are not interested completely 

isolating this transmission because it is a safety factor obtained through the pilot's hands 

some information about the status and conditions of the asphalt. For example, in case of an 

emergency stop we will know if we can be more aggressive with the foot pedal knowing how 

much grip have the asphalt at that exact moment. 

All in all, the result obtained by the Car-1 is logical. Regarding Car-2 and Car-3, we see that 

they have a better and closer result. This is because the direction and steering wheel are 

shared between the two platforms of vehicles. The only variation we observe is due to a 

larger wheel size, because more energy is dissipated in the sidewall of the tire. Finally the 

result of the Car-3 is the best of the three. 

As we see the results are consistent with the specifications and in addition also agree with 

the subjective evaluations of the drivers. It is also interesting to note the results of the same 

test but analysed from the seat accelerometer match both, the order and the distance 

(difference in value magnitude). This might make us think that it is a rule that should be met, 

but this is not certain. We can find vehicles that obtain good results in the random test in the 

evaluation of seat accelerometer, while their evaluation of the steering wheel is terrible. 

But the clearest examples of this factor are just the reverse, that is, with very poor 

assessment of the seat test while the steering wheel results are outstanding. This we find in 

the modern small cars. The dynamics of this vehicles are a low-end: rigid rear axle, stronger 

trend toward using sports suspension and increasingly wheel size and smaller tire profile. 

Nevertheless the modern steering columns isolated nicely the transmissibility of vibrations 

caused by the roughness of the road. 

Now we will describe the results of the deterministic test from the point of view of the 

analysis of the steering wheel: 
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Vehicle U-shape BSP BSN BAR 

Car-1 9,41 6,50 3,41 1,67 

Car-2 6,55 3,68 2,87 0,88 

Car-3 5,34 3,36 2,51 0,57 

Table 12.5.4.5.2 Steering wheel-Deterministic test results in three different cars  

Its complex to observe the differences of these values and the information transmitted to us 

seeing them in tabular form. We are going to plot in order to be able to draw a conclusion: 

 

Figure 12.5.4.5.2 Graphs of the results of the deterministic test in steering wheel 

The first reflection that we can make from these results is that Car-1 is the vehicle with 

worse results in all tests. Particularly noted in the first two impacts, in which the distance is 

greater. We know that in these two tests is excited further the rear axle. This vibration is 

transmitted to the steering wheel of a more potent form in the Car-1, due to having a shorter 

wheelbase (less vibration is mitigated by the structure of the vehicle and reach with greater 

intensity at the steering wheel). 

The second thing to note is that in all tests the order is maintained, with the Car-2 as the 

second, and Car-3 as the best-performing vehicle. This keeps logical with the structure of 

the vehicles, because Car-3 has the same platform as Car-2, but Car-3 is equipped with an 

adaptive suspension and a higher profile tire (with a higher profile achieves greater 

mitigation of vibration energy through the tire carcass). 

As a final reflection, we can make the comparison between the results of steering wheel and 

seat. In this case we clearly see a comparative graph between the two accelerometers and 

the four impacts: 
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Figure 12.5.4.5.3 Comparative of the deterministic test at seat and steering wheel 

In this graphic, the first three columns correspond to the results of Car-1, Car-2 and Car-3 in 

seat accelerometer at the U-shape test, and next three to the same vehicles but at the 

steering wheel accelerometer. The rest remains in this order but for the rest of impacts. 

As we see in all tests equal order is achieved, except in BSN test, where the Car-2 has a 

better result than Car-3 at seat but not at steering wheel. As we see we get different 

information between the accelerometers. For example it can be seen as Car-1 is much 

worse in steering wheel at the first two tests compared to the seat. This is telling us that it is 

much worse in that steering wheel that in the seat, and this is something remarkable. 

Therefore, in conclusion, the results of both stochastic and deterministic test are consistent 

with the vehicle specifications. As we have seen this does not mean that the results are 

identical to the seat accelerometer. Every signal (steering wheel and seat) gives us different 

information and this is important to make the final assessment of the behavior of the vehicle 

(comfortable or not). It is also remarkable that subjective evaluations of the tests performed 

by the CTS experimenters match exactly with objective results obtained by the model 

created. They match both in the order of vehicles and the distances between them in the 

representative value. Therefore, we have made a proof of concept of the methodology and 

subsequently we will study the DIAdem implementation. 

12.5.4.6. Implementation in DIAdem 

DIAdem implementation of these two analyses is straightforward so we will not enter into too 

much detail in this section. One of the most remarkable aspects is that, because the 

methodologies for both tests (RMS methodology for testing stochastic and VDV for 
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deterministic test) in both the accelerometer on the seat and steering wheel are shared, we 

attempted to take advantage of the majority of structures of the previous implementations. 

Thanks to this fact we could save many lines of code, discharging the program and making 

it lighter and faster. 

But keep into account that the filter being a factor characteristic of this section. It should be 

implemented manually as an external subroutine that should turn for the channels of the 

accelerometer signals from the steering wheel every time they were required to filter. As we 

know, the filter used is shared for both the stochastic and deterministic test. In this case, as 

it is a very simple filter, which is decomposed in two filters (a double bypass for cutting high 

and low frequency and a decreasing filter), it could implement with predetermined DIAdem 

functions. 

But the reality is that could not be done this simplification of the structures of the seat 

accelerometer test. That is because in some cases there are small variations in the 

methodologies between models (for example the fourth or sixth power of the method VDV). 

Also the similarity of the names of the channels could cause errors when analysing the 

signals from functions. So this idea had to be discarded. Finally we had to write the 

methodology of the two tests for the steering wheel accelerometer. But because we had to 

return to write a new code, we were able to apply all the improvements we have been 

discussing since the beginning of the technical analysis. 

This factor, together with the improvement in the language control of DIAdem, improved the 

methodology and lines of code were saved. Also, the use of a simple filter shared between 

the two tests improved the system performance, making execution shorter than all the 

previous implementations. 

Therefore, all variables and parameters that were programmed in previous implementations 

are shared in this study, with variations in the filter only. The graphical interface will be 

modelled as previously seen with the same tabs and functions. 

12.5.4.7. Conclusions 

To conclude this section of the whole analysis of the two steering wheel accelerometer 

(random and deterministic), we will summarize all the conclusions that have been drawn 

from this analysis. Evidently we will start from the second paragraph on the study of the 

operative for each test. 

The first thing that is done in random testing is to transfer the signals to the frequency 

domain and the deterministic test make an average of the channels and pass back to the 

frequency domain. In these we can observe two things: first the information is again at 
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similar bands of the study of seat accelerometer and second a peak signal is observed due 

to the resonance of the arm-forearm group.  

We have seen that the operative on the CDB is shared between the accelerometers. That 

is, the model to find a representative value for the accelerometer seat is the same as that of 

the steering wheel. Therefore, the methodology of the RMS in random testing is also 

performed on the steering wheel accelerometer, and methodology of the VDV will also be 

shared in deterministic test. We have analysed the different options of the different 

methodologies, and make the physical equivalence of the spectra and the concepts of CDB. 

The same notions get repeated,  i.e.: the highest amplitude or maximum signal peak be the 

most important in the deterministic test, and unexpected vibration located in the frequency 

band that is related to the resonance frequency of the drive subsystem for random testing. 

Obviously, one of the most important points of these methodologies is the filter due to its 

influence on the outcome, which has been studied individually. We have analysed the 

different options, such as using the same filters used in the previous sections. In this 

occasion it would not work because of the differences that can be found in the spectrums 

(as we have seen the information that gives us each accelerometer is different). Was also 

tested as recommended by the ISO 5349-1 [5] filter, which is a very simple filter with a 

double bypass low and high frequency and a decreasing filter. It was a clear failure because 

of this type of filter being optimized for health and risks to people and not focused to the 

study of CDB. But we saw that this filter could be adapted to our needs, making analogies to 

the nature of the tests, we could get interesting results. Furthermore, as the components 

that are shared across the two tests (random and deterministic) can be used for both cases. 

When analysing the filter and the results we observed some variability in the results. We 

determined this as being originated by human influence, i.e., due to the interaction between 

the steering wheel and the hands, the results were biased. The peak frequency due to the 

resonance frequency of the arm-forearm could get inside the frequency band allowed by the 

filter varying the results of a same vehicle. Two possibilities were suggested to solve this: 

one is to use a robot and the other is to change the position of the accelerometer from the 

end of steering wheel ring to the top cover of the steering column. The use of the robot was 

restricted by the initial project specifications. As for changing the position, it was found that 

provided better results removing any influence, both human and steering wheel geometry. 

But it had the disadvantage that could not be used on all vehicles, therefore also discarded. 

In the end, the solution was to apply a protocol for tests performance by experimenters. At 

the time to going through the tracks the drivers have to maintain the minimum possible 

pressure and contact with the steering wheel. This does not completely eliminate human 

influence, but is able to eliminate the influence of the frequency peak and get reliable 

results. 
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The following step has been to analyse a real case. A comparative simulation has been 

made. In it, we have tested three vehicles with different characteristics. Despite the results 

of the random test on steering wheel the order of the vehicles was the same as in the same 

test but analysed from the seat. It has been proved that this is not a standard, and the 

information that each accelerometer provides us is different. This is easily verified at the 

deterministic test where the order followed of the results are not the same. Moreover the 

results of each test have been compared with the subjective evaluations of the CTS 

experimenters and exactly matched, therefore take for valid the model described. 

Finally, the last point discussed was the implementation at DIAdem. As it has been 

commented, we attempted to reuse the structures as implemented in previous studies. But it 

was not feasible for the small differences between the processes of obtaining representative 

values between accelerometers seat and steering wheel. Finally a whole new code using 

the improvements that were seen throughout the project, using the proposed filter for the 

two tests, was written. 

Therefore we have seen the last two analyses with which, from the representative values 

obtained in the different analyses, obtain vehicles CDB index. 

12.6. Index generation 

12.6.1. Introduction 

Once we have obtained the representative values of each test, the evaluation process will 

be followed turning these measurements into indexes. As has been seen throughout the 

analysis process, hawses have reached this point obtaining a total of ten values to be 

indexed: Five from the steering wheel accelerometer (one of the random test and four from 

the deterministic) and five values from the seat accelerometer (one of the random test and 

four from the deterministic impacts). 

The indexing has its own meaning and, at the same time, a great repercussion. The results 

obtained through this program must be able to be understood by anyone, since they will be 

directed towards people who have no specific knowledge of vehicle CDB. For this reason 

we  will use a scale of ten, with zero being the worst possible value and ten as the maximum 

referent in CDB. 

In earlier projects studied of the state of art, we have found only one previous work that 

addressed the indexing, the project of Nadim Naamari [6]. The process was similar to 

adjusting a regression straight line, being one the worst possible value and ten the best. In 

this case only three values were available at the point of indexing, one for the seat random 
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test, one for the seat deterministic test (which has already been discussed in section 

12.5.3.4 , only the result of the impact U-shape was used being this simplification a serious 

loss of information) and another for the steering wheel (being the result of joining the five 

representative values of this accelerometer and choosing the biggest of them, which is 

usually the U-shape, being this also a big loss of information). The equation for indexing the 

three results between one and ten was: 

 

As already discussed in section 7.2 about drawbacks and conclusions of the state of art, 

this process has some disadvantages. As we have seen throughout the data analysis, 

simplifying ten tests or representative values in only three outcomes is a significant 

simplification. We lose a lot of valuable information on the dynamic behaviour of the vehicle 

studied. It has been seen that this approach could make the final results inconsistent with 

reality and do not adjusted. Finally the results not adjusted to the subjective assessments of 

the experimenters. Moreover, the fact of not existence the value zero may cause confusion 

in the scale of results. That is because one might imagine that the worst possible vehicle, 

with a rating of 1, was the best vehicle (number one), when really it is the contrary. 

Furthermore, this methodology presents a serious disadvantage at their calculation. The 

previously equation presented required a maximum and a minimum value to obtain the 

regression. Therefore if in a car test we obtain lower or higher results than the maximum or 

minimum values of the regression could obtain index values higher than ten or lower than 

one index, even negative indexes.  

Hence we must find, verify and present a new operative in order to overcome these 

drawbacks. With this objective we think that the most suitable model we can follow is the 

next. We will begin achieving regressions to avoid the problems of the negative values and 

to place effectively the objective results of the measurements. We will study this in the next 

section of this part. 

Due to the regressions we will obtain ten indexes of the ten representative values. 

Obviously, with many values  the ability of understanding or reasoning about the CDB of the 

vehicle is lost. Therefore, the following will be take place in the operative is the deterministic 

extraction. This means that we want a unique result of deterministic tests. That is, we have 

four indexes of the seat deterministic test and other four indexes of the steering wheel 

deterministic test. It would be easily understood is a unique value for the seat and another 

for the steering wheel. We could achieve this by weighting these results to obtain four 

indexes: The indexes of the seat in the random test, the steering wheel in the random test, 

the seat in the deterministic test and the steering wheel in the deterministic test. 
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Although these indexes are accurate, we believe that joining these indexes we find some 

results that best meet the needs and be more consistent. For example: if a manager of a 

company in the automotive sector (is this public that is targeted this project, engineers will 

be the main users) are presented the results of CDB of a vehicle and observed that the note 

the steering wheel in the deterministic test is a 6'7 will not be able to relate this value with 

the reality of the vehicle. That is because he or she ignore the concepts used in this project 

and would not understand what the term meant "deterministic". Therefore, although these 

four indexes were perfectly valid we must find a way to weight them somehow allows them 

to be understood by anyone. 

Finally, a numerical simulation is performed to explain its operation on three real vehicles 

already presented throughout the project and used in all the previously implementations. 

And will finish explaining the singularities of implementation in DIAdem and the conclusions 

we got from this whole process. 

12.6.2. Regressions 

The regression line is the tool used to switch the test representative values  to the indexes 

between 0 and 10. For example, if in a particular test have a vehicle whose representative 

value is 2.5, it will correspond to an index of 8 into the regression, and the same case with a 

value of 3, it will have an index of 6.  

These simple linear regressions do not need to be adjusted to a line: can be curved, 

exponential, logarithmic, piecewise ... so there are a lot of possibilities. As mentioned in the 

introduction, initially we used a linear regression equation (equivalent to a straight line) in 

which through the maximum and minimum indexes were achieved. 

Therefore, this presented several disadvantages and that is why a new system has had to 

be implemented. Firstly, the same process was attempted with straight lines and obviously 

did not work as expected.  

We can fix two values to create the regression only using Microsoft Excel. After choosing 

two values for a vehicle, one with an index of 4.5 to a negative reference and another with 

8.5 for a good one, we have 2 points to create the regression equation. 



Generation of ride comfort index   111 

 

 

Figure 12.6.2.1 Simple linear regression, equation and graph 

Obviously it is not necessary to go through Excel to obtain the equation because through 

the equation of the line y = ax + b, with a system of two equations and with two points, the 

regression can be obtained. Due to the unknowns “a” and “b” are obtained, the equation of 

the line is obtained. 

It is seen in the above graph the limits are fixed. This means that the index value 10 

corresponds to 4'7 and the zero index corresponds to 7'5. Any other value is in an 

intermediate zone. The difficulty is in setting these values, because it can find a vehicle that 

exceeds these parameters, returning negative numbers or giving more than ten as a result. 

In the above example, if the representative signal value was eight, the index would be 

negative. Also, another drawback of this regression is that being linear very similar cars 

differ considerably at their indexes.  

Observing this disadvantages it was decided to obtain an equation of sixth grade with a 

curve that could benefit avoid negative values and large differences between vehicles with 

good CDB. To understand how it works, see the graph and its equation. 
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Figure 12.6.2.2 Regression approach to sixth grade, equation and graph of BSP test in seat 

Equation is obtained by to the Excel chart, adjusting the intermediate zone of the curve 

(similar to a zone line with a determined slope) with several references of CDB values. 

However, a serious problem was found when it was tested in the DIAdem macro obtaining 

inconsistent and negative values. It was proved that the sixth grade equation of the curve 

provided by the program was really just an approximation. After doing a graphic, we 

observed the equation did not look like the curve we would want to adjust and therefore this 

use was discarded, as shown below: 

 

Figure 12.6.2.3 Real graph of the equation presented by Excel  

Finally, to avoid all the problems seen and achieve the objectives, we created three splines 

following the curve shape of the sixth grade and presented above. 
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Figure 12.6.2.4 Regression with three splines, equations and graphs 

 

Figure 12.6.2.5 Full figure the of splines methodology  

As we see, the regression is separated into three parts. The first connects index 10 to 9 in a 

straight with a gentle slope, with a value of 10 set by the representative value 0 (ie, the best 

possible CDB corresponds to having no accelerations). Cars which reach this area show an 

exceptional CDB features and therefore it is not wanted to pronounce any more differences. 

The second area is the most important because it is where most vehicles are. This 

regression is adjusted by the same method seen in the previous two cases. I.e., taking two 

reference vehicles and adjusting the indexes between 4‟5 and 8‟5. Finally, in the last area 

are presented exceptional uncomfortable vehicles, which do not make any sense to 

differentiate since those CDB levels indicate a serious problem. 

The intersection points between these three equations define the action areas. The 

possibility of entering in negative areas or above 10 is removed. Obviously, the most 

important of these ten regressions are the slope of the middle area, because it is what 

makes the difference for each car in terms of index. 
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12.6.3. Remixing deterministic indexes 

Up to this point the determination of a unique value of all the impacts from the deterministic 

test has been postponed. As already mentioned, in some studies [6] the impact with higher 

acceleration was chosen, but it was concluded that this may lead to unwanted results.  A 

simple alternative is to weight each test and evaluate the final value. 

Several options were studied. The first option chosen was giving equal weight to each test 

(25% of each hit). The problem of this operation was to give the same weight to the result of 

the bar and the U-shape, when it is found that the results of the bar are practically 

negligible, is a serious mistake and the results of this methodology proved it. 

The second proposal was to apply the differentiation of information. As it have seen the 

information obtained from the first two tests was similar, related to the influence of the rear 

axle in the longitudinal direction. And the last two tests provide similar information related to 

the hardness of the suspension in the vertical direction. What we want was to know the 

average of the first two test results and also the average of the last two ones. Obviously this 

presents two drawbacks: 

  

1. Through this methodology we obtain two values  

2. Once again, we give equal weight in tests that provide us a different quantity of 

information. Therefore this option was also discarded. 

Seeing all these errors, it was thought to relate the intensity of each impact with the 

weighting of each test to solve them. In order to check the amount of acceleration intensity 

associated with each test this alternative was analysed according to their options. We could 

choose the maximum value of each test, or the minimum, or the intensity of a certain 

vehicle… Finally was chosen the average of the representative values of all trials that had 

been experimented. Over fifty trials were performed. Therefore we had a representative 

sample available of all segments of passenger cars. Following a summary table of this 

analysis is presented: 
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U-shape BSP BSN BAR U-shape BSP BSN BAR

Car1 6,22 4,90 2,62 0,74 8,51 7,21 2,25 1,25

Car2 7,83 5,16 3,53 0,74 9,41 6,50 3,41 1,67

Car3 7,87 4,91 2,97 1,01 6,79 4,77 2,81 1,39

Car4 6,46 3,86 2,28 0,47 5,73 3,58 2,33 0,84

Car5 6,26 3,88 2,34 0,59 5,66 3,65 2,37 0,98

Car6 7,05 4,24 2,81 0,70 6,55 3,68 2,87 0,88

Car7 6,79 4,16 2,76 0,75 6,80 3,78 3,06 1,05

Car8 7,05 3,91 4,04 0,99 7,49 4,48 4,03 1,42

Car9 7,42 4,23 4,01 1,14 7,82 4,61 4,02 1,52

Car10 6,17 3,78 2,26 0,41 4,65 2,87 1,81 0,54

Car11 6,16 3,72 2,29 0,47 4,70 2,79 2,26 0,58

Car12 6,04 3,74 2,89 0,53 4,67 2,82 2,57 0,65

Car13 6,67 4,20 2,52 0,55 6,68 3,98 2,86 0,75

Car14 6,76 4,03 2,60 0,49 5,87 3,30 2,40 0,67

Car15 8,14 4,52 2,74 0,49 5,71 3,78 2,07 0,67

Car16 10,14 6,07 3,58 0,53 6,97 4,70 2,60 0,64

Car17 6,07 4,10 3,13 0,50 5,48 3,57 2,67 0,61

Car18 5,94 3,94 3,05 0,46 5,34 3,36 2,51 0,57

Car19 6,77 3,33 3,58 0,44 8,85 5,26 4,06 0,83

Car20 5,61 4,42 2,43 0,67 8,61 5,94 3,12 1,59

Car21 6,03 3,94 2,49 0,47 5,55 3,69 2,65 0,73

Car22 5,78 3,87 2,50 0,55 6,04 3,64 2,44 0,77

Car23 4,59 3,30 2,52 0,79 5,52 4,35 1,87 1,14

Car24 5,44 4,10 2,41 0,62 7,32 6,44 3,01 1,30

Car25 6,47 4,66 2,52 0,93 9,39 6,22 2,92 1,84

Average 6,63 4,20 2,84 0,64 6,64 4,36 2,76 1,00

Values

Seat Steer

 

Table 12.6.3.1 Average of representative values  of each test 

As shown in the last row, the average representative value of the U-shape seat test is about 

6, in BSP test the value is close to 4, the natural value BSN is 2 and test bar is practically 1. 

Thus it is proposed weighting each test with these values over 13 (which is the sum of 

6+4+2+1). It might seem that this does not present physical basis, but as it can be seen in 

the following columns for the steering wheel results, these averages are repeated. 

Therefore, the intensity of each test was identical in both accelerometers, and hence the 

amount of information provided is based on these weights. In the following example will 

show how to obtain a single value of the deterministic test using this technique: 

Test Index Peso Total

U-shape 8,62 6/13 3,98

BSP 8,89 4/13 2,73

BSN 4,77 2/13 0,73

BAR 9,75 1/13 0,75

13/13 8,19  

Table 12.6.3.2 Obtaining the deterministic index by the intensity technique 

As shown in the first column are the four deterministic impacts. In the second column the 

index obtained by regressions of each test. In the third column the weighting of each test 

over 13. The fourth column is the result of multiplying the index by the corresponding 

weight, and the last value, highlighted in yellow, is the sum of these four results. 
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Due to this methodology has been obtained stable vehicles order, consistent with the rating 

of the experimenters and the nature of the test. Even with the information provided by each 

test. Furthermore, we got the solution for both accelerometers because the weights are 

share for each impact.  

Therefore, four indexes can be obtained: two by the random test (seat and steering wheel), 

and the other two ones from deterministic tests (seat weighted and steering wheel 

weighted). 

12.6.4. Final indexes 

After getting these first four indexes, we have to think if they are really simple to understand. 

As we know now, we have generated indexes for random and deterministic test 

accelerometers of seat and steering wheel. But we sought whether a simple way to present 

these results. That is in order to avoid the common misunderstood of anyone with limited 

knowledge of CDB. 

The first groups of indexes that we can obtain would be related with the accelerometers. 

Through the combination of the initial indexes could be obtained an index for the seat and 

other for the steering wheel. This would give an idea of how the car behaves at any time for 

both: the seat and the steering wheel. When we look the information related to the steering 

wheel, there are two indexes: the random test and the deterministic test . The same applies 

to the seat, where there are two related indexes, the random and the deterministic. 

If we weight all of these indexes, we combine them to obtain a representative note of each 

accelerometer. After having tried quite a few weightings, it has been observed that the most 

effective one is that allows a 60% weight to the random test and 40% to the deterministic. 

Clearly, the majority of the time is spent circulating in open road and not getting impacts. 

Therefore their information is more relevant at this point. However, the deterministic test 

reveals out very clearly the behavior of the vehicle, showing behaviors that the random test 

is not capable of. Therefore, these weightings which have also been tested and compared 

with subjective ratings are suitable for this process. 

As follows, we detected we could obtain, using the same process, a second group of 

indexes very easy to understand as well. But instead of differentiating between 

accelerometers, is decoupling the test. So it could provide a random index test and another 

of the deterministic test. If located where the information on the random test is, there are 

two indexes, the random test at steering wheel and the random test at seat. The same 

applies to the deterministic test, where there are two related indexes, the seat and steering 

wheel accelerometer. 
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Applying the same methodology seen in previous group of indexes, in this case we 

weighted with 60% information from the seat and 40% to steering wheel information. As it is 

known, it exist a longer and more permanent contact with the seat, from where the 

information is mostly perceived. While the steering wheel information is occasional because 

their vibrations are perceived only on certain occasions, the perceived from the seat reveals 

different information. 

Summarizing, we get indexes of seat and steering wheel which will define how the CDB is 

perceived from these components. As for the random and deterministic indexes that define 

how CDB behaves in these tests, it will become much easier to understand. As a 

simplification of how these indexes are obtained the following table shows the method: 

 

 Random 60% Deterministic 40%  

Seat 60% 7.98 8.19 8.06 

Wheel 40% 9.62 6.05 8.19 

 8.63 7.33  

Table 12.6.4.1 Obtaining table of the final indexes 

As is easily seen, this example vehicle has a very good behavior in both: the seat and the 

steering wheel, because their indexes are very similar and with a value close to 8. It can be 

seen as the example vehicle rides better on open road than receiving deterministic impacts, 

where exist more than one point of difference. Therefore it can be very easily to understand 

how the vehicle of CDB behaves due to these four indexes without having specific 

knowledge of this matter, which was by the way, the purpose of this section. 

12.6.5. Numerical simulation 

Throughout this section we have already been watching how the program operated 

numerically based on examples with different vehicles. That is because by this method we 

could justify the changes. In any case, the study of the numerical simulation will be retaken 

through the three vehicles that have been used along this project.  

We will pick up all representative values obtained by each different methodology in each 

test: 
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Random test U-Shape BSP BSN BAR

Car-1 0,70 7,83 5,16 3,53 0,74

Car-2 0,56 7,05 4,24 2,81 0,70

Car-3 0,49 5,54 3,94 3,05 0,46

Random test U-Shape BSP BSN BAR

Car-1 1,42 9,41 6,50 3,41 1,67

Car-2 0,88 6,55 3,68 2,87 0,88

Car-3 0,74 5,34 3,36 2,51 0,57

Seat

Steer

Vehicle

Vehicle

 

Table 12.6.5.1 All tests representative values of the simulated vehicles 

As defined in the study, the first step that is performed from these values is to obtain the 

indexes of each value through characteristics regressions of each test. Thus, here the same 

table but with the indexes of each test: 

Random test U-Shape BSP BSN BAR

Car-1 4,50 4,83 4,42 5,01 6,86

Car-2 6,79 6,28 6,77 6,55 7,22

Car-3 7,88 8,25 7,54 6,05 8,87

Random test U-Shape BSP BSN BAR

Car-1 4,00 4,52 4,40 6,01 4,56

Car-2 7,49 6,99 7,52 6,85 7,30

Car-3 8,40 8,03 7,88 7,41 8,38

Seat

Steer

Vehicle

Vehicle

 

Table 12.6.5.2 All tests indexes of the simulated vehicles 

As we see, we obtained marks between 4 (poor) to almost 9, so exist a lot of differences, as 

we might be expected. The next step was the deterministic extraction in order to obtain the 

final results. By the weightings of the impacts through the 6-4-2-1, we are able to obtain an 

index relative to global deterministic test. On this occasion we will review the process in a 

particular case (Car-1 seat) and next a table with all the results will be displayed: 
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Test Index Weighting Total

U-shape 4,83 6/13 2,23

BSP 4,42 4/13 1,36

BSN 5,01 2/13 0,77

BAR 6,86 1/13 0,53

4,89
 

Table 12.6.5.3 Deterministic extraction in Car-1 on seat accelerometer 

Vehicle Random Deterministic Random Deterministic

Car-1 4,50 4,89 4,00 4,71

Car-2 6,79 6,55 7,49 7,16

Car-3 7,88 7,74 8,40 7,92

Seat Steer

 

Table 12.6.5.4 Table with the four indexes for each vehicle 

The cars are clearly differentiated and now it is possible to understand the dynamic behavior 

of vehicle comfort. Even so, a method to combine these values through weights for 

obtaining indexes more simple to understand has been defined as well. Thus, the final 

indexes of these vehicles are presented below in a table. Definitely what has been the 

ultimate goal of this project. 

Vehicle Seat Steer Random Deterministic

Car-1 4,65 4,29 4,30 4,82

Car-2 6,69 7,36 7,07 6,79

Car-3 7,82 8,21 8,09 7,81

 

Table 12.6.5.5 Final indexes of the simulated vehicles 

To better understand all these numbers are going to present graphically: 

 



120  Generation of ride comfort index 

 

  

Figure 12.6.5.1 Graph of the final indexes 

As can be seen the vehicles are very different. Consider vehicle by vehicle. The first, the 

Car-1, gets some bad indexes, near 4'5. As seen, is something better in the seat than in the 

steering wheel but, despite this, is bad for both outcomes (asphalt copy problems on 

steering wheel, excessive vibration transmission on rear axle and stiffer sports suspension). 

As regards the tests, the same occur, it is slightly better in the deterministic test but the two 

results are poor. 

For Car-2 and Car-3, the indexes have very similar pattern but at a different scale. Car-2 is 

around 7 and Car-3 near 8. As seen in both cars, they have in relation to their indexes a 

better evaluation of the steering wheel than the seat. And in this case obtain better results 

from the random test than from the deterministic test. It is known that this difference comes 

from the different equipment level, because Car-3 is a superior range of features.  

If these indexes are compared between them, the differences between each vehicle are 

clearly seen: 

 



Generation of ride comfort index   121 

 

 

Figure 12.6.5.2 Compared graph of the final indexes  

Multiple differences between Car-1 and the rest are observed. The other two cars are very 

similar, especially in the steering wheel where the indexes are closer (in this case share the 

complete direction platform). 

Therefore, the indexes are representative of the values that have been previously obtained 

and especially are validated regarding the subjective assessments of the experimenters. 

12.6.6. Implementation in DIAdem 

On this occasion, corresponding to the study performed in this section, the implementation 

differs from all the other implementations. In fact from here no longer operational shown in 

paragraph 12.5.1 of the analysis will continue. In this section will follow the model used in 

the previous section 12.6.5 to obtain the desired results. 

As it has been noted, the first action to be implemented is the spline regressions to 

transform from representative values of all tests into the indexes. To carry out this we will 

have all the equations of the three sections of the splines. These equations will be obtained 

manually from the Microsoft Excel software. Each representative value will be encoded with 

a name that let know which group of splines should go. When enter in the loop, it will be 

recognized and it will go to the subroutine with the three equations corresponding to them. 

To distinguish in which equation should be evaluated, the values are contrasted with the two 

cutoff points. If the value is between 0 and the first cutoff, they will go to the first equation 

(the best results). If the value is between the first breakpoint and the second, they will go to 

the second equation (the regression line with the characteristic slope). If the representative 

value is greater than the second cutoff, it belongs to the third equation, the worst CDB 

vehicles. 
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When the value enters into the equation acts as the variable X of the equation, and the 

result will be Y, and that will be the final index of the 10 tests. As a reliability feature, we 

created a subroutine where if the final result, the index, is greater than 10 or less than 0 

(negative), return an error of data corruption. As is known, in this model is not allowed this 

happening. It might happen that an index becomes negative if the representative value were 

negative, which is not possible by the model. But as in computer the data can be corrupted 

is better to have this kind of security codes. 

The next point is to concentrate the deterministic tests indexes into a single index. In this 

case, it will be carried out by some weightings that will be variable from the graphical user 

interface. That is for setting if is desired to vary in the future due to changes in the CDB 

criteria. Through this process the two deterministic indexes, the seat and the steering wheel, 

will be obtained, completing the desired four indexes. 

As a last step, the combinations of the four indexes are performed. These are assessments 

of each accelerometer in each test, to obtain new indexes easier to understand. As in the 

previous step, the key point is the weights, which will be again available to the user if in the 

future are desired to change this setting mode. By combining they will be obtained the last 

four indexes, which are the goal of the project. 

12.6.7. Conclusions 

As is it known, each point of this section will be discussed summarizing the most interesting 

conclusions of the analysis. In this case, from the introduction it has been concluded that 

the methods used in other projects presents relevant disadvantages. Therefore the analysis 

presented in this section is critical to the project. 

The primary function to obtain the indexes are the regressions, therefore is critical adjust 

them well. Has been seen their evolution, initially discarding the straight line and the sixth 

grade curve. Finally we use a splines divided into three sections simulating the contour of 

the sixth grade curve. Have been obtained three concepts that are important to have them 

properly configured: 

 

1. The first is not to get negative ratings or above ten, this being achieved through a 

good set of regressions. 

 

2. The second is the slope of the regression, which will determinate the differences 

between vehicles. Have used two reference vehicles, a good one with an index of 

8‟5 and a bad 4'5 index, to adjust each of the ten slopes. 
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3. And the third is the distance between vehicles with excellent CDB and problems in 

this area. This will determine the two cutoff points between the sections of the 

spline. It should be understood which not too much interested in differentiating 

between very good vehicles, or between vehicles very bad. 

On the next point, the deterministic extraction, has been seen that the only concept that has 

physical relationship with this purpose is the average impact intensity. That is, the maximum 

or minimum value, equal weighting, or any other possibilities are not representative of the 

deterministic impacts. Therefore their results are not accurate enough. However, using the 

average intensity of impacts as a percentage weighting, it results in indexes that fit perfectly 

with the subjective ratings. This is related to the amount of information that is perceived in 

each of the impacts. Have been seen that the weighting were close to 6 for the U-shape, 4 

to BSP, for BSN near 2 and 1 for the bar, all over 13 points. With this model four 

representative indexes of the vehicle CDB are achieved, but they are not easy to 

understand. 

That is why in the following section have attempted to combine these four indexes to obtain 

other simpler to understand by anyone without specific notions of CDB. For this was 

obtained an index representative of CDB of the seat and another of the steering wheel, 

through mixing the random tests (60% rated) and the deterministic (valued 40%). Finally we 

also found two additional indexes, one of the random test and another of the deterministic 

test. This was obtained by mixing signals from seat accelerometer (60% rated) and 

accelerometer steering wheel (valued 40%). 

In the numerical simulation we have obtained the indexes of the three vehicles used 

throughout the entire project. It has been shown how the representative values 

corresponded perfectly with the indexes obtained, as well as the subjective assessments of 

the experimenters and the vehicle specification. 

Finally, in the implementation has been seen how the code was created for this section as 

well as the inclusion of security subroutines that avoid errors in the final indexes. Is also 

specified which weightings and values have allowed as system variables. Therefore the end 

user can adjust this method through the graphical interface if the concepts of CDB vary in 

the future. 
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12.7. Reasonableness of results 

12.7.1. Subjectivity vs. Objectivity 

The main reason to do this project was to obtain objective measures of CDB in a vehicle. 

Throughout the whole project, one of the many ways to validate the objective measures 

obtained by the program has been the subjective opinions of pilots. 

In an ontological meaning, the objective measures are those that can be measurable. On 

the contrary, the subjective measures are based on evaluations or arguments from the point 

of view of anybody. Hence, objective measurements are not influenced and can be checked 

by anyone on a repetitive mode (allowed and known experimental errors). However in this 

project we are going to know what is the influence on the ratings made by CTS 

experimenters. To a large extent, with the absence of divergence criteria on this aspect by 

the different actors, this problem would not exist. 

At this point, everyone understands CDB in a different way. We might think that the 

objective calculation would eliminate all the deficiencies of the subjective model, but 

somehow, both properties must be related. The objective calculation has to be based on 

subjective because it is aimed at the individual. It has been to understand than the ultimate 

goal is to get better vehicle sales, therefore must be oriented to the majority of population. 

In this section are going to study two details related to this topic. Firstly, we are going to 

check the amount of divergence between different pilots specialized in obtaining this type of 

assessments (relating to comfort) with extensive experience in the sector. Secondly, we are 

going to check if after all the model creation phase the program works correctly or requires 

adjustments. 

For this purpose, some tests have been developed with different vehicles. Initially the tests 

were performed in Idiada and data was submitted to the calculation of the indexes. Results 

of many cars were available and four were chosen with very similar indexes but differed 

from them in some aspect. Therefore are vehicles that should be difficult to distinguish. 

Subsequently four CTS pilots specialized in this field were chosen and were instructed to 

evaluate each of the three vehicles selected. For each vehicle, a route with different stages 

was designed: 

 

1. The first thing they had to do was going through the same tracks for which were 

performed the CDB test. Therefore, by the rough track 7 and comfort impacts of 

track 7. 
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2. Next they went to the track 4 of fatigue. 

 

3. In the third stage they should go through the high speed track. 

 

4. Finally they should go offsite Applus + and take a rout on open road that included a 

stretch of mountain, a highway and finally secondary road. 

They were instructed that at the end of each track or section, they have to stop the vehicle 

and perform the assessment at the same time, both the seat and the steering wheel, on a 

natural scale of 0 to 10. They were also instructed to perform the same protocol that in 

obtaining data for the program. They were also encouraged to write notes or comments 

about their feelings during testing. Therefore, in the following section will discuss the results 

of these tests. 

12.7.2. Road test 

Initially it will present the results of the vehicles involved in these tests. First it will present 

the results of all tests, followed by the four indexes with deterministic extraction and finally 

the table with the four final indexes. Have been termed the vehicles with vocals from A to D: 

Seat Steer

Vehicle Random Random U-shape BSP BSN BAR U-shape BSP BSN BAR

Car - A 7,04 7,32 7,93 8,08 7,68 8,84 8,59 8,50 7,81 8,33

Car - B 7,94 7,20 6,83 7,31 7,01 8,79 7,58 7,94 7,58 8,05

Car - C 7,88 8,40 8,25 7,54 6,05 8,87 8,03 7,88 7,41 8,38

Car - D 7,91 7,77 6,80 9,08 4,91 8,91 5,00 5,77 5,00 7,49

Seat Steer

 

Table 12.7.2.1 All test indexes 

Seat Steer Seat Steer

Vehicle Random Random Deter. Deter.

Car - A 7,04 7,32 8,01 8,42

Car - B 7,94 7,20 7,15 7,73

Car - C 7,88 8,40 7,74 7,92

Car - D 7,91 7,77 7,37 5,43
 

Table 12.7.2.2 The four indexes with deterministic extraction 



126  Generation of ride comfort index 

 

Vehicle Steer Seat Random Deter.

Car - A 7,78 7,44 7,13 8,15

Car - B 7,42 7,61 7,68 7,35

Car - C 8,20 7,82 8,06 7,80

Car - D 6,78 7,68 7,86 6,69

Index

 

Table 12.7.2.3 The final four indexes 

These are the initial results of the vehicles. As seen the indexes, vehicles score very similar, 

the average of all results is around 7'5, but with minor differences. Now it will show the 

results of subjective evaluations of these vehicles by each of the experimenters. It starts 

with the assessment of the first car: 

Car - A Seat Steer

Driver Random Random U-shape BSP BSN BAR U-shape BSP BSN BAR Track 4 PAV Route Track 4 PAV Route

Driver - 1 7 7 9 7 7 8 10 8 8 9 7 7 6 8 8 7

Driver - 2 6 6 7 6 8 8 7 9 8 8 6 8 7 8 7 7

Driver - 3 7 9 9 7 7 9 9 8 8 8 7 7 6 7 7 5

Driver - 4 8 8 8 6 7 8 8 8 8 8 7 8 8 7 7 8

Average 7,00 7,50 8,25 6,50 7,25 8,25 8,50 8,25 8,00 8,25 6,75 7,50 6,75 7,50 7,25 6,75

Std Desv. 0,82 1,29 0,96 0,58 0,50 0,50 1,29 0,50 0,00 0,50 0,50 0,58 0,96 0,58 0,50 1,26

Seat Steer Steer Seat

 

Table 12.7.2.4 Subjective evaluations of each pilot 

As seen two rows have been added to the end of the table, with the average rating of each 

pilot, and another with the standard deviation. It will present the results of the remaining 

three vehicles: 

 



Generation of ride comfort index   127 

 

Car - B Seat Steer

Driver Random Random U-shape BSP BSN BAR U-shape BSP BSN BAR Track 4 PAV Route Track 4 PAV Route

Driver - 1 8 7 7 7 7 9 8 8 8 8 7 6 7 8 6 8

Driver - 2 8 6 7 6 7 8 7 9 7 8 8 6 7 8 7 7

Driver - 3 7 7 7 7 7 9 7 8 8 8 8 6 7 8 6 7

Driver - 4 8 8 6 7 7 8 8 8 7 8 7 8 8 8 7 8

Average 7,75 7,00 6,75 6,75 7,00 8,50 7,50 8,25 7,50 8,00 7,50 6,50 7,25 8,00 6,50 7,50
Std Desv. 0,50 0,82 0,50 0,50 0,00 0,58 0,58 0,50 0,58 0,00 0,58 1,00 0,50 0,00 0,58 0,58

Car - C Seat Steer

Driver Random Random U-shape BSP BSN BAR U-shape BSP BSN BAR Track 4 PAV Route Track 4 PAV Route

Driver - 1 7 9 8 7 6 8 8 8 7 8 9 7 6 9 7 8

Driver - 2 8 8 8 7 6 8 8 7 8 8 8 7 8 8 7 7

Driver - 3 8 8 9 7 7 8 8 8 7 9 8 7 8 7 8 8

Driver - 4 9 9 8 7 6 9 8 8 8 8 8 7 8 9 7 9

Average 8,00 8,50 8,25 7,00 6,25 8,25 8,00 7,75 7,50 8,25 8,25 7,00 7,50 8,25 7,25 8,00

Std Desv. 0,82 0,58 0,50 0,00 0,50 0,50 0,00 0,50 0,58 0,50 0,50 0,00 1,00 0,96 0,50 0,82

Car - D Seat Steer

Driver Random Random U-shape BSP BSN BAR U-shape BSP BSN BAR Track 4 PAV Route Track 4 PAV Route

Driver - 1 8 7 6 7 5 8 4 5 4 7 6 5 5 7 7 7

Driver - 2 9 8 8 7 6 8 5 6 6 7 4 5 6 8 8 7

Driver - 3 8 8 6 6 5 8 6 5 5 7 5 4 6 7 8 8

Driver - 4 8 7 7 9 6 8 5 6 5 7 4 5 5 8 7 7

Average 8,25 7,50 6,75 7,25 5,50 8,00 5,00 5,50 5,00 7,00 4,75 4,75 5,50 7,50 7,50 7,25

Std Desv. 0,50 0,58 0,96 1,26 0,58 0,00 0,82 0,58 0,82 0,00 0,96 0,50 0,58 0,58 0,58 0,50

Seat Steer Steer Seat

Seat Steer Steer Seat

Seat Steer Steer Seat

 

Table 12.7.2.5 Subjective assessments of remaining vehicles 

Regarding the divergence of results between drivers: It can be observed the existence of 

certain dispersion, but the average is 0‟58, therefore is a fairly low average deviation 

considering that the maximum is 5'2 (this is 10% dispersion). 

Regarding the obtained results: Comparing the average results of subjective evaluations of 

each vehicle provided by the macro (objectives), a very good fit are observed. The only 

point of disagreement is the subjective assessments of the BSP test seat, which was also 

commented by the majority of experimenters. One or two points lower than those obtained 

by the program is observed in subjective ratings. This suggests that adjustments should be 

made. 

12.7.3. Settings 

As seen, the results of the BSP test were high according to subjective assessments. It could 

also observe an average deviation of 20% between objective and subjective measures. In 

order to analyses this fact we study the possible actions could be taken to improve or adjust 

this deviation. The methodology for obtaining a representative value of the seat BSP test 

could be the responsible for.  

As defined, there are two steps to get that value, the filter first followed by the VDV 

methodology. Some of these steps could be generating this divergence. But as it is known 

the filter is well defined, varying the submitted by the ISO 5349-1 [5]. It should not be cause 

of modification, since it is an offset error. Regarding the VDV methodology, is a fixed 
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function, without variable parameters, therefore can not be causing this failure. 

Therefore the obtaining of the representative value is not the responsible of this dispersion. 

The only thing that can offer a viable solution is the modification of the scale of the 

regression related to this index (seat BSP). Displacing regression toward the left of the 

graph, will allow obtaining a change of scale without changing the order of the vehicles. 

With this modification: setting the regression to obtain these representing values an index of 

two points less, an improvement in the results obtained by this test was possible. We also 

obtained a second benefit indirectly: the involvement of this result in obtaining the index of 

the deterministic test seat (remembering the deterministic process during extraction) made 

that the order of vehicles and scale of this result also improved. 

Therefore, by a simple adjustment we got a significantly improvement on the fit of the 

subjective values with the objective, which was the initial purpose of this section. 

12.8. Showing the results 

12.8.1. Interface 

Now that the desired results have been obtained, we must address the following 

requirements related to the usability of the program. The first aspect to be studied is the 

interface used to present the results. 

The tool has been designed for ease use. So, the operative to get results only consists of 

three phases: 

 

1. Initially two files are loaded in DIAdem loads list, one of the random test and 

another of the deterministic test, which comes from the Idiada macro  

 

2. Followed the name of the vehicle is introduced to register 
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Figure 12.8.1.1 Box to enter the name of the car 

 

3. Finally, press a single button ("Do Comfort Index") as seen in the picture above 

highlighted in yellow, and after two minutes of data processing the results are 

obtained on the same screen 

 

 

 
Figure 12.8.1.2 Processing and final presentation of the results 
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The process is really simple. Anyone unfamiliar with the program can execute it. Now we 

will analyse the results presented on the screen. There is a first box called Values, where 

is shown the ten representative values were finally indexed. In the lower part there is a 

second box, where are the ten indexes corresponding to the ten previous representative 

values. The left column corresponds to the results of the seat and the right to the steering 

wheel results. 

 

A third box, called 6-4-2-1 can be seen in the upper right corner. Now it can be imagined 

that corresponds to the deterministic extraction. It presents the results of the set 

deterministic test for seat and steering wheel. The final box is located below, called 

Results, where final indexes of seat, steering wheel, random and deterministic test 

presents it. As seen they are highlighted in yellow and in bold font. 

 

Therefore at a single glance one is able to observe all the results of the vehicle. It has 

also implemented a system of graphic marked, which by means of a target be highlighted 

in red and changed the font color on white to highlight the results lower than this target. 

With this method, for example by setting the target in five, can be detected easily those 

indexes that have been suspended and may give some indication of the suffering vehicle 

problem. 

12.8.2. Reports 

But there is not only the graphical interface to present the results. To present the results in 

another format, for example in a meeting, one of the requirements was the ability to 

automatically generate reports with results both numerically and graphically, even with 

comparatives. 

For this reason has been designed a new tab called Reports, which is presented below: 

 

Figure 12.8.2.1 Reports tab 
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As shown, we have two clearly differentiated parts. At the first part there are five dropdown 

cars to select, which results have already been obtained, in order to compare between 

them. At the bottom we have the command buttons, in which we found two functions, Do 

Compare and Do Report. 

The Do Compare corresponds to a quick comparison between the vehicles selected in the 

upper part of the tab. This button generates a report with a first zone where the results of 

the final four indexes are presented in graphical form of selected vehicles in the Report tab. 

In the lower half of the generated report presents these results in tabular form. Also it 

include the same functionality seen in the previous section of highlight in red those indexes 

that are poor. Next, a real example is presented, omitting the name of the vehicles for 

confidentiality reasons: 

 

 

Figure 12.8.2.2 Do Compare comparison report 
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This system allows to quickly compare cars without the need to run any further analysis, 

taking advantage of the functionalities provided by the database. Regarding the second 

button, the Do Report generates a comprehensive report of the just analysed vehicle 

through the macro. Presents a four-page report:  

 

1. On the first page will find a bar graph with the final four indexes and in the lower 

half, all indexes generated numerically. 

2. On the second page was created a comparison. Is the same report generated by 

the Do Compare, but including the vehicle used and a linear analysis instead of 

bars. 

3. On the third page two bar graphs comparing the ten indexes of the selected cars 

is created. 

4. The representing values of the ten tests are presented on the last page. 

 

The result would be:  
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Figure 12.8.2.3 Report generated by the Do Report 
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12.8.3. Implementation in DIAdem 

These utilities are unlike anything previously observed. We will present the implementation 

of the two DIAdem features discussed in this section. We starting with the graphical user 

interface by results presentation and followed by the reporting. 

The implementation of the results in the user interface is very simple. First, all the textbox 

where we will write the results are generated in the design page provided by DIAdem. Also 

the button that will run the entire macro is created. Then in the program code a final 

subroutine is implemented inside the overall work cycle, in which all the results are linked to 

the appropriate textbox. 

To implement the functionality of graph highlighting once have been linked the values with 

the textbox each index is analysed. If the value is smaller than the set target value is 

encoded for that box is highlighted in red and the font change to color white. 

To implement the functionality of the reports, it has been based on a similar methodology 

that was created in the graphical user interface, but externalizing the results. Initially empty 

templates are created in a graphics editing program. Later in the program code the 

subroutines belonging to each button are written. 

For the Do Compare initially called to the comparative template, of a single page, and are 

commanded to open. Following are read the vehicles selected in the Report tab and all 

results are stored in an array of internal program parameters. Next it requires the hard work 

of this section. It has to relate each value, index, name or number with the position in XY 

coordinates, to be positioned in the template that is initially open. Finally, the graphs are 

generated automatically by passing the data to the template, although needs to be set the 

format (colors, style ...) to be used. 

For Do Report the implementation is very similar to that seen in the Do Compare. The same 

methodology was followed exactly, but with a different template, of four pages. Therefore, 

have been to save data, and establish that coordinates and that page fits each outcome, 

and are auto-generated graphics. 

This ensures implement these practices features that allow to present the results in a 

convenient and easy way. 
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12.9. Miscellaneous 

12.9.1. User-friendly 

One of the initial requirements was an easy usability. That anyone could run this program 

without specific knowledge about CDB or computers, making it accessible to everyone. At 

the same time it was desired it being intuitive and with a pleasing appearance. Another 

point, despite it may seem something far from user-friendly stuff is the agility program, as an 

agile and fast program eliminates the sense of delaying improving the user experience. 

Within the measures adopted is to simplify the steps needed to achieve a goal. As we saw, 

to obtain results only it is necessary to press a button, and the same to generate a report or 

a comparative. Obviously, for the rest of tabs that have been implemented it has followed 

the same approach. This was achieved by bringing together and applying subroutines 

schematically at the start button. For example, when pressing the button Do Comfort Test 

starts a subroutine for calculating the random test in seat, upon completion the deterministic 

test begins, then two for the steering wheel and finally the index calculation subroutine. 

Clearly inside each of these subroutines exist more subroutines, and therefore the entire 

code is achieved to run with a single click. 

The agility of the program has also been maximized. The calculations loops have been 

optimized to avoid more data than necessary. That is because with more data points the 

processing time increases. Overall, after doing the whole analysis the program takes about 

three minutes on a computer with a common hardware. 

In the graphics, the command buttons have been expanded. The font size has been 

increased and highlighted in colors to attract attention. With these changes, a more intuitive 

program is achieved. The main reason is because with a single button per tab is easy to find 

it and act. 

Furthermore, graphical alerts have been implemented, such as red highlight for poor 

indexes or below the set target. The command buttons of the program change also to red 

when are processing, and changing the title of the button for "Processing, please wait" 

making it clear that the program is not hung and is working. 

Everything presented in the graphical interface has been normalized, matching sizes, fonts 

and colors of all objects. It even has aligned the objects along a grid. Due to that we 

achieved homogenize aesthetics while creating a more stable design and intuitive. Also, in 

the design of reports have also been implemented these measures in order to homogenize 

the entire program 
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Another measure adopted in the program has been to limit the number of characters in 

accessible TextBox open for writing. It may occur that when writing too much in a box are 

out of range, causing an inconsistency in the program. For the same reason has been off 

limits to the use of open boxes for entering numerical values, abusing of the drop-down or 

using arrow buttons to increase or decrease values. 

As a last improvement, we implemented a shortcut to initialize the program directly from 

DIAdem, saving time looking for the executable in the appropriate folder. Thanks to all these 

measures, the program is now intuitive, easy and friendly to use. 

12.9.2. Comments 

Throughout this project, the need to create an application that would allow comment about 

the vehicles or test was observed. Therefore a new tab to enable this option was created. 

 

Figure 12.9.2.1 Comment tab 

As seen has implemented a big box where enable to write clearly any incident or 

appreciation that the user will make on the test or vehicle. It is very useful, for example, if is 

desired to report the status of the track (rain, ice, weather incidents ...) or the state of the 

vehicle condition (worn wheels ...). 

At the bottom are located three buttons. The main on the right and highlighted in yellow 

allows saving the vehicle's comments with the results. So, when reopen the results of the 

same car will be available the initial comments. The other two buttons allow to erase or 

rewrite the entire text. 

Therefore, through this simple system can be added, delete and edit comments on the 

results. 
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12.9.3. Database management 

Unlike the previous section, this application was designed from the beginning of the project. 

In addition, it must be implemented to ensure that comparative functions make sense (if 

have not a database for looking up the results does not exist the possibility to compare 

anything.) To do this, as in the previous case, has enabled a tab of database management. 

 

Figure 12.9.3.1 Tab management database 

Once the macro is installed in DIAdem, four folders are added to the path where the 

program is installed. One is IC (Comfort Index), where are all the old scripts or useful 

programs. The second is Macros where the executable of DIAdem (the link between the 

program and the code) is installed. The third is Report Layout where are empty templates of 

comparative and reports. And finally the fourth is called Data, which at the same time 

contains a folder named Results. 

Once a vehicle has been analysed, this tab can be accessed to save the results produced 

by the program with the “Save in .TDM” button. This allow to create files .TDM (predefined 

DIAdem) with all signals generated in this process. To manage this data, it has also been 

enabled the possibility of eliminate a vehicle, if it is wrong. It also allows a small query, in 

which a screen message is generated with the four representative car indexes. And finally 

allow to rename the car, also for security against mistakes. 

There is also another extra functionality. If a .TDM file is loaded from DIAdem, the macro 

can retrieve all the test results by a button on the main page called Refill. All vehicles stored 

in this database shall serve to compare the vehicle just analysed in subsequent reports and 

comparatives. That is because when executing the program automatically generates a 

channel with all these results cars, thereby allowing to choose them in the Reports tab. 



138  Generation of ride comfort index 

 

12.9.4. Implementation in DIAdem 

On this occasion, implementation is simpler than it might seem. Since DIAdem incorporates 

features that allow saving or exporting the desired channels in a certain destination easily. In 

dealing with this problematic, a process of recorded channel in a loop was imagined, 

choosing channel by channel. This would take us a lot of time to implement, creating an 

excess of lines of code and slowing down the flow of the program, because an increase of 

the memory usage. 

But as has been mentioned, DIAdem includes subroutines that can help to solve this 

difficult. For example DataFileSaveSel function saves the desired channels from all 

generated. An example is presented: 

Call DataFileSaveSel(link&"\DATOS\Results\"&name&".TDM","TDM","'Comfort Index/[1]' - 

'Comfort Index/[5]','Comfort Index/[7]'") 

As seen, this function is called with the command call. It has been added two data to this 

function, the target path and the selected channels. First, to describe the route, the link 

where it installed the macro is written and enters in the Data folder and then in the Result 

folder. Finally it is ordered to save the TDM file with the variable "name", which contains the 

name that is given to the vehicle. 

Due to this functionality, both the comments and the function bran management database 

have been saved, selected channels to be used in each section orderly.  

To implement the delete function and renamed, DIAdem also contains routines for these 

tasks, called DataFileRename and DataFileDel. 

Joining all these functions and using the user-friendly aspect defined in the first paragraph is 

achieved by implementing all the functions required for this project. 

 

 

 

 

 



Generation of ride comfort index   139 

 

13. Validation of the final solution 

Despite having compared the results obtained in each section with those obtained by 

subjective valuations and having validated the results obtained by the tool in section 12.7 on 

the reasonableness of results (again making a comparative subjective vs. objective values), 

in this methodology still exist parameters that have not been validated. 

Specifically, fixed from the beginning of the project, two parameters may significantly 

influence the test results. These are the selected tracks for the tests and the speed at which 

they run. 

Of the first parameter, the tracks, we want to validate the information provided by the 

chosen track and also check if other tracks are more suitable to our purpose. For the 

second parameter, the speed, we have to validate the influence it has on the final result, 

and if the initial setting is correct. 

13.1. Track influence 

As we have seen in the section 12.3.2 of Random testing various possibilities exist where to 

locate the test, unlike the deterministic test where the location is strongly defined. Initially 

track 7 of comfort as the most suitable for this purpose is defined, but this has to be 

validated. In order to find difference between testing on different tracks will be tested 

seventeen different vehicles in each of tracks that can be used Idiada: the high-speed track, 

track 3 of fatigue and track 7 of comfort. 

First we will introduce the CDB results of the tested vehicles, obtained using the developed 

method.  For confidentiality reasons we will name the vehicles as CarXX being XX a 

number from 1 to 17.  

We have to define the values that we will observe next. What we present is representative 

acceleration values related to CDB perceived by the pilot. Therefore, the larger the value is 

that suffer a poor comfort. We have made it clear that these values are not indexes. The 

results are: 
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Vehicles PAV  Track 7 Track 3 

Car01 0,76 0,63 2,34 

Car02 0,91 0,74 2,54 

Car03 0,95 0,69 2,70 

Car04 0,69 0,52 2,18 

Car05 0,71 0,54 2,18 

Car06 0,80 0,60 2,24 

Car07 0,58 0,50 1,87 

Car08 0,68 0,55 2,16 

Car09 0,62 0,50 2,03 

Car10 0,62 0,49 1,96 

Car11 0,66 0,58 2,15 

Car12 0,59 0,48 1,89 

Car13 0,54 0,49 1,88 

Car14 0,68 0,57 2,18 

Car15 0,76 0,61 2,34 

Car16 0,77 0,54 2,26 

Car17 0,78 0,56 2,28 

Table13.1.1 Results of different cars on the three tracks 

As can be seen the track 3 introduces a very high input, since the values are four times 

higher than the other tracks. Besides, the PAV has been analysed to 100 km/h in order to 

get more input, because at 40 km/h signals would be much lower than those observed in 

track 7. 

Once these values are obtained we will compare them to consider if they provide different 

information. First we will compare the PAV with track 7 of comfort. We are going to make a 

scatter plot and linear regression to finally check your adjustment coefficient R
2
: 
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Figure 13.1.1 Regression and adjustment coefficient between PAV and track 7 

As expected the information obtained is not exactly the same, but as we can see through 

the adjustment coefficient similarity it is around 80%. So that gives us information about the 

PAV and track 7 is very similar. Now let's compare track 3 of fatigue with track 7 of comfort. 

 

Figure 13.1.2 Regression and adjustment coefficient between track 3 and 7 

As occurs in the case above the values vary, but we can deduct for the adjustment 

coefficient information is even more similar. So, all two tracks could be used for this purpose 

because have similar information. Finally we will compare track 3 with the high-speed track 

to finish all tracks compares between them. 
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Figure 13.1.3 Regression and adjustment coefficient between track 3 and PAV 

It can be deduced that the information presented to us by these two tracks leads to virtually 

the same results, with an adjustment coefficient that exceeds 94%. The final deduction that 

we can make about this whole process is that all three tracks presented are valid for this 

test because the information they provide is very similar. The main question is the choice of 

track 7 instead of the other two. 

Answering this question is simple, for the same reasons as described in the presentation of 

the Random test, which is the intensity of the input. The PAV there is little input at low 

speeds. This could reduce the precision of our process. In this analysis pilots had to drive at 

a constant speed of 100 km/h, which is not entirely desired in this type of testing mainly 

because due to this speed may appear the “crests jump phenomenon“. This occurs when 

the wheel is jumping between different peaks in the roughness of the asphalt, creating an 

unwanted loss of information. 

As for track 3, the situation is quite the opposite, there is so much input (four times the 

energy seen in track 7) that an amount of noise and vibration is generated makes the pilot 

to lose focus on CDB. Although it is desired that the process is completely automatic in 

obtaining objective measures. The pilot is still a very important part of the method, and is in 

charge of deciding whether the test has been correctly followed. Therefore, it has been 

determined that choosing this track could be counterproductive. 

Finally we conclude that track 7 of comfort, created for this purpose, is the most suitable 

location for these tests. 
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13.2. Speed influence 

As in the previous section, we will try to resolve some of the questions raised in the 

introduction section of this chapter about testing. We have already solved the question of 

the location and we will now deal with of speed. 

Initially we set the speed of the two tests at 40 km/h. In order to validate this parameter 

must check what would happen with other speed values. We can quickly discard a lower 

speed because city usually drive at a maximum speed up to 50 km/h and in the highway up 

to 120 km/h, so lower speeds are not representative of the effects of normal circulation. 

With higher speeds may be different depending on the nature casuistic test. For the 

stochastic test, it would be acceptable any speed over 40 km/h. Nevertheless, one must 

understand that with high speeds the “crests jump phenomenon” could happen at high 

speeds. This could generate an information lose about the behaviour of the vehicle because 

of the lower input. Nevertheless, the conditions would be similar for all vehicles and 

therefore still comparable between them. 

Where variation does exist and is determining the speed is in deterministic test. It is very 

different impact against a curb at 10 km/h than at 100 km/h. Therefore we have to analyse, 

as we have done in the previous study, the deterministic test with two different speeds.  

The results of the four tests at 40 and 80 km/h are presented for fifteen different cars. The 

initials correspond to test BSP Big Step Positive, BSN Big Step Negative and BAR to the 

crossbar: 

Vehicle U-shape BSP BSN BAR U-shape BSP BSN BAR

Car01 6,22 4,90 2,62 0,74 3,83 6,08 3,96 1,40

Car02 6,46 3,86 2,28 0,47 3,22 3,40 2,68 1,24

Car03 6,79 4,16 2,76 0,75 4,10 5,26 3,38 1,46

Car04 7,05 3,91 4,04 0,99 4,72 4,75 4,68 1,16

Car05 7,42 4,23 4,01 1,14 4,62 4,96 4,73 1,29

Car06 6,17 3,78 2,26 0,41 3,04 3,41 3,02 1,17

Car07 6,16 3,72 2,29 0,47 3,20 3,64 3,13 1,68

Car08 6,04 3,74 2,89 0,53 3,47 3,76 3,71 1,60

Car09 6,76 4,03 2,60 0,49 3,10 3,28 3,22 1,56

Car10 8,14 4,52 2,74 0,49 3,54 3,48 2,94 1,51

Car11 10,14 6,07 3,58 0,53 4,66 4,89 3,08 1,47

Car12 6,07 4,10 3,13 0,50 3,86 3,77 3,43 1,32

Car13 5,94 3,94 3,05 0,46 3,55 3,67 3,45 1,34

Car14 5,44 4,10 2,41 0,62 3,64 5,12 2,27 1,46

Car15 6,47 4,66 2,52 0,93 3,64 5,12 3,24 1,46

Track 7 40 Track 7 80

 

Table 13.2.1 Different speeds results in deterministic test 
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All these data are difficult to analyse them together. So, we will be making comparisons 

between each of the 4 tests between the two different speeds, making the linear regression 

analysis of the correlation value R
2
. The first analysis we look at is the U-shape test 

between 40 and 80 km/h: 

 

Figure 13.2.1 Regression between 40 and 80 km/h in U-shape test 

In this graphics we see a huge influence of test speed on the results. The results of the U-

shape test are higher for 40 km/h than at 80 km/h. This may seem counterintuitive, but if 

really understand what happens is natural to occur this phenomenon. The profile of this test 

is U-shaped, so at first the wheel drops the negative slope, then impacting the positive 

slope. When traveling at higher speeds it is possible that the wheel does not have time to 

drop the whole tour, hitting early or even without reaching impact, bypassing the obstacle 

and produce lower acceleration. As shown by the correlation coefficient, we can not say 

they are similar tests, and we provide different information. Therefore what we have 

described the test is providing much more information 40 km/h than at 80 km/h. 

The next test is to compare the results on BSP depending on the speed. Observe the 

results: 
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Figure 13.2.2 Regression between 40 and 80 km/h in BSP test  

As can be seen the setting returns to be harmful, not reaching even 30% of shared 

variance. However, the intervals are similar to each other, what happens is that impact 

violence is decisive on the rebound of the suspension, with varying results. We have to 

analyses what is more representative. Upload a curb more than 50 km/h is not 

representative of general driving, as the violence of the impact could cause breakage of any 

subsystem. As in the previous test, we determine that the speed of 40 km/h is more 

appropriate. 

The next test is to compare the BSN, observe the results: 

 

Figure 13.2.3 Regression between 40 and 80 km/h in BSN test  
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In this case the speed of the test is not as decisive in the setting, the information obtained is 

fairly similar. The intervals are similar or even the regression coefficient is close to 60%. 

This is due to the nature of the test, where the wheels of each axle fall a fixed distance 

without receiving virtually no impact. Thus a much less violent, seeing this factor in the 

ranges which are practically half of the BSP. In this case, we chose speed as 40 km/h for 

consistency with the BSP test. This way, the pilot will not have to change the speed in the 

middle of the trial. The last test is to compare the BAR, observe the results: 

 

Figure 13.2.4 Regression between 40 and 80 km/h in BAR test 

Finally we see that the information on this test at different speeds has no similarity, with the 

correlation coefficient of close to zero. Still, looking at the intervals can be easily see that the 

values are very low, around one. This is because the information generated by the BAR test 

is very low and therefor results are almost negligible. Nevertheless, to be on the same track 

and avoid this bars is not possible, it will be implemented in the system. Also, if the 

experimenter had to use the trigger while testing, this could introduce recording errors. 

Therefore, after analysing all factors, the most consistent is setting the deterministic and 

random test at 40 km/h in its entirety. This makes the requirements simple for the pilot, thus 

ensuring that test procedures are easily followed avoiding possible mistakes. 
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14. Adjustment manual 

Regarding the use of the tool, the process to use each application in the relevant sections 

has been widely explained as well as in paragraphs 12.8 and 12.9 on presentation of 

results and miscellaneous. So, a manual about the settings that can be applied is going to 

present right now. 

The manual will be separated into two parts: Settings which can be made directly from the 

graphical user interface of the program (GUI) and those that can be performed from the 

programming code of the macro (hence hidden from the user). It will start with those present 

in the GUI. 

The program presents seven tabs on the main page. The first four are those presented 

above, in which interacts and use the program. These are: the main page where obtain the 

results, the second tab is about the management of comments, the third is the utility of 

reports and the fourth is the database. In none of these four tabs the user are be able to 

make any adjustment of the program; the sole purpose is interaction. 

However, in the last three tabs is quite the opposite. The fifth tab is for the random test seat, 

the sixth tab is about the deterministic test seat and finally in the last tab is the set of the two 

tests analysed from the steering wheel accelerometer.  

We are going to analyses the parameters which can be adjusted from these tabs. Generally 

are all the characteristic parameters of the filters, i.e. the cutting frequencies and quality 

factors in each case. We will begin to describe these parameters for the tab of the random 

test.  

The fifth tab is used to modify the characteristic values of the filter applied to the random 

test of seat accelerometer. These parameters are: From high-pass and low-pass filter: f1 

and f2; from decreasing filter: f2, f3 and Q4; from step upward: f5, f6, Q5 and Q6. All these 

parameters are defined in the equations presented in section 12.5.2.3 and correspond to 

the variables set by the ISO 2631-1 [3]. In addition, a unique feature present in this tab is 

that it allows a second set of variables that can be adjusted. The weights applied in the 

direction of the acceleration (Kx, Ky and Kz) are present as boxes in which is possible to 

change its value. 

The sixth tab allows modifying the characteristic values of the filter applied in the 

deterministic test of seat accelerometer. These parameters are: The natural frequency and 

critical damping. All these parameters are defined in the equations presented in section 

12.5.3.3 and correspond to the variables set by the ISO 2631-5 [4]. 
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The seventh tab is used to modify the characteristic values of the filter applied to the 

random and deterministic tests in the steering wheel accelerometer. These parameters are: 

From high-pass and low-pass filter: f1, f2 and Q1; from decreasing filter: f3, f4 and Q2. All 

these parameters are defined in the equations presented in section 12.5.4.3 and 

correspond to the variables set by the ISO 5349-1 [5]. 

Regarding the hidden parameters for the user, there are three types of parameters that ca 

not be changed directly from the interface. These are the values of the regression lines 

used to obtain the indexes, the percentages of each deterministic test (6-4-2-1 out of 13) 

and the percentage used to obtain the final indexes (40% Steer, 60% seat, 60% random 

and 40% deterministic). 

All of them are coming from the same point. Since the macro opens (IC_v4.0.sud) from 

DIAdem Script tab, the graphical interface of the application appears. The Comfort Index 

tab (should be the first and opens by default), hidden next to the "Do Comfort Index" button, 

which reads Comfort button appears. If opened by double clicking on it, can access the part 

of the code belonging to this section, and also for example with the Go To Event application. 

But if not found using these methods, corresponds to lines of code 1604 to 1918.  

 

1. The characteristic values of the regression are from line 1635 to 1756. They are 

separated into 10 groups according to the variable "i", such that: 

 

i = 1 Random seat 

i = 2 Random steering wheel 

 i = [3,6] Deterministic seat 

 i = [7,10] Deterministic steering wheel 

 

Each group is separated into three parts, the three sections that define the spline. 

The first part corresponds to the normal regression equation. The second, for a 

value less than X, this is the section that goes from 10 to 9. And the third, to a value 

greater than X, this is the stretch between 3-0. "a" and "b" are those variables of the 

equation of the line y = ax + b 

 

2. The percentages of deterministic tests are in line 1823 for seat indexes and in 1824 

for steering wheel indexes. 

 

3. The percentages for the final indexes are as from the 1836 line. Was called „steer‟, 

„seat‟, „det‟ and „rand‟ and they are in unitary value. 

 

Due to these parameters can be adjusted the tool for future modifications to the CDB 
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criteria, as all highlights parts of this model are accessible (or at graphical interface or 

source code). 

 

As an important part, it remains to analyse the use of this program on another computer 

with another DIAdem license. With this objective, the following exposed document was 

created: 

Operative to transfer macro DIAdem "Comfort Index" to another PC 

The latest version of this macro on (IC_v4.0) acting exclusively on two versions of NI 

DIAdem:  

1. DIAdem 2011 11.3, which this macro is implemented in this version, and that works 

only under Microsoft Windows 7. 

2. DIAdem 2010 11.2, which runs under Microsoft Windows XP 

Older versions of this software are not supported. For newer versions, it may work, because 

NI usually introduced backward compatibility. 

To transfer the macro to another PC must follow the following steps: 

 

1. Copy to a new folder (can be called Comfort Index, for example) the following data: 

1.1. A folder called IC inside that contains the file Logo_seat.bmp and all previous 

macros 

1.2. A folder called Data (Suitable for copying data from the random and 

deterministic tests) that contains inside another folder called Results (If it does 

not, the program's autogenerated) 

1.3. A folder called Report Layout that inside contains the file SeatRandom.tdr 

and the file SeatRandom1.tdr 

1.4. A folder (for example called Macros) in which to save the macro file 

IC_v4.0.sud and run_Comfort_4.0.vbs 

2. Open the new file run_Comfort_4.0.vbs from the DIAdem Script tab, and change the 

path to IC_v4.0.sud for the new path of the new folder (Comfort Index), saving the 

file when completed 

3. Open the new file IC_v4.0.sud from the DIAdem Script tab, and change the text box 

labeled Link for the new path of the new folder (Comfort Index) 

4. It is recommended to program a shortcut (Shift + F **) for the initialization of the 

macro 
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15. Economic analysis  

Therefore we have to study two aspects related to costs. First it is going to study the cost of 

the project and then will do the same for a single test. Then we will study the return on 

investment. 

The costs of implementing the project are separated into three different blocks. First the 

initial investment costs mainly related to the instrumentation. In the second block would 

enter the costs of creating the program, such as licenses. And finally in the last block the 

test costs associated with the setting tool would be included. 

On the first block, within this group the investment is in: two accelerometers, a datalogger, a 

router, a GPS antenna with magnetic bindings, a trigger, all the necessary cables to 

interconnect all equipment and a laptop with the capacity to assimilate the requirements of 

DIAdem and Wintax. As it is known, in order to record the tests and make the first data 

processing, the Idiada macro and license is needed, which must be renewed annually. As 

can be seen it is mainly a fixed cost (except for the license) and direct. To record during the 

test also will be required Wintax software and license, which must be renewed annually too. 

In the second block would enter the costs of creating the program. This includes the cost of 

an engineer whilst he programs the tool during 3 months full-time. Also the DIAdem 

program and license, which must be renew annually. And finally a PC empowered to this 

work. It applies the simplification that has enough space for another employee and that the 

energy cost produced by the project is negligible. 

The third group is more variable than the rest, because for a company can be very easy to 

adjust the tool and, therefore, require less test than another. This will depend on the efficacy 

of the experimenters who initially evaluate the vehicles (it is understood that the company is 

dedicated to the automotive sector and therefore in staffing has experienced in evaluating 

vehicles). In this case the cost was developed with the data (number of laps, hours ...) 

collected in the development of this project should be included. In this group should include 

as well the costs of use of runways Idiada testing, the costs of pilots involved and the 

expenditure on fuel derived of displacement and testing. 

Once defined all costs are to be broken down into a table: 
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  Concept Units Unit cost Cost 

Block 1 

Triaxial accelerometers 2 275 € 550 € 

Dattalogger Magnetti Marelli 1 4.000 € 4.000 € 

Router wifi 1 35 € 35 € 

Trigger 1 30 € 30 € 

GPS antenna 1 187 € 187 € 

Wiring 1 50 € 50 € 

Idiada macro 1 650 € 650 € 

1 year Idiada macro license 1 2.500 € 2.500 € 

Wintax software 1 650 € 650 € 

1 year Wintax license User 1 590 € 590 € 

Laptop 1 350 € 350 € 

Block 2 

Monthly cost of engineer 3 2.000 € 6.000 € 

Diadem 1 3.740 € 3.740 € 

1 year DIAdem license 1 688 € 688 € 

PC 1 400 € 400 € 

Block 3 

Idiada track hour 100 200 € 20.000 € 

Monthly cost of pilot 3 1.200 € 3.600 € 

Fuel (liters) 770 1,35 € 1.040 € 

        45.060 € 

Table 15.1 Breakdown of project costs 

As can be appreciated the cost of the project or investment cost amounts to more than 

45.000 €. Highlighted in yellow are those costs which must be renewed annually for using 

different computing platforms, and costs amounted to 3.778 € each year. Highlighted in 

orange can be observed costs which are variable depending on the number of tests that are 

required, which correspond to the third block. In the case of this project will be break down 

below. 

Track hours correspond to 100 entries on Idiada track, with a cost of 200 € per hour and 

therefore per entry. Are 100 entries because 50 vehicles have been analyzed, and everyone 

has entered into two different tracks per assay. Regarding the experimenter costs 

corresponds to three months of work, coinciding with the required to develop the tool by the 

engineer because the engineer needs the experimenter throughout the development 

process. Regarding the fuel, it is required 100 km for each vehicle due to displacements to 

Idiada tracks (round trip) and the spent on testing. This applied to 50 vehicles up to 5.000 

km traveled in total, with an average consumption of 6.5 liters per 100 km, which includes a 

total of 770 liters of fuel consumed. With an average fuel cost of 1.35 € per liter make a total 

of 1.040 € on fuel consumption. 
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The remaining costs were obtained in references [20], [21] and [22]. 

Regarding the cost of a single test or operative cost, once viewed all costs be simple to 

calculate. It would be wrong to divide the total expenditure of the third block between the 50 

vehicles tested, since the costs of the experimenter are not for these tests, because it is for 

a specific time. To obtain this cost it is needed to add the cost of entry in the tracks, 

therefore will be 400 €, the cost of fuel in displacement is about 10 € and the cost of an 

employee working for an hour (which is estimated to run a test) amounts to 12 €, making a 

total of 422 €. Therefore, each time a vehicle is tested should be considered an additional 

spending of 422 €. 

Of these costs can be deducted some conclusions. The cost of the initial investment is high, 

but in the automotive world is a relatively low cost. Also have to clarify that many of the 

components required for this project, the companies in this sector generally have a large 

majority. Regarding the costs, it can easily check how the majority comes from the third 

block, i.e. from the tests. Approximately 60% of the resources are to be allocated to this 

part. This indicates, as it is a variable cost, which has to be make a compromise between 

spending on testing and adjusting the tool. I.e. must be put a limit on the tests because 

could rise the costs more than expected. Finally the three interesting numbers for this 

process are 45.060 € initial investment, 3.788 € annual license renewal and 422 € of 

operative cost. 

With these three quantities can cover all the costs that can be developed in this project. 

Now we focus on the return on investment. 

The implantation of this project not allows obtaining direct income by their exploitation but 

impact on savings for the company. This saving is focused on the number of tests 

performed. 

With the traditional method required an average of 15 tests CDB related per vehicle. This 

includes the tests performed during the vehicle development (an average of 10 tests) and 

subsequent comparison tests (an average of 5 tests). So a saving exists because this 

project only needs one test per vehicle. 

Due to this we can calculate the amount of test from which cost savings are obtained. We 

know that the operating costs of a single test are 422 € and the initial investment are 45.060 

€. So if we equate the costs of this project with what it would cost with the traditional 

method, we can find this amount: 
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In this case x is the number of tests performed for one year. This means that the traditional 

method, being 15 times higher, requires 15 ∙ 7.62 = 114.4 tests to recover the initial 

investment in a year. Therefore, if a company makes 115 tests per year with the traditional 

method, with the implementation of this project would recover the investment in a year.  

Obviously the costs of renewal of annual licenses are recovered with less than a test (15 

with the traditional method) per year. This can be easily checked because with the new 

method the operational costs are 422 €, while the traditional method is 15 times higher, i.e. 

6,220 €. For each test with the project method we saved 5,798 €. Thus, once the initial 

investment is recovered, with the first test we recover the license renewals costs of 3,788 €. 
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16. Environmental and social analysis  

This project is not under the supervision of the law 21/2013 [23] of environmental evaluation 

but a particular assessment is carried out. As we have seen in the previous section 15, 

there is a reduction in the quantity of test. This results in less environmental impact due to 

the reduction of emissions and wear of consumables. Also impacts in saving time in the 

vehicles development. 

We begin by considering the reduction of emissions. The average emissions of spanish 

vehicles stands at 148 grams of CO2 per kilometre [24]. As discussed in paragraph 15 for 

each test performed with the method of this project we saved 14 test about the traditional 

method. We also know that the kilometres required to perform a test is 100 km. 

Thus for each test with the method of this project saves 148 ∙ 100 ∙ 14 = 207200 grams of 

CO2 emissions. As we know this project is feasible for companies that perform 115 tests 

per year, equivalent to about 8 tests with the new method. Therefore annually 207200 ∙ 8 = 

1,657,600 grams of CO2 emissions would be saved. 

Also there is a saving in the consumption of other degradable items due to the circulation. 

These affect saving tires, motor oil, brake pads and filters. The wear of these components is 

usually minimal and not require replacement during the test with the traditional method. I.e. 

1400 km that are saved for each test (14 traditional test multiplied by 100 km per test) affect 

the useful life of these consumables, but it has not to be renewed during the execution of 

these tests. 

As discussed the implementation of this project affects the development time of the 

vehicles. Due to the use of this new method saves up 14 traditional tests. To perform a test 

requires about two hours, saving 28 hours of development, which are 3.5 working days of 8 

hours. This results in an improvement of the environmental and social aspects, such as 

energy savings or reduced workload. 

Due to the implantation of this project, the environmental and social benefits generated 

exceed the costs.  
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17. Conclusions 

Along the entire project we have generated paragraphs of conclusions in each section. 

However, here we are going to present the main conclusions about the project and then the 

overall conclusions. 

It is concluded that the most suitable possible instrumentation for these tests is the 

accelerometers placed on the points of contact between man and machine. It means the 

steering wheel and seat. Furthermore, to cover the whole range of driving were carried out 

two: one for asphalt and other for deterministic impacts. It has been determined that the 

correct speed for performing these tests is 40 km/h.  

In the analysis of the seat in the stochastic test it is determined that the filtering of these 

signals can be concentrated on the unexpected vibrations related to resonant frequencies of 

the subsystems of the vehicle, varying the filter used in the ISO 2631 - 1 [3]. To calculate 

the representative value is more appropriate the RMS methodology because is interested 

the study of the signal as a whole. Also provided properly weigh each XYZ axis is increased 

by 20% the horizontal XY plane. 

Concerning the seat analysis of deterministic test a problem was solved in the applied filter, 

from ISO 2631-5 [4], which does not faithfully followed the curve of the signal of the impact. 

For it, was increased the filter quality, obtaining better results. Furthermore it is concluded 

that the maximum repercussion of this test is the intensity of the impact. In this case the 

calculation of the representative heat is determined from VDV methodology and it was 

determined that it should obtain a value for each hit.  

One of the most interesting findings of this analysis is the information provided by each 

impact: The U-shape and the BSP test provide much information about the behavior of the 

rear axle in the longitudinal direction, and the BSN and bar test provide much information 

about the hardness of the suspension. 

Concerning the analysis of the steering wheel accelerometer in both tests, it was 

determined that the filter used in ISO 5349-1 [5] was outside the limits of the 

instrumentation, and adapted to the reality of the physical nature of human beings. It was 

concluded that the RMS methodologies for the random test and VDV for deterministic test 

were also appropriate for these analyses from the steering wheel accelerometer. Failure 

due to human influence to hold the steering wheel, which could not be solved by modifying 

any parameters previously set, but could avoid applying a protocol for the tests for pilots, 

was found. 
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Regarding the indexes generation of the ten representative values obtained was determined 

that the method should be based on the regressions, discarding the linear and sixth grade 

to finish applying the splines of three sections. With deterministic indexes are proceeds to 

the unification into a single result by weighting each index with the average intensity of each 

impact. Four indexes (Index of seat and steering wheel in the random test and seat and 

steering wheel index in the deterministic test) are generated but are complicated to 

understand, so they mixed together to obtain four final indexes. To do this are mixed such 

that the seat accelerometer is 60% weighted  while 40% for the steering wheel 

accelerometer, and the random test with 60% and deterministic with 40%. Due to this, final 

four indexes are obtained: Seat, steering wheel, random and deterministic. 

The overall conclusions of the project are as follows: 

It has managed to achieve all prerequisites marked at the beginning of the project, 

especially the main objective: obtaining objective measures of comfort. Furthermore, it has 

been possible to link each calculation with the physical reality of the problem. Due to the 

comparative simulations and the subsequent validation test has been concluded that the 

results obtained by the tool are correct and fitted to the specifications of the automotive 

industry. Regarding the randomness of the results, we achieved a robust tool that does not 

present this kind of defects (the only one that was problematic was the human influence on 

the steering wheel but has been able to resolve despite being present). 

Regarding the program, we have obtained good work routines, saving lines of code thanks 

to DIAdem predefined functions (as has been found in the sections of implementation), 

obtaining a very stable and fast program, avoiding crashes and unwanted restarts. It has 

also been able to implement security features to avoid problems. The memory used is 

tolerable by any computer with an ordinary hardware, and the space required to install the 

macro is minimal. Regarding the backward, has established a manual in order to migrate to 

other DIAdem versions in the future. 

Regarding the extra applications and interface: It has managed to implement all requested 

features explicitly including: on screen results, automatic generation of comparative and 

reports, ability to add comments and creating a database. It has also normalized the entire 

interface; graphics alerts were generated and simplified the use of the tool, concluding all in 

a user-friendly tool with very good experience for the user, who does not need special 

knowledge to use the tool. 

Therefore, it can be concluded that the tool is a reality that are going to serve to assess and, 

indirectly, improve the CDB of the vehicles tested by the methodology developed in this 

project. 
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