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Abstract 
In-vehicle warning systems are today mainly using the visual and auditory 
channels for presentation. As cars get more and more sophisticated the demand 
on new ways of presenting information increases. This report investigates if the 
sense of touch, in form of a vibro-tactile seat is a prospective channel for warning 
information. To achieve the objectives the tactile seat was developed, 
implemented and tested in a simulator environment. The final result is a complete 
tactile seat with a set of warnings which correspond with different critical 
situations.  
 
The tactile seat made it possible to conduct a simulator-based experiment 
including comparison with a visual head-up warning presentation. The 
experiment proved significant difference in discovery distance in the comparison 
between the no system and the tactile warning system. 
 
The overall conclusion is that a vibro-tactile warning display in the driver’s seat 
is an excellent way of presenting certain warning information. The tactile channel 
is especially favorable when fast reaction time is essential. Further work could 
include designing and testing a combined tactile and visual system. 
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1 Introduction 
The last year, 2007, a total 474 deaths were documented in Sweden (Vägverket, 
2008). Even though this number is high it’s actually extremely reduced by a 
quantity of safety gadgets. Seatbelts, airbags, safer roads etc, are products of the 
past decades of traffic safety development. However, the work done to increase 
the daily safety in traffic is truly great, there is although much more to be done. 
When continuing the work to increase traffic safety it’s important to do so 
without boundaries. An idea that seems like science fiction today could actually 
be a success in five years. 
 
There are already many technical solutions that will help you when a critical 
situation results in an accident, seatbelts and airbags are good examples. In this 
paper we will concentrate on the circumstances that are the cause of accidents 
and more important the systems that assist the driver in these situations. System 
designs make use of the different modalities available, vision, hearing, touch etc. 
While the auditory and especially the visual channel are mainly used in today’s 
available systems, the tactile channel is to some extent forgotten. This report 
investigates the potential of tactile systems, how they could be designed and also 
present how the hardware is constructed. 
 

1.1 Background  

Car accidents has for long been a problem in modern society. Great economical 
costs for society and personal suffering are often the result of an accident. A great 
number of accidents probably could be avoided with advanced driver assistance 
systems (ADAS). ADAS is a wide term used mostly in the automotive industry 
classifying smart systems in the car environment. The purpose of ADAS is to 
help the driver and consequently making the driving task safer, including safety 
of people in the traffic environment. In cars, ADAS solutions are referred as 
active safety systems. Passive safety systems on the other hand are equipment 
that minimizes the injuries an accident will cause. The active and passive safety 
along with the environment safety measures concludes the total system safety.  
 

 
Figure 1: Total system safety (Recreated from Schenkman et. al. 2002).  

 
Today, active safety systems start emerging on the market, using different 
technical solutions to alert the driver of crash threats and aiding the driver with 
assistance in critical situations. These systems are, as mentioned, often based on 
auditory and visual communication methods. A fairly unexplored way of 
communicate these warning signals to the driver is the use of vibro-tactile 
information. Some studies have been presented, showing that vibro-tactile 
information very well could be a good approach for designing warning systems 
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in personal cars. Especially one of these studies has triggered our interest in the 
area of tactile warning systems: Toward developing an approach for alerting 
drivers to the direction of a crash threat, by Gregory M. Fitch, Raymond J. 
Kiefer, Jonathan M. Hankey and Brian M. Kleiner (2007).  
 
The reviewed study was carried out in a test car in real traffic but with no threats 
corresponding to the warning signals. The traffic situation was not controlled and 
varied probably for each test drive. Our ambition was to have complete control 
over the situation and secure the same conditions for each drive. We also wanted 
to have “real” threats. These demands made it obvious to use a simulator for the 
study, and fortunately a nice simulator facility was available at our university. 
 
Parallel to our work a fellow student was developing a situation adapted warning 
presentation positioned in a head-up display. The obvious was to compare our 
system with the new visual system in the final simulation. A short description of 
the head-up display warning application is found in appendix 7. 

1.1.1 Problem Statement 

To investigate the possibilities of vibro-tactile information, a transferring channel 
is needed to present the information from the system to the driver. The 
transferring channel must be a surface in contact with the driver’s body, in order 
to get a high-quality information transfer. 
 
For this project, the tactile system was delimited to only involve the surface of 
the driver’s seat. This was reasonable as a first study and also manageable 
according to the boundaries of a master thesis. Due to the fact that the simulator 
was not equipped with a vibro-tactile seat, the first problem statement arose: 
What specifications should a vibro-tactile seat have and how should it be 
designed, in order to enable a first study with the simulator as workstation. 
 
With a functional vibro-tactile seat installed in the simulator, many different 
traffic scenarios can be created to evaluate in which situations vibro-tactile 
information can aid the driver to avoid collisions, and to help them stay in the 
correct lane. This gives the following problem statement: In which situations 
should the vibro-tactile information be presented to the driver and how should 
this information be designed. 
 
To ensure that the vibro-tactile system did not expose to much work load on the 
driver in critical situations, it was also important to investigate the effects of the 
increased amount of information on the driver. False alarms as well as over 
exposure of the systems tactile information could also be a potential risk, which 
could lead to annoyance and in the long term ignorance to critical warnings.  
 

1.2 Resources 

To realize the ideas of the thesis some kind of simulator equipment will be 
needed. As students at Linköping University we have the opportunity to work 
with one of the most advanced car simulators in the nation. Since 1996 
Linköping has been developing a Virtual Reality laboratory for testing new in-
vehicle solutions. Due to a steady rate of student and research projects the 
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simulator has grown every year and is now a very powerful tool for Simulator-
Based Design (SBD). 

1.2.1 VR-laboratory 

In the simulator at Linköping University the front half of a Saab 9-3 is used as a 
cockpit. The environment is projected onto five screens giving about 220 degrees 
of field of view, making the driving experience realistic. All electronic 
applications are monitored from the control room. The software in the simulator, 
ASim, is developed by ACE Simulation. The simulator could be categorized as 
medium cost and highly flexible. Through many years of projects the simulator 
has grown to be an advanced tool for virtual prototyping and evaluation. The 
system offers a number of programmable interface resources including head-up 
display, touch screen centre console, LCD main instrument panel and auditory 
system. In addition, a number of ADAS has been developed which could be 
reused in new interface solutions. 
 

 

1.2.2 ASim 

The software ASim is a product developed at ACE Simulation, Linköping, 
Sweden. One of the intentions with the system is to make it easy for users to 
conduct virtual prototyping and implementation in a flexible way. The simplicity 
in constructing scenarios is also a key feature to realize customized studies. In 
ASim the technique to test solutions, such as a warning system, is to create 
scenarios, focused on specific research questions. A scenario is a package 
containing the graphics of the environment and the behaviour of different 
graphical objects. One of the benefits of testing systems in scenarios is that the 
upcoming traffic situations will be the same every time, and consequently the 
conditions for test drivers are always the same. An important aspect is also the 
capability to reuse scenario elements in different projects. 

1.2.3 Macromedia Flash 8 

Flash is mainly used for Internet applications. It is a vector based graphical 
system that is very suitable when making animations and other graphical 
applications. The system also includes a programming language called action 
script which allows the user to control the graphics. There are more benefits with 
Flash, easy to learn and use.  Visually appealing results are quickly achieved. A 
very important aspect is to be able to communicate with the simulator. An 
interface needs input and together with the driver the simulator is the only ones 
who can give information in some way. In the VR-laboratory there is a 
possibility for Flash to communicate with the simulator; this is probably the most 
important reason why Flash is used (www.macromedia.com). 

 
 

Figure 2: Simulator  
 

Figure 3: Simulator  
 

Figure 4: Control room 
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1.3 Scope  

The main purpose was to investigate if vibro-tactile information is suitable for 
increasing traffic safety. No testing by means of cars in real traffic was 
conducted; instead the driving simulator at Linköping University was used for the 
experiment phase. No consideration was taken to how the system sensors 
provided information to the warning system, i.e. the implemented warning 
system provided no false alarms. Integrating this warning display with other 
warning displays in the car would be a very massive task and was therefore not 
dealt with in this report. We did although; equip the VR-lab with the necessary 
hardware for such a work in the future. 
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2 Purpose and Research Questions  
The main purpose of this thesis work was to examine, in a simulator 
environment, if tactile information presented through the driver seat could 
increase safety in a personal car. To achieve this, an experimental car seat had to 
be constructed. This was the second purpose of the thesis work. Doing so, also 
further investigations around tactile information in a car seat could be made, due 
to the great possibilities for creating various experimental scenarios in the 
simulator.  
Following questions should be answered during the process. 

 
• Which warning information is appropriate to present in the tactile seat? 
 
• How/ where/ when should the warning signals be presented? 
 
• How will this information be designed to optimize the interaction 

between the driver and the system?  
 

• Is the tactile seat sufficient enough as a stand alone warning system or 
does it has to be combined with other modalities? 

 
• Can the tactile information channel enhance an anti-collision system? 
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3 Theoretical Frame of Reference  
The theoretical chapter is divided into three separate parts where every part is a 
collection of adjacent subjects. The three main headers are: 
 

• Simulator-based design – Involving principles of SBD and its 
methodology. 

 
• Human factors – Theories on human capabilities and human-machine 

interaction.  
 
• Technical factors – State-of-the-art and a short overview of relevant 

technical systems. 

3.1 Simulator-Based Design 

No matter if it’s about developing entirely new products, analyzing ideas or 
conducting user tests, simulator based design (SBD) is in most cases definitely a 
very powerful tool. According to Alm (2007), who has carried out profound 
research in this area and outlined the SBD methodology, the strength in SBD is 
the simplicity in making iterations during the development process. This 
procedure could be described with a model of the main steps in the SBD process. 
The iterations are marked as dashed lines in the model. 
 

 
Figure 5: The SBD process (Recreated from Alm, 2007). 

 
The benefit of virtual instead of physical prototyping is consequently the 
capability of making iterations in a very fast and economical way. To be able to 
fully benefit from the SBD advantages the hardware and software has to be 
carefully chosen. If virtual prototypes are to be easily implemented and quickly 
tested the demand of a programmable cockpit is obvious. The idea is to have 
screen-based displays instead of permanent and static interface solutions. The 
concept originates from the aviation industry and is referred to as the glass 
cockpit concept. If the glass cockpit concept is realized and the simulator itself 
has a certain level of fidelity, the SBD approach on product development could 
be very profitable.  
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The fidelity of the simulator hardware in the automotive industry can according 
to Alm (2007) be classified in three categories, low-, medium- and high cost 
simulators. The more realistic driving impression is often prevalent in the high 
cost simulators. Moving bases and a broad field of view is making the driving 
task really sensible. Medium cost simulators often lacks the ability of generating 
motion, but often have a broad field of view and some kind of cockpit. At the 
end, low cost simulators could be described as advanced gaming desktop 
equipment.  
 
Finally, a very important simulator feature that facilitates the SBD approach is to 
have simulator software that enables implementation of user-made system 
prototypes without any changes in the simulator kernel. This capability is 
realized by a module-based architecture, where the prototype is another module 
which could listen to the communication in the simulator and catch and deliver 
relevant data for system performance in a seamless way. 
 
To summarize the key elements in achieving a successful SBD tool the following 
blocks are essential. 
 

• Medium cost simulator with a broad field of view and a cockpit. 
• Cockpit hardware, which fully utilizes the advantages of the glass cockpit 

concept. 
• Modularized simulator software 

 

3.2 Human factors 

In the following sections theory concerning the human attributes and the human 
interaction with the environment is presented.  

3.2.1 Human factors research  

Research in human factors and ergonomics is in many ways an empirical science, 
according to McCormick, and Sanders (1993). To understand the capabilities and 
behaviour of humans, experimentation and observation plays a vital role in the 
research and is highly needed to gather relevant information. This empiric based 
information provides a foundation to the design of products or systems which 
involve users at any stage of operation. Later in the design process is the 
empirical data also used to evaluate the “goodness” of the design, allowing it to 
be further improved. 
 
Moreover, human factors research is usually classified into three types, 
depending of the goals of the research. Descriptive studies seek to characterize 
certain attributes of a population, for example dimensions of peoples bodies. 
Experimental research aims to test the effect of a variable on human behaviour 
and the direction of that effect. The purpose of evaluation research refers to the 
total effect of a system or a product. The research is generally more global and 
the system or product is evaluated by comparison with its predetermined goals. 
As mentioned earlier, evaluation research examines the “goodness” of a design, 
and the information collected is used to make recommendations for further 
improvement.  
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Each category has different goals and working methods, but all uses one 
important common approach to achieve the final goal. This is to choose a 
research setting, select variables, choose a sample of subjects, decide how to 
collect data and finally decide how the data will be analyzed. Our thesis will be 
focused on above described method of evaluation research, but will also contain 
some experimental research in the early stages of the process. The most crucial 
steps in the evaluation process will be the selection of what variables to measure 
in our simulator study and how to analyze the data output from the simulator. 
Careful considerations should therefore be made before making these decisions. 
Data collection will be supported by the use of a simulator facility, where almost 
everything can be measured and logged if wanted.  
 

3.2.2 Human-Machine system 

A human-machine system is defined by Sorkin and Kantowitz (1983) as “an 
arrangement of people and machines interacting within an environment in order 
to achieve a set of system goals”. To optimize the outcome of the system, the 
interaction between human and machine must be optimized. This interaction is 
referred to as Human-Machine Interaction (HMI). Following figure 3 presents a 
schematic overview of this interaction. 
 

 
Figure 6: Schematic overview of the human-machine interaction (Recreated from Sorkin 

and Kantowitz , 1983). 

 
The expression HMI is often, and maybe wrongly, translated as human-machine 
interface. According to Alm (2007) this misconception could imply a static view 
of the design problem, since the interface often is understood as “what you can 
see”, for instance, the graphical attributes of a visual display. No matter how nice 
this interface will be, the functionality behind what you see is equally important 
and together these parts of the design will determine the interaction features of 
the system. 
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Information presented to the human should provide a decision basis defining how 
to achieve the goal of the system, or a partial goal of the system. Further, when 
designing information and the physical channel which transmits the information, 
great considerations should be made to affirm the needs and attributes of the user. 
Depending on the features of the system and its goals, the information transfer 
can be designed to support speed, accuracy or sensitivity between human and 
machine. Hence, during the design process of an information system it is 
important to investigate which of these features to focus on and how to combine 
them, in order to achieve a good result (Sorkin and Kantowitz, 1983). 

3.2.3 Human information processing 

To entirely understand the task of human information processing one has to look 
at it from a psychological point of view. According to Wickens and Hollands 
(2000), which is the main reference for this section, an action or a decision is a 
result of a number of brain activities based on several different factors. The 
response execution, with a specific amount of feedback is depending on the 
factors shown in the model.  

 
Figure 7: Model of human information processing (Recreated from Wickens and Hollands, 
2000). 

 
This model gives an understanding of the tasks involved in information 
processing. By using the five senses, sight, hearing, taste, smell and touch the 
brain gain access to different kind of information. The human sensory system 
has the ability to recognize the more detailed information using the visual and 
auditory senses. The quality of the information absorbed by the brain is a result 
of two aspects, sensory channel and quality of the source information. The senses 
have as well the ability to store information for short duration of time. This 
allows, for example, a distracted driver to regain information and take action a 
few seconds after the actual sensory input. The information obtained by the 
sensory system has to be utilized in some way; it has to be connected to some 
kind of message. The perception of the data collected from the senses makes use 
of the long-term memory to, for example, associate a certain signal to an 
upcoming train intersection. The perceptual process is performed automatically 
and doesn’t demand much effort. When on the other hand information has to be 
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processed in a more strategic way the cognitive process in the working memory 
is activated. This is more time consuming and the mental workload is greater 
than in the perceptual process. 
 
Depending on the information given and the above described processes a 
decision of response (response selection) has to be performed. This choice of 
response will often trigger an action of some sort. This would be referred as the 
response execution and is also a reason for change in the system environment. 
As the environmental properties are changing the feedback will initiate more 
information processing. The system is thus more of a loop than a start to end 
procedure. Additionally, the loop, with no start or end, could be initiated at any 
point. Response execution does not necessarily need to be triggered by the 
sensory system; willpower of doing something would activate the cognitive or 
perceptual process without involvement of the five senses. 
 
When dealing with multiple task processing the total attention needed has to be 
taken into consideration. Many actions are performed without the involvement of 
either the working memory or the long-term memory. This allow for more than 
one task to be carried out simultaneously. If on the other hand multiple tasks of a 
more complex nature are performed simultaneously the risk of overload is 
imminent. This overload could affect both time consumption and quality of the 
action.  
 
In a tactile information system it is hard to determine which brain activities 
would be activated. We have great expectations of an instinctive behavior, which 
in the model is illustrated as the shortest way between information and response 
execution. Actions would then be carried out only by using the perception 
modality. 

3.2.4 Displaying information 

Human information processing depends on the reception of sensory stimuli’s 
from our surrounding environment. The information is built up by these stimuli. 
  
According to McCormick and Sanders (1993) information can be divided into 
two main categories depending on if they are received direct or indirect. Direct 
sensing is defined as a direct observation of an object with out any aiding 
mechanism (for example visually observing a car driving by). 
In the case of indirect sensing, a mechanism or device aids the observer by 
displaying the object from the environment. An example of such a device can be 
radar or a telescope. 
 
Indirect stimuli itself can be divided into coded stimuli and reproduced stimuli. 
Coded stimuli refer to, for example, a visual display presenting symbolic and 
alphanumeric information. Reproduced stimuli refer to a recorded replica of the 
stimuli that is presented by a mechanism. This can be symbolized by a TV-
camera, recording visual stimuli and presenting the image on a TV screen. 
The interest of this thesis and for general ergonomic aspects of design lies in 
situations where indirect sensing applies, thus helping people to receive relevant 
information in specific situations and to present it in an understandable manner.  
Furthermore our thesis was specified to use coded stimuli as method of 
presenting information.  



11 
 

 
To be able to code information effectively and successfully, McCormick and 
Sanders list a number of important aspects of coding. First of all, stimuli used in 
coding information must be clearly detectable. This may seem very obvious, but 
it is important to note that the stimuli have to be able to be received by the human 
sense while under the influence of environmental conditions surrounding the 
application. In our application this aspect affects the choice of vibrators, due to 
fact that the frequency of the vibration must surpass the threshold-frequency 
(noise) of the vibration generated by the vehicle. Further, every function of the 
coded information must be able to discriminate from the noise. Here the number 
of different codes and their different levels must be designed so that no confusion 
may emerge. 
 
Another important aspect of coding is that the code should be meaningful to the 
user. If not inherent in the code, one should be able to learn the meaning of the 
code. It is also important to secure that the meaning of the code neither is 
ambiguous nor that it could be interpreted differently, depending on who is 
receiving the code. 
 
Finally, codes should be standardized as much as possible, so that the code can 
be understood correctly by different people in different situations. 
 

3.2.5 Divided attention and time-sharing 

When humans is placed in a simultaneous multiple task scenario, performance 
often decreases on at least one of the tasks, in comparison to when the task is 
performed separately. These simultaneous tasks are often referred to as times-
sharing. The reasons for this degeneration have been examined for a long time. 
Cognitive psychologists have concluded that humans have a limited capacity to 
process information. When faced with multiple tasks, these capacities can be 
exceeded. 
 
There are several theories’ that describe multiple task performance. The perhaps 
most recent one is the Multiple-Resource Theory (MRT), which describes 
humans’ information receiving capacity as multiple and independent resource 
pools. The capacity of the different resources is finite and can thus be overloaded 
this will influence performance of one or more tasks. MRT is supported and 
explained by the results of several experiments investigating time-sharing and so 
called cross-modal links between these independent resource pools (McCormick 
and Sanders, 1993). 
 

3.2.6 Reaction Time 

Reaction time (RT) is defined as the time it takes between the presentation of 
human sensory stimuli and a response action that alters behavior. To better 
understand reaction time in various situations, a classification system has been 
proposed by a Dutch physiologist named Donders. His idea was to categorize 
reaction time into A, B or C. In the A-reaction there are only one single stimuli 
and one response to it. This situation is often called a simple reaction. B- and C 
reaction contains more complex mental operations. The B-reaction has several 
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stimuli and each one of them has a unique response. In this situation a choice 
must be made to engage the correct response. C-reaction also has multiple 
stimuli, but only one single response. This means that only correct stimuli 
triggers a response. Receiving incorrect stimuli means that the operator has to do 
nothing. This categorization enables recognizing and estimations of time for 
mental identification and selection. It also predicts that A-reaction should be the 
fastest, due to absence of mental identification and mental selection time. Hence, 
C-reaction should be the second fastest and B- reaction the slowest. Many 
experiments have supported this predicted ordering, that is suggested by Donders 
method (Sorkin and Kantowitz 1983). 
 
By analyzing different reaction situations with this approach, predictions can be 
made of which situation is most likely to obtain the highest reaction time. This 
can be valuable information in designing warning systems.  
 

3.2.6.1 Factors of Reaction time 

There are many factors of stimuli and response that affect the reaction time. 
Physical attributes such as intensity, placement, color and size that are connected 
to the stimuli have impact on reaction time. In user interfaces, the design of 
different control tools such as steering wheel, brakes etc also contribute to 
altering the reaction time. Another factor that affects reaction time is practice. 
Practice in stimuli-response situations has a great effect on reaction time. It 
decreases reaction time and increase the accuracy in making correct responses to 
the stimuli (Sorkin and Kantowitz 1983). In addition, to avoid effects of practice 
in experiments, a balanced order of experimental conditions is widely used. 
 
Another factor that has proven to have immense influence on reaction time is 
weather the person is surprised by the stimuli, or prepared to make response. 
Reaction time due to surprise stimuli is often twice as long or more, compared to 
prepared reaction time. Hence, when performing reaction time experiments its 
very important to measure reaction time under realistic conditions by using 
representative test subjects, who are not all set to make a response (McCormick 
and Sanders 1993). 
 

3.2.7 Risk perception 

Investigations have shown that accidents in general, occur due to people’s failure 
in recognizing a risk in a situation they are exposed to. Underestimation of the 
risk involved in the situation is also a common factor that generates accidents.  
There are ways to enhance a person’s risk perception. One way is the use of 
training in potentially hazardous situations and another is the use of safety related 
communication, for example specific warnings in specific situations (McCormick 
and Sanders 1993). 
 
Risk is a subjective judgment. Most drivers avoids behavior that they asses to be 
risky and may cause accidents. The problem is that people make wrong 
judgments. According to McCormick and Sanders, there is evidence that drivers 
in some cases adapt to perceived risks. Behavior that initially is perceived as 
risky, but have not resulted in an accident, may be perceived as less risky due to 
adaptation. In the long term, this may results in an increasingly risky behavior. 
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In a non published paper authored by Bo Schenkman and Torbjörn Alm among 
others in 2002, it was proposed that safety in Intelligent Vehicle Safety Systems 
(IVSS), may be described by the following figure. 
 

 
Figure 8: Intelligent vehicle safety system (Recreated from Schenkman et. al., 2002). 

 
Active safety refers to systems or technologies that reduce accidents. Passive 
safety is systems that reduce the consequences of accidents. Meanwhile passive 
and active safety refers to systems in the vehicle; the total system includes safety 
functions outside the vehicle, such as infrastructural properties and traffic laws. 
The safety experienced by the driver does not necessarily match the real safety of 
the total systems (see fig 5). This discrepancy can to some extent be a safety 
issue. Drivers may then alter their behavior to take more risks due to over-trust to 
the total system.  
 

3.2.8 Warnings 

The main purpose of a warning is to alert the user of potential risk and to change 
dangerous behavior in various situations. This can be done by encouraging the 
user not to perform a specific action, or to change the way that the actions is 
conducted. In order to affect behavior, the warning must be perceived by a 
persons senses, received and interpreted correctly, and finally trigger a response 
action (McCormick and Sanders 1993). 
 
Designing effective warnings is complex. In situations where there is a great risk 
of fatality and serious injury, it’s necessary to investigate the effectiveness of the 
design with thorough test methods, involving representative people of the 
population that the warning is meant for (ibid). 
 
False alarm is an important issue that affects the effectiveness of human-machine 
warning systems. Several studies have been performed with automated warning 
system in different traffic situations, conducted in both simulated environments 
and real roadway tests. These false alarms are simulated as errors in the technical 
system which detects the danger. Zabyshny and Ragland at the UC Berkley 
Traffic Safety Center refer to several interesting studies in their paper titled; 
False alarms and human machine warning systems (2003). One mentioned 
experiment used video simulations of approaches to a railway crossing with 
crossing trains. A simulated in-vehicle collision avoidance system was tested 
with different system reliability. Researchers found that a decrease of system 
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reliability had a negative affect on system trust. Test drivers exposed to false 
alarms also increased their perception-response time. Further, a small number of 
test drivers were noticed to ignore warnings after being exposed to false alarms. 
 
Another study using an interactive driving simulation with two lanes is referred 
to in the paper. Fifteen drivers were exposed to the situation of determining 
weather to pass a slower moving vehicle ahead of them or not. The result of the 
experiment pointed to a major effect of increased risk taking, when presented 
with an increased rate of false alarm. It was suggested by the researchers to 
further investigate false alarms from in-vehicle warning system and its effects on 
the driver. 
 
Another aspect of warning systems and its affect on risk taking is described by 
Kovordányi, Ohlsson and Alm (2004). The paper addresses the problems 
involved in behavioral adaptation when using advance driver assistance systems. 
The study suggests increased risk taking in some cases where the drivers are 
assisted by for example a lane departure warning system. An over-trust to ADAS 
with the consequence of false safety could mean increased driving speed and a 
decrease in driver attention.  
 
These above described studies give a picture of the importance of well designed 
warning systems. Great effort should be made in thorough investigations of the 
effectiveness of for example anti-collision warnings and the detection system 
behind it. If not, there may be a risk that the driver may ignore the warnings, and 
possibly alter the behavior to a less safe one. 
 

3.2.9 Signal detection 

A factor that affects the rate of false alarms is described by the signal detection 
theory (SDT) which Wickens and Hollands (1999) has made a thorough 
description of. SDT can be useful in applications where a system signal might be 
interfered by noise from the surrounding environment. The signal may then be 
hard to discriminate from the noise. A signal is only meaningful if it is detected 
by the human operator, which can be categorized into: (Yes) I detect a signal and 
(No) I do not detect a signal. With this categorization and the two possible states 
of situation, signal or noise (system performance), a matrix of the outcome from 
the situation can be produced. 
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Figure 9: The four states of signal detection theory (Recreated from Wickens and Hollands, 
2000). 
 
This figure displays the importance of the design of the signal intensity. A low 
intensity may generate misses and false alarms due to discrimination failure 
between signal and noise. This situation will not occur in our simulator, because 
of the absence of noise, which in our case would refer to as vehicle vibrations. By 
using different frequencies one could distinguish warning signals from noise 
(more about frequencies in chapter 3.2.15). When designing a vibro-tactile 
system for a real vehicle more techniques for filtering information should be 
investigated. 
 
An interesting aspect of the SDT is the probability of a signal. Operators are 
more likely to miss or fail to respond to signals that have a low likelihood to be 
activated. Signals with high frequency rates will generate fewer misses. An 
example that well describes this effect is two traffic situations. A driver 
maneuvering on a busy highway should be more likely to apply the brake, due to 
the increasing risk of a collision, than a driver maneuvering on an empty road 
section. If the probability of ending up in situations that our warning system 
reacts to is rather small, this will be a factor that must be addressed in the design 
of the system. To summarize, signal detection depends on two factors, system 
performance and operator performance (Wickens and Hollands, 2000). 
 

3.2.10 Multimodality 

A human’s perception is multimodal. This gives us the ability to detect and 
process information from several senses simultaneously. Wickens and others 
have performed studies and experiments that investigated how multiple tasks 
affects performance in executing them. The results from these studies showed 
that when the tasks utilized separate modality structures, time-sharing were more 
efficient in comparison to tasks which utilized one separate modality.  
Analysis of several multiple tasks experiments concluded that modalities, for 
example visual and auditory, behave like separate resources. Hence, so called 
cross-modal timesharing (i.e. between auditory and visual channel) is better than 
intramodal (two visual channels) (Wickens and Hollands, 2000). 
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False alarm 

Correct 
rejection 

No 

State 

Response 



16 
 

Other experiments have shown that using tactile cues in auditory and visual 
target discrimination tasks, increases speed of the spatial discrimination. Target 
and cue presented ipsilateral to each other, significantly improves the speed of 
response. The result of this experiment points to the existents of cross-modal 
links between touch, audition and vision (Reed and Spence, 2006). 
 
By using functional magnetic resonance imaging (fMRI) on the brain during 
simultaneous visual-tactile stimuli, Macaluso (2002) found that tactile 
stimulation presented to the hand, increased the activity in the visual cortex. This 
increase in activity was only noticed when tactile and visual stimuli were 
presented at the same side of the test subject. The result of this experiment 
furthermore suggests cross-modal links in spatial attention. 
 

3.2.11 The driving task 

Driving is a complex task. Task analysis for driving suggests that there are about 
40 major tasks, with about 1700 subtasks linked to it. To better understand the 
complexity of the task, it has been suggested that driving consists of three 
different levels of activity: a control level, a maneuvering level and a strategic or 
planning level. The control level involves keeping the vehicle on a predetermined 
course. Avoiding obstacles or turning left at an intersection is measures in the 
maneuvering level, and navigation is an activity of the strategic level. The 
amount of information that is processed is increasingly larger through out these 
levels. Hence, braking is less complex then maneuvering in a traffic situation 
(Hancock, 1999). 
 
Several numbers of experiments have been made to examine those simple actions 
that can be used by drivers to respond to a variable driving environment. These 
actions occur by using feet and hands to manipulate speed and position.  
Braking is one action that is of interest in this thesis. Experiments points to time-
ranges about 100 ms, for completing the movement of the foot from accelerator 
to brake pedal. When responding to stimuli, this action is carried out in about 200 
ms. As noted earlier in the reaction time section, if the driver is surprised by the 
stimuli, this action takes about 400 ms to execute (ibid). 
 
Well designed warning systems may be able to alert the driver about potential 
dangers in advance, thus decreasing the time to perform braking action. Although 
this difference in time at first glance does not sound very relevant, at a velocity of 
100 km/h the 200 ms represent a distance of approximately 8 m. This distance 
could in a real traffic situation be the difference between crashing or not. 
 

3.2.12 Fatigue  

Fatigue is a complex phenomenon that is caused by exhaustion, due to lack of 
sleep or overuse of physical senses. It affects perceptual ability and decrease 
attention and vigilance. In a driving task, vigilance has been specified to 
represent the ability of maintaining sustained attention to the road. The 
consequences of fatigue can be failure to detect objects in the field of vision, or 
not focus vision in the right direction, which driving a car acquires. It can also 
affect reaction time, so that the driver fails to respond to unexpected situations, 
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such as pedestrians or animals on the road. The most devastating effect of fatigue 
is when the driver falls asleep. The risk of frontal collision with an oncoming car 
or driving off the road is then immense (Saroj and Craig, 2001). 
 
International statistics shows that fatigue is the underlying reason for about 1-3 % 
of all car accidents. However, recent studies points to that this statistics is an 
evident underestimation. Instead, fatigue may be a factor that causes about 10- 20 
% of all accidents (Anund, Kecklund and Larsson, 2002). Also in specific areas 
like long distance transportation these figures could be even higher.  
 

3.2.13 Vibrations 

Vibrations are defined by Griffin (1990) as oscillating motions. The motion is not 
constant but alternate below and above an average value. Some key values 
determine the magnitude of the vibration. The rate of change in the force 
direction is defined as the frequency. Frequency is measured as cycles per 
second, Hz. The other key value is the peak acceleration of the oscillation; the 
unit is m/s2. It might seem interesting to know the actual displacement of the 
oscillation, this is however difficult to measure, especially at high frequencies 
and the result is also depending on outside forces.  
 
Vibrations are mostly unwanted but very hard to entirely eliminate. A good 
example would be the car environment. Despite suspension, various kinds of 
rubber gaskets the driver will still feel some magnitude of vibrations. In some 
cases when tactile feedback is wanted there are ways of creating vibrations with 
pneumatics, tactor motors or other electromagnetic devices. A speaker creates 
vibrations by altering the magnetic field and thus getting a magnet to dislocate 
according to a certain frequency. The technique to use controlled magnetic fields 
to accomplish could be of interest to the project. To construct and operate such a 
system would though be complex, time consuming and expensive.  Pneumatics 
would demand a tourniquet to provide pressurized air to the pistons. This means 
heavy and expensive sub equipment and is thus not suitable in a personal car. 
When it comes to simplicity and money the natural choice is vibrating motors, 
often called tactors. The vibrating sensation is generated by a low voltage DC 
motor with a centre displaced weight on the axis. Tactors are easily interrupted, 
even by small forces. To ensure functionality it should be shield inside of a 
cylindrical shell. Most tactors are fabricated without shells but there are variants 
that are shaftless and totally enclosed, see figure. Although tactors can be felt 
through clothing they should, for best performance be placed tight to the body 
(ibid). 
 

 

 
Figure 10: Shaftless vibrating motor [1] 

 
Figure 11: Standard vibrating motor [2] 
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The benefit of vibrating motors are many, Gemperle, Ota and Siewiorek (2001) 
summarize these in a concrete way.  
 

• Light weight 
• Silent 
• Tiny 
• Low power 
• Can be felt through clothing 
• Physically discreet 
• Supports flexible experimenting 

 

3.2.14 Different kinds of tactile stimulus.  

The tactile sense can, according to Kantowitz and Sorkin (1983) be divided into 
two parts, active touch and passive touch. The active touch would be defined as 
when an observer is exploring objects or surfaces. Additionally the passive touch 
is the continuously ability to detect and respond to various stimulus to the skin. A 
simpler explanation could be: 
 

• Passive touch - Tactile information which seeks the observer 
• Active touch - Tactile information which the observer seeks.  

 
A human can distinguish different types of tactile stimulus. The skin, which is the 
major input source, is equipped with sensors called receptors. These receptors are 
able to separate various kinds of information. The major categories of stimuli can 
be grouped as following: 
 

• Pressure 
• Vibration 
• Electric field 
• Temperature 

 
The system of receptors is rather complex and even though different types of 
receptors correspond to different stimulus, they should be seen as interrelated 
sensor systems. At vibrating simulation, the pacinian receptor (responsible for 
sensitivity to high frequency vibration) however, as said by Griffin (1990), “may 
be the most important”. 
 
The ability to identify stimulus is not the same through out the body areas, they 
actually differ quit a lot. The explanation is the density of the receptors. There are 
areas like the face and fingertips that are relative sophisticated in the perception 
of touch in comparison to the feet and back. There are as well different ways of 
establish the level of sensitivity; pressure, point localization and two point 
discrimination is some of them. Overall women are more sensitive than men; the 
difference however, is almost negligible. Some studies have been conducted to 
determine if age has any impact on the vibrating thresholds. Studies by 
Rosenberg(1959), Verrillo(1979), Kenshalo(1986), Levy et al.(1987), all 
described in Griffin (1990), showed that thresholds increase with increasing age. 
The magnitude of this is not entirely comprehensible and has to be more 
thoroughly explored.  
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Most significant to the thesis is the ability to recognize vibro-tactile stimulus and, 
maybe more important, the direction of a quantity of vibration points.   
 

3.2.15 Suitable frequencies 

Cholewiak and McGrath (2006) show that the level of frequency corresponds to 
the ability to detect and locate tactor stimulation. In their studies they examine 
the difference between 80 and 250 Hz. They also point out the difficulty with 
point localization when having very dense tactor arrays. Fitch et al. (2007) who 
have conducted pre research in developing crash threat warning system apply 
frequencies of 100 and 140 Hz. Their motives would simply be that the level of 
frequency is far above typical road vibrations which are less than 50 Hz.  
 

3.2.16 Anthropometry 

In any product development with humans as the 
proposed final user the actual physical attributes has 
to be taken into consideration. Size differences is a 
difficult problem to deal with, and in many cases 
products have to be designed in order to function for 
most people, not everyone (www.nasa.gov, 2008). 
 
The tactile seat has to be designed with 
consideration taken to the anthropometric data of the 
bottom. Due to the possibility of tuning the seat to 
some extent, the only factors of importance are sit position and hip width. The 
anthropometrical data and the cushion pressure distribution (next section), will 
serve as guidelines when designing the vibro-tactile seat. 
  

3.2.17 Contact study on soft seat cushion  

Verver, Hoof, Oomens, Wismans, Baaijens (2004) at Eindhoven University of 
technology have presented a study investigating the possibility of using FE 
(Finite Element) models to simulate pressure distribution in a soft seat cushion. 
To validate the simulation results, pressure experiments were conducted with a 
male volunteer of 75 kg weight and of 1.75 m standing height. The volunteer was 
asked to sit on a cushion with a straight back and unsupported feet’s. This 
position may differ some what from the sitting position in an authentic driver 
environment, were the driver’s feet’s are supported by pedals and car floor. 
However, the experiment ought to present a fairly similar result, compared to an 
authentic pressure plot. The pressure plot of the experiment can be viewed below 
in figure 10. 

 
Figure 12: Hip breadth 
when sitting, American 
male. [3] 
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Figure 13. Pressure distribution (Pa) of a human male while seated on a soft cushion. [4] 

 
As viewed in the plot, the buttocks area of the person has the most immense 
contact pressure. Second to that, the areas along the hollows of the knees and the 
area under the subject’s thighs have values that discriminate from the rest. The 
result from this experiment can be of interest to this thesis. Areas that have higher 
pressure will in some extent be more effective in transferring vibro-tactile stimuli 
to the driver, due to better conduction of vibrations, between the drivers pacian 
receptors and the source of the vibration. This information is helpful in 
determining the placement of the tactors through out the driver’s seat, so that the 
information transfer can be optimized. 
 

3.3 Technical factors 

As a system implemented in a real car the input to the seat has to be collected 
from some kind of sensor system. Even though this project is conducted in a 
simulator environment it’s of interest to look at the possibilities of the concept in 
real applications. The following sections are designated to give an insight in the 
sensor techniques available and will also present state of the art in the field of 
tactile information.  

3.3.1 Sensor technology 

All testing and analysis in this project will be conducted in a virtual environment; 
therefore detecting danger will be carried out by the simulator software. In real 
world this has to be solved in a different way. The purpose of the master thesis is 
however to investigate if vibro-tactile warning systems are suitable for mass 
produced cars. To emphasize the potential and prove the possibility of a tactile 
warning system in real traffic, the input source (sensors) is described in the 
following section. 
 
When implementing a sensor system in real traffic a combination of many sensor 
types may be required. The different sensor types have its advantages and 
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disadvantages and presumably one specific sensor will not satisfy all system 
demands. To ensure functionality of the warning system a quantity of input data 
from the environment and the car must be collected, this input must contain: 
 

• Distance to specific objects 
• Recognition of different objects 
• Recognition of road markings 
• Night vision capability 
• Car movement (speed and direction) 

 
The common attribute in sensors with the ability to detect range is the possession 
of both a transmitter and a receiver. By measuring the time for the signal to 
return in addition to the speed of the signal the distance to objects can be 
determined. Sensors with this ability is often referred as active sensors, contrarily 
there are also passive sensors, only equipped with a receiver. A receiver is 
sufficient to recognize different objects including road markings. Active and 
passive sensors are available in variety of types. Thermal infrared and digital 
cameras are good examples of passive sensors. Active sensors could for instance 
be radar and infrared cameras with transmitters (Karlsson and Renfors, 2005).  
 
Infrared cameras can produce images appropriate for night vision. Since the seat 
in our application is a haptic and not a visual system this information is to some 
extent redundant. However, the ability to separate hot objects from cold objects is 
beneficial in detection of potential hazardous objects both at day and night time 
(ibid). 
 
The perhaps most prevalent sensor category for external information is video 
cameras. This sensor type is, for example, often used for lane departure warning 
and blind spot detection systems.   
 
Although the sensor solution for a tactile seat probably will be unique, the 
technology for all its components is available and thus possible in its entirety. 
The sensory setup is however not the purpose of this project and therefore no 
further investigation will be conducted. 
 

3.3.2 State of the art - tactile systems 

Most tactile systems on the market are designed to be operated by the hands. Not 
only are the hands a natural working tool, it is also one of the more sensitive parts 
of the body when it comes to tactile stimulation. The sensation of touch gives a 
feeling of presence in, for example, computer based operating tools. The feeling 
of, being there, is also implemented in some gaming controls where small 
vibrating motors induce different game events. Systems that function on other 
body parts than the hands are more unusual. 
 
The idea of using tactile feedback in cars is relatively new and has not yet 
reached its full potential. There are, however, already some systems that have 
been implemented in mass produced car models. So far these systems are 
designed for lane departure warning, while in the future many other applications 
are possible and to some extent explored in this thesis. 
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Lane Departure Warning Citroën 

This warning system uses 6 infrared sensors to detect when the car moves across 
road markings. The system is designed to work at velocities above 80 km/h and 
can manually be activated or deactivated. In case of a lane departure with no 
directional indicator given the system will presume it’s unwanted. This will 
conduct a signal to the driver seat and trigger a vibration motor on either the left 
or right side. The vibro-tactile signal thus alerts the driver about the upcoming 
situation and will hopefully prevent a potential accident (www.citroen.com, 
2007). 

Lane Departure Warning, BMW 

In the high-end models of the BMW 5 there is a similar system that uses vibro-
tactile signals to alert lane departure warnings. Instead of the driver seat they use 
the steering wheel to alert the driver. The input of the road is collected by a video 
camera mounted near the rear-view mirror. This information is then processed by 
the central control unit which provides the driver with the necessary warnings or 
indications (www.bmw.com, 2007) 
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4 Methodology 
Structure and planning is key elements when conducting studies of this 
magnitude. This is why a plan of realization should be designed as soon as the 
essentials and extent of the work is clear. The plan of realization is the foundation 
of the thesis and is a great help during the work, and the importance of knowing 
the next step is central for the flow of the project. Additionally, the plan gives an 
overview of the thesis and makes it more comprehensive. As seen in the figure 
bellow the sequence of work is carried out top to bottom with a two way split in 
the middle to complete the simulator implementation. Some of the actions require 
looping ideas or concepts, these steps are represented as dashed lines in the 
figure. 

 
Figure 14: Plan of realization 
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5 Realization  
The realization chapter describes the procedure of generating a concept ready to 
implement in the simulator. This includes determining suitable warnings for the 
tactile seat, conducting a tactor experiment and evaluating warning design 
concepts. 

5.1 Possible applications 

The purpose was to design a system that would make use of the natural behavior 
of the driver. The intuitive action of wanting to get away from danger would be a 
great benefit in critical situations. The idea was to make areas on the seat 
correspond to areas in the environment around the car.  
 
Warning systems with the purpose to prevent accidents must be simple and have 
an obvious message. There is no time for misunderstandings or interpretation of 
the information given. Some of this simplicity was achieved by limiting the 
number of different warnings. Further more should the critical level of the 
different warning information be alike. With this in mind a group of warnings 
was narrowed down to a few. Below is a list of the most suitable warnings which 
fulfilled the above requirements. 
 

• Lane departure warning 
• Front collision warning 
• Blind spot warning 
• Fatigue warning 

 

5.2 From theory to practice 

To get a wide knowledge base to support our construction of the hardware to the 
tactile warning system and the design of the actual system we early conducted a 
literature study, which progressed alongside the entire project. The result of this 
study is mainly presented in chapter 3. The use of active tactile signals to 
stimulate a human’s passive touch in a human-machine interaction system is a 
fairly new concept in ergonomics, especially in car applications, where visual 
information has dominated for a long time. The classic ergonomic literature gave 
us a good foundation to our theoretical frame of reference, but was a bit too 
general. For that reason we turned to various articles and studies published in the 
recent years, concerning our field of interest. As viewed in the theoretical section, 
these publications had a close connection to our thesis.  
 
A visit to VTI (Swedish road and transportation institute) in Linköping gave us a 
chance to discuss our ideas and to get a presentation of their present work in 
tactile information using a vehicle seat.  
 
Continuous discussions through out the project with our mentor Torbjörn Alm 
and Kjell Ohlsson (professor) have also provided us with vital input regarding the 
design of the warning system. 
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5.3 Tactor experiments 

We got the possibility to purchase a set of tactors with a wide range of 
performance. The tactors along with the major performance attributes are 
presented in figure 15, the tactors will be referred as to the numbers during the 
experiment description and evaluation. The purpose of the experiment was to 
determine which one of these motors that was most suitable for use in our 
simulator environment. The main characteristics we desired were a distinct 
vibration with enough intensity to draw attention. One initial thought we had 
about the tactile warning system was the ability, if desired, to point out a quite 
accurate direction to the danger. To achieve this, after discussion we concluded 
that the vibration preferably should be received by the driver as a point, instead 
of a larger area.  
 
 

#1 #2 #3 #4 #5 #6 

Diameter 
[mm] 

10 12 12 18 7 23 

Frequency
[Hz] 

125 117 183 135 117 <100 

Figure 15: Description of the tactors. 

 

5.3.1 Participants 

To evaluate the six different vibration motors, 
we performed an experiment followed by an 
interview with ten participants, with age 
ranging from 22 to 60. Two of the ten 
participants were female. 

5.3.2 Apparatus 

In order to execute the experiment some 
equipment had to be assembled. As the 
original seat had to be left intact for later 
installation, a pad of similar fabric was used 
as cushion. The driver seat from the simulator 
cockpit was nonetheless used as a base in the 
setup. This would make the experiment more 
realistic and enforce a more natural driving sit 
position (see fig 12). 
 

 
Figure 16: Tactor experiment station 
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We found it interesting to test how sensitive people are to vibrations under their 
thigh and buttocks area, and to investigate how accurate people can discriminate 
the location of the vibration. The first stage of the experiment was therefore a 
discrimination test, with six vibration motors placed through out the area under 
the left thigh. Figure 14 shows the placement of the motors. 
 
The participants were asked to draw a 
numbered mark on a paper with 
buttocks/thigh markings after being exposed 
to a vibration. The tactor positions were not 
marked out on the response paper. The 
vibrations were activated separately, and 
presented in both short pulses and longer 
pulses.  
 
The second stage of the experiment was to 
investigate the characteristics of the six 
vibrators. They were activated in order 1-6 
separately, with short and long pulses. The 
subjects were then asked to describe how 
they perceived the vibration in terms of the 
area it affected.  
 
The third stage of the experiment consisted of a comparison between the 
vibrators with following interview questions. To evaluate which of the vibrators 
that was perceived most distinctively and intense, we divided the vibrators into to 
two groups, consisting of two vibrators each. Vibrator number 5 and 6 were for 
simplicity reasons ruled out from this test. Number 4 and 5 had the same 
frequencies and characteristics of its vibrations, so we concluded that only one of 
them had to be tested in this test. Number 6 were ruled out due to its tendency to 
spread over a very large surface, which were a property that was not suitable for 
our application. We also concluded that its dimension should force us to a quite 
large modification of the seat cushion. The vibrators in each group were then 
placed beside each other under left and right buttocks (see fig 15).  

 
Figure 18: Selection test setup 

 
Figure 17: Actual placements of tactors 
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We chose this placement so that the subject clearly could perceive the vibration 
and so that the vibrators affected areas that were equally sensitive.  
They were activated separately within a short time range, with both long and 
short pulses. The subject was then asked to note which vibrator that were 
perceived as the most discriminating and intense. The “winner” in each group 
was then tested in the same way, so that the vibrator with the most discriminating 
vibration could be noted. 
 
The experiments were followed by two interview questions regarding the 
experience of the vibrations and which presentation that gave most attention: 
short pulses, long pulses or one continuous pulse. The participants were also 
asked more general interview questions with the aim to start o discussion around 
the topic of vibrations as warning signals. These questions where meant to give 
us thoughts and ideas that could be used in our further work. 
 

5.3.3 Conclusion 

As mentioned earlier, the main purpose of the experiments was to get a 
knowledge base that could support our choice of which tactor to use. After 
reviewing the results of the experiments we concluded that tactor number 1 (fig 
14) was the most suitable for our application. It was perceived as more distinct 
compared with the others, which we desired. The intensity of its vibration was 
also sufficient. We found that tactors number 2 and 3 were a little more intensive 
and strong than number 1. Still, half of the participants felt discomfort from their 
vibrations. Even if our application is not a commercial product, after discussion, 
we decided that comfort should not be neglected. Tactor number 2 and 3 did also 
produce a sound that should affect the privacy of the warning. 
 
Another important conclusion we came to, were that pulsating vibrations should 
be used in our system. 70 % of our subjects stated that short pulses gave most 
attention and was clearly perceived as a warning. The pulses in our experiment 
were created manually, so the frequency could not be noted. Thus, the different 
styles could easily be separated and we got a quite good estimation of which 
frequency to use. 
 
Our discrimination test supported the initial thoughts we had about one design 
problem: The problem of designing the system for different people with a quite 
wide range of anthropometrical measures. Also affecting the placement of the 
response are the different sitting positions that our subjects stated to position 
them selves in during normal driving. Even though the vibrators were positioned 
in a quite close proximity to each other, we found that our participants were very 
accurate in pointing out the relative position between the different vibrators. The 
perceived position of single vibrators differed somewhat between the subjects 
and did not always match the actual position. Nevertheless, most of the 
participants did mark the position in close proximity to the actual position (see 
fig 19). 
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Figure 19: Distribution of response 

 
To install tactors with different intensity, which should be used in various 
situations, were one idea that arose during the experiment. General warnings 
when the driver is in full attention could be a situation with less intensity needed, 
while under fatigue conditions could a more intense vibration be useful. 
However, this idea was abandoned after recognizing the need for more complex 
hardware and software solutions to realize such functions. We also concluded 
that the difference probably should be marginal and not affect the result of our 
project. Nevertheless, it could be interesting to evaluate this idea when designing 
tactor applications in real vehicles.  
 

5.4 Creative process 

The literature study and the initial experiments provided us with knowledge, 
ideas and thoughts that were vital to our further work. To summarize this 
thoughts and ideas we decided to perform a brainstorming/brain writing session. 
Sometimes, it can be a good idea to involve people with no connection to the 
thesis in a brainstorming session. The reason for this is to see the problem from a 
different point of view and to get “fresh” opinions as input. Nevertheless, we 
concluded that our application demanded some ergonomic knowledge and 
understanding for our project to produce an effective brainstorming session. We 
therefore performed the session on our own with some input from our fellow 
thesis companion, which thesis focused on the visual warning presentation in the 
simulator HUD. This input was important with relevance for our common final 
experiment in the simulator, where we compared visual and tactile presentation.  
 
The result of the brainstorming session was a list of situations that had a potential 
of using vibrations as warnings and sketches viewing concepts of different tactor 
placements. In which situations to present the warnings was also a growing 
progress throughout the literature study and during our discussions with the 
mentors. When entering the brainstorming session we had a rough idea of the 
situations of interest. Finishing the session gave us specifications of when to aid 
the driver with tactile warnings. Which situations we chose can be read in the 
following section. The brainstorming sessions also provided us with a couple of 
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sketches over the placement of the tactors in the seat cushion, with each sketch 
consisting of 16 tactors. 
The number of tactors to use was decided after the conclusions of the first 
experiment and after discussion with our mentor. The tactor we had chosen had a 
strong distinct vibration which was felt even if not full pressure between seat 
cushion and the thigh occurred. This fact and early sketches of the placement 
pointed to 16 tactors to be a sufficient number. For our application of warnings, a 
smaller number would probably ensure the function of the system. Nevertheless, 
considerations for following projects further investigating the possibilities of 
tactile information in our simulator were also taken into account in this decision. 
 

5.5 Tactor placement 

The main goal for the design was to enable the four warnings, lane departure, 
front collision, blind spot and fatigue warning to be presented in a clear and 
obvious way. For this to take effect some aspects had to be taken into 
consideration. The most important was cushion contact area, and how it differs 
due to anthropometry data and sitting positions. To deal with this problem the 
warning had to affect greater area than just one point. Suggestions on how this 
could work are in the concepts below. Additionally the central area of the seat 
should be avoided due to its potential to generate discomfort. In order to achieve 
the feeling of direction the placement must allow a corresponding pattern. Below 
are two placement concepts and its preferences. 
 
 Concept 1 Concept 2 

Tactor placement   

Example: 
Directional warning, 
up left. 

  

Advantages  
• All possible applications 

are achievable. 
• Sensitive regions are 

avoided. 
• Redundancy is possible. 

 
• All possible applications are 

achievable. 
• Structured pattern enable 

easy implementation and 
provide more possibilities 
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for future applications. 
• Redundancy is possible. 

 

 

5.5.1 Concept evaluation 

To evaluate the basic features of our two concepts, a small experiment was 
performed. We decided to test the different concept layouts by placing all our 
tactors through out the removable cushion used in the previous experiment. Some 
modifications had to be made to the cushion to better imitate the shape of the real 
seat cushion. The temporary cushion was assembled above the real seat cushion 
in the simulator cockpit, to better simulate the environmental surrounding of the 
final tactor application. The set up of the experiment was to test the whole 
concepts separately and then compare how well the placement could present 
signals that correspond to different directions. After activating one group of 
tactors, the test subject was asked to give a verbal description of the perceived 
direction. Our initial thought was to test eight subjects and expose them to both 
concepts. However, after performing the test by ourselves as a last control of the 
experiment set up, we found that there was no major difference between the 
concepts. Two additional subjects were then tested, with the same result. The 
relevant anthropometry among the test subjects so far had a quite wide range. 
After discussion, we decided to abort the complete experiment to save time, and 
made the conclusion that the concepts had similar properties of displaying 
direction.  
 
Although we found the concepts to have similar ability to display direction, we 
choose to implement the placement of concept 2. Its matrix placement gave a 
more serious and structured impression when the different warnings were 
activated. We also found it easier to install and more likely that additional 
warnings could be implemented into this placement, without any major changes. 
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5.6 Necessary technical solutions 

Before the final experiment could take place there were some technical problems 
that had to be solved.  To start with, the 16 tactors had to be installed in the 
driver’s seat. Secondly, the signals from ASim had to, in some way, be 
transformed to motorized energy in the tactors. Below is an introduction to the 
technical solutions which were developed during the project. Figure 20 is 
presenting an overview of the total system interface. 

 
Figure 20: Total system interface, TSI. 

 
As seen in the figure a LCD-display was included into the technical solution. 
Since the tactile presentation is a “private signal” only presented for the driver, 
the LCD-display would be an asset in demo presentations in the simulator and 
would also give a great system overview. This means that the benefits with this 
solution were far greater than a more direct approach with no visual presentation. 
However, it should be emphasized that this solution has nothing to do with a real 
car application. 

5.6.1 Seat and tactors 

According to previous concept evaluation the tactors were to be placed in a 4 x 4 
matrix in the seat. Before any installation could be made the tactors had to be 
prepared in order to secure the functionality. This was made by adding thin 
aluminum shells to the motors and by fixing the cables to unburden the solders 
(see fig 21). For the installation to be both structured and easy to disassembly all 
the cables was cabled through the fabric of the cushion and mounted into a 
coupling unit at the bottom of the seat (see fig 22). 
 

 

  
Figure 21: The aluminium shell and fixing of 
cables. 

  
Figure 22: Coupling unit at the bottom of the 
seat. 
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5.6.2 Circuit board and photodiodes 

A photodiode is a simple electronic device with similar properties as a standard 
diode. The main difference is the photodiodes ability to react on exposure to 
light. Basically the photodiode will, when exposed to light, enable current 
through the diode and in total darkness disrupt the line of the current. Due to the 
diodes sensibility, the magnitude of the current through the diode has to be 
relative low. Hence, the current has to be amplified before it can drive the 
vibrating motors. This is done by an amplifier step consisting of two transistor 
and a few resistors, see appendix 6. By making 16 different amplifier steps all 
tactors could be individually controlled (see fig 23). All having a specific 
photodiode assigned an area on a regular computer screen. 

 

5.6.3 Flash application 

To control the 16 tactors a small Flash application was designed. Even if the 
main purpose was to control the seat, the application also served as a visual 
presentation of the warnings. By visually displaying the warnings the monitoring 
and testing of the system was easily done from the control room. The 
visualization would also be an asset when introducing the system to spectators. 
 
As described above the idea 
was that specific areas in the 
visual interface should 
correspond with corresponding 
tactors. By displaying a white 
or black square on the display 
the photodiodes will act as 16 
individual circuit switchers. To 
enable testing of the warnings 
some control buttons were 
implemented to the visual 
interface (see fig 24). 

 
Figure 23: 16 amplifier steps on the circuit board. 

 
Figure 24: Flash application. 



33 
 

6 Main experiment 
The purpose of the thesis was principally to investigate if vibro-tactile 
information could function as an in-vehicle warning system. To be able to draw 
conclusions the theoretical study had to be supplemented with a practical 
experiment in the driving simulator. Although smaller experiments were 
conducted in order to give answers to some design questions, all of them were 
carried out to enable the main experiment. An overview of the experiment 
procedure and its underlying technical solutions are described in the next 
sections. 

6.1 Objectives 

The goal of the experiment was to collect sufficient data to allow for conclusions 
and answers to the problem statements of the thesis. For the experiment to be 
useful and valid the tactile system had to be compared with other warning 
systems.  
 
Parallel to the tactile system a visual warning system was developed by means of 
a master thesis. The visual system and the no-system-mode would serve as 
alternative systems and comparison between these would work as basis for the 
conclusions. Also a combined approach was tested. 

6.2 Task 

When comparing different warning systems it is important to keep every other 
condition constant. This means driving the same route with the same events for 
every single system condition. The main problem occurring is the fact that the 
test subjects, to some extent, learn the route and its events. Since all system 
conditions were tested on every single participant, the order that they were tested 
in had to be alternated. Thus, the experiment in its entirety was balanced and did 
not give advantage to any system condition. 
 
In the first scenario, collision warning, the 
test subjects were told to acknowledge 
when they visually recognized any kind 
of danger. The scenario took place during 
night time conditions. As in the real world 
the driving task at night means lower 
visibility. During a predefined route (see 
fig 25), the participants encountered 
hazardous situations in the shape of 
wildlife, pedestrians and stationary cars. 
Depending on the danger type different 
kinds of information was displayed by the 
visual warning system. The tactile 
warning was entirely directional and did 
not contain any information about the 
type of danger. Confirmation of detected 
dangerous object was made by pressing a 
button on the steering wheel. 
 

 

 
Figure 25: The predefined route for the 
collision and blind spot experiments. 
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The main task in the blind spot scenario was to catch up and overtake in a six 
minutes drive seven cars. Initiating an overtake would in four of the seven cases 
make a car in the blind spot area appear and with greater velocity pass in the 
outer lane. The blind spot warning was in all systems triggered as soon as the 
simulation software recognized an overtake situation.  
 
The practical moment of driving through the experimental scenarios was 
followed up by a short interview were the participant gave answers to some 
questions and also had opportunity to give their own thoughts and ideas. 
 

6.3 Participants 

The earlier tests with the tactile seat had shown no noticeable difference among 
men’s and women’s ability to recognize the signals. Similarly, age had no 
apparent influence on the skill of picking up the given tactile information. 
Conclusions were that the selection of participant was more about finding people 
capable of giving useful feedback rather than of a certain gender or age. All 
participants had driver licenses and thus had a good understanding of general 
traffic rules and regulations. 
 
The participants were on arrival instructed to read a brief introduction of the 
simulation procedure, see appendix 4. Some of this information was also verbally 
explained.  
 
As the driving task is somewhat different in the simulator compared to a real car 
the participant did, as a part of the introduction, a training run. The training 
session meant to give an understanding of the behavior of the simulator as well as 
a presentation of the different warning systems. The total time of the training 
route was approximately 10 minutes. For the entire test about 80 minutes was 
needed and a total of 8 people (3 women and 5 men) participated. 
 

6.4 Data collection 

In the front collision scenario the objective was to measure the distance to 
dangerous objects the same moment as it was visually detected. By collecting 
data of the position of the car and comparing it to the position of the objects, a 
relative distance could be easily calculated. In the same way the positions of all 
cars involved in the overtake traffic situations was stored to enable later analysis. 
 
When conducting any kind of test where the result is measurable in terms of 
numerical magnitude, the validity of the result is important. The obtained 
difference between different systems may depend on other variables than the 
systems themselves. This could for example be the natural variance of 
individual’s ability to carry out a specific task. Other causes could be that the 
information given to test participant is interpreted different. Summarized, the 
human factor is of great importance and has to be taken into consideration in later 
conclusions. 
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The data collected from the main experiment included all variables necessary for 
analyses. The objective was to give answers to some of the questions which 
where the purpose of the project:  
 
Is the tactile seat sufficient enough as a stand alone warning system or does it has 
to be combined with other modalities?  
 
Can the tactile information channel enhance an anti-collision system? 
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7 Results 
This chapter describes the features of the tactile seat as well as the result of the 
main experiment conducted in the simulator environment. The results of the 
minor experiments and evaluations are documented in the realization chapter and 
were used for physical design of the tactile seat. 
 

7.1 Tactile seat specifications and warning design 

The final design of the tactor system is a result of profound groundwork 
including human-in-the-loop testing, various experiments and constant 
evaluation. The final touch to the design of the specific warnings has been made 
according to SBD iterations in the VR-laboratory, Linköping University. 
 
Tactor 
Through a test of six different 
vibrating motors a suitable tactor 
was chosen. The tactor was 
especially favourable due to its 
ability in delivering a clear and 
spatially distinct signal. The tactor 
was also, among those with a 
distinct signal, the one which 
produced the lowest amount of 
discomfort. The exact properties of 
the motor can be found in the 
motor data sheet, appendix 3, 
motor #1. The motor was encased 
with a thin aluminum shell to 
prevent outer interference (see fig 26). 
 
Tactor placement 
The placement concept evaluation showed no great difference between the 
concepts ability to deliver the different warnings. In order to make the system 
more useable in future project the more structured concept was chosen, earlier 
referred as concept 2. This more logical pattern was also easier to install and the 
placement of every single motor could easily be referred to and documented. 
Below is the chosen concept as well as the final placement of the tactors in the 
seat presented (see fig 27). 

 
Figure 27: Tactor placement 

 

 
Figure 26: Tactor and shell. 
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7.2 Warning design result 

The design of the warnings in the tactile seat is a result of both the concept 
evaluation and the main experiment. The experiment proved the front collision 
warning to be sufficient without exact information about direction. The warning 
could instead work as a more general warning, still showing frontal direction, but 
with the purpose to alert the driver of upcoming threats rather than its exact 
position. 
  
The concept of the blind spot warning worked well in the experiment and did not 
need to be adjusted in any way. The result of the warning was an intuitive action 
in the same manner as was expected. The full result of the main experiment is 
presented later in this chapter. 
  
The LDW has not fully been tested but builds on the same principle as the blind 
spot warning.  
  
In case of fatigue the warnings need to deliver a message strong enough to alert 
the driver, i.e., more tactors has to be activated. For this to work properly the 
sensor system must be able to detect fatigue being the reason for lane departure. 
In this case the warning has two functions, awake the driver and trigger the 
intuitive response of turning back into lane. All warnings are presented in the 
table below (see fig 28). 
 

Lane departure 
warnings 

Front collision 
warning 

Blind spot 
warnings 

Fatigue warnings 

 

 

 
 

Figure 28: Warning design results. 
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7.3 Result of main experiment 

Two separate tests conducted in the simulator environment were the outer most 
effective instrument when determining the future potential of the tactile seat. The 
two following sections present the results as well as the statistical analyses of the 
obtained data. 

7.3.1 Scenario 1 – Collision warning 

The test persons were instructed to confirm when visual threats were discovered. 
Two moose at different locations, one car and one pedestrian were the hazardous 
objects. The task sequence was equal for all test conditions. The conditions 
compared in the experiment were: 
 

• No system 
• Head-up display warning system 
• Tactile warning system 
• Head-up display + tactile warning system 

 
Below is a plot of the average distances to threats at target detection for the four 
different conditions (see fig 29). As could be understood, short distances are bad 
and long distances good. 

Average distances and system conditions

50,0 

75,0 

100,0 

125,0 

150,0 

1 2 3 4 5 6 7 8
Testperson

Distance [m]

No system

HUD

Tactile

 HUD and Tactile

 
Figure 29: Chart of average distance and system conditions 
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The ANOVA test showed the difference to be significant at (p < 0.05) when 
comparing both the tactile and Head-up warning system alone with the no system 
condition.  
 
When comparing the combined system and the no system condition the 
difference could be significant proven at (p < 0.01). 
 
No significant difference could be established in the comparisons between the 
combined system and the HUD or tactile systems alone. The difference was 
analyzed using the ANOVA method and was also subject of a post hoc test (see 
appendix 5). 

 

7.4 Scenario 2 – Blind spot detection 

The most important intention with the blind spot detection experiment was to 
measure the number of failed overtakes (collisions). Due to difficulty in 
designing the detection algorithm and the simulators effect on driving behavior, 
this idea had to be abandoned. 
 
Even though the blind spot test did not generate any measurable data it gave 
information about driving behavior in the different conditions. Thus, the 
participants were interviewed directly after the test and a general opinion could 
be established. 
 
General opinions: 
 

• Vibro-tactile information in the driver’s seat is an effective warning 
method for blind spot detection systems. 

 
• The test persons reacted in an intuitive way on the blind spot warning and 

turned back into lane. 
 

• The visual warning presented on the HUD is a less important source of 
information compared with the tactile seat. 
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8 Conclusion and recommendations 
Conclusions and recommendations for further work will be presented in this 
chapter. 
 

Conclusions 

• The strength of the tactile seat is its ability to initiate an intuitive and fast 
response. The benefit of this is mainly found for lane departure and blind 
spot warning, where this kind of driver behavior is vital. 

 
• The tactile system is an excellent channel for alerting the driver about 

upcoming danger. As contact between driver and cushion is always 
present and thus the warnings are constantly available. 

  
• The vibro-tactile warning is, in some cases, needed to be supplemented 

with additional information to give the warning more meaning. The Head-
up display warning system could work as supplement and a combination 
of the two systems is recommended. 

 

Further work 

• A lane departure warning test where the advantages of the tactile system 
could be statistically proved. 

 
• A more elaborate blind spot detection warning simulation, the project 

indicates high probability of good results in such a test. 
 
• Designing and testing a more integrated system based on tactile and 

visual warning information. 
 
• Investigate the technical problems and its solutions of introducing tactile 

seat in a real car, involving sensors of various types. 
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9 Discussion 
Experiment 
A simulator experiment requires careful planning and a strict way of performing 
it. To get strong statistical data that can be analyzed and used for safe 
conclusions, a quite large group of test subjects with different physical properties 
and age is needed. Our first intention was to test around 20-25 persons in our 
collision scenario, divided into four groups: using no warning system, using the 
tactile system, using the visual head up system or a combination of tactile and 
visual warning system. After discussion with our mentor we realized that this 
between-subjects design would be hard to realize, considering the amount of time 
that such a set up would require to be carried out properly. It would also have 
required at least 32 participants to achieve equal sets of statistic data compared to 
the within-subjects design we finally chose. 
 
Memorization of the scenario may seem as a great problem when using the same 
subject for testing four different conditions. Our subjects also stated that 
memorization influenced their behavior in the triggered situations along the 
scenario, especially in the final test round. However, this effect was balanced out 
by a predetermined alternating order in which the conditions were tested. 
In summary, our study should be seen as a pilot experiment which gave a 
foundation for further experiments. More test subjects need to be tested in 
different scenarios before final conclusions can be made based on statistical data. 
Nevertheless, we believe that our work present a realistic description for what 
results to expect from a larger study.  
 
Simulator implementation of a tactile system 
To be able to perform our simulator experiment a well functioning tactor system 
was needed which could receive signals from the ASim simulator software. This 
one way communication was first to be realized by a computer program that 
could send signals to an I/O-card, which should control the signals to the 16 
tactors separately. After examining the possibilities of designing such a program 
we realized that advanced computer coding knowledge was needed to secure its 
function. Since our computer coding knowledge is on a basic level we instead 
decided to solve our problem with an electrical system, which could take 
advantage of an already existing program solution. Our electrical solution was 
sufficient for our tactor system, but if further projects should be made with tactile 
systems, we recommend investing in a software solution. 
 
Design of a real tactile system 
When working in a simulator environment, false alarms does not occur as in real 
world due to the fact that every action in the surroundings is predetermined and 
controlled. This basically generates a false alarm frequency of 0 % and a flawless 
warnings system. With such accuracy we are convinced that a tactile warning 
system will aid driver in critical situations. In the real world, there are no such 
things as completely perfect systems. Hence, we stress the importance of 
minimizing the frequency of false alarms. Too many errors may cause the driver 
to ignore real warnings and alter the driver’s traffic behavior negatively.  
Also, there may be a risk that a well functioning warning system in the long term 
decreases the drivers’ vigilance and constrain rational behavior the day when the 



42 
 

system fails to alert the driver of a danger. It is therefore necessary to thoroughly 
investigate these areas to secure a proper function of a real tactile warning system 
in a vehicle. 
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 Appendix 1 – First experiment 

 
Ålder: Kön:    Man     Kvinna 
 
 
Allmän vibrator placering 
 

• Placera ut numrerade punkter 1-5, där du upplever att vibrationen känns. 
 

 
 

• Upplevs vibrationerna i de olika punkterna som en punktvibration eller 
som en vibration utbred på en större yta ? 

 
Nr.  1. 
 
  2. 
 
  3. 
 
  4. 
 
  5. 
   
 
 
 
• Vilket gör dig mest uppmärksamhet: Snabba pulser eller långa pulser? 
 
 

 
 
 

• Tycker du att vibrationerna ger upphov till obehag? 
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• Vilken vibration upplever du som tydligast av följande två? 

(Ringa den som upplevs tydligast) 
 
 

1 2 
 
3  4 

 
 

 
5 .... 
 
....  .... 
 
 
 
Resultat  Nr..... 
 
 

Allmänna frågor 
 

• I händelse av vibrationer i sätet, hur tror du att du skulle reagera 
instinktivt? 

 
 
 
 
 
• Ändrar du på sittställningen under tiden du kör? 
 
 
 

 
 

• Tror du på att vibrationer skulle kunna fungera som olika 
varningssignaler  
i en personbil? 
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Appendix 2 – Result, Experiment 1 
 
• Place numbered points ranging 1-5, in the location you feel the 

vibration. 
 

 
 
 

• Is the vibration in the following example perceived as a point-vibration or 
more extended surface? 
 
1. Perceived as a point vibration, point vibration with some surface 

extension, a smaller surface, 
 
2. Perceived as a point vibration, very much a point, intensive point 

stimuli, a smaller surface 
 

3. Perceived as a point vibration, distinct and intensive point, more like a 
small surface, some what more extended like a round surface 

 
4. Perceived as a point vibration, surface vibration, larger area, not so 

intensive point stimuli, some what larger surface, weak point stimuli 
 

5. Perceived as a surface, a thin extracted surface, larger surface, not so 
intensive stimuli with no point distinction, area, small surface 

 
6. Perceived as a big surface, larger surface, surface, very extracted 

surface, area , a larger point with spread vibrations, very large surface 
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• Which of the following stimuli arouse most attention: One long pulse, 
long pulses or short pulses? 
 
One long pulse: 20%  Long pulses: 10%  Short pulses: 
70% 

 
Fast pulses, short intervals but not to fast, one long pulse, long pulses, fast 
pulses is perceived as a alarm. 
 
 
 

• Are any of these vibrations you have been exposed to perceived as 
discomforting? 
 
None of them are comfortable but I think they are suited for warnings 
The most intensive vibrations are a bit to strong. 
My be discomforting if exposed to a longer time. 
Some of the vibrations were placed to close to sensitive spots. 
No discomfort 
Not at all, 
Some vibrations feel too much like a tingling sensation. 
No discomfort but constant vibration may be discomforting 
Vibration-motor number 2 gives to strong vibrations 

 
 

• Which of the following vibrations is perceived as the most distinct? 
 
Result: 

 
1 2 
  40%    60 %        
 
3    4     

                                      100%     0%    
 

 
    
  Most distinct:  1: 30%  2 or 3: 70 % 
 

• Hypothetically, in case of a vibration in your cars seat along your left 
thigh. What would your instinctive reaction be? 
 
To turn right. Danger on the left side. 
Search for danger on the left side and release speed pedal. 
Danger on the left side. 
Danger on the left side with right turn as response. 
Look to the left and turn right 
Turn to right. Danger to the left. 
Hard to tell the reaction, but the attention probably be directed to the left. 
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Danger from left side, maneuvering to the right. 
Turn to right, absolutely a instinctive response. 
Turn in the direction where the vibration is presented. 
 

• Do you change your position in a car seat during driving? 
 
Yes. During longer trips. More relaxed. When using cruise control, 
changing feet position. 
Yes. Change of feet position when using cruise control. 
No, not very much. 
Yes. In city traffic I sit with a straight back. Longer driving, more laid 
back. 
Yes. More relaxed when driving long distance. 
Yes. Pull my legs up when using cruse control. 
Yes very often. When using cruise control. Change position sideways. 
No big different. 
No. I don’t change my position. 
No. 

 
• Do you think vibrations could work as warnings in a personal car? 

 
Yes. For example blind spot warnings. 
Yes I think so. 
Yes, absolutely. With possibilities to adjust. 
Yes. Not to many different warnings. 
Yes. Blind spot and different dangers. 
Yes, absolutely. 
Yes. A vibration draws attention. 
Yes. But it depends on in which situations. 
Yes. 
Yes I think so. 
 

• Do you think vibrations are enough to wake a driver that is falling into 
sleep? 
 
Yes. All test subjects agreed that the vibrations were enough to wake 
someone up. 
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Appendix 3 – Motor data sheets 
 

#1 
Model Volts (V) Diameter 

(mm) 

Length 

(mm) 

Weight (g) Speed 

(rpm) 

310-104 4.5 10 12 9 7500 

 
 
 

#2 
Model Volts (V) Diameter 

(mm) 

Length 

(mm) 

Weight (g) Speed 

(rpm) 

312-004 2.4 12 20 6 7000 

 
 
 

#3 
Model Volts (V) Diameter 

(mm) 

Length 

(mm) 

Weight (g) Speed 

(rpm) 

312-102 3 12 15 6 11000 
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#4 
Model Volts (V) Diameter 

(mm) 

Length 

(mm) 

Weight (g) Speed 

(rpm) 

318-001 1.3 18 4.4 4.6 8100 

 
 
 

#5 
Model Volts (V) Diameter 

(mm) 

Length 

(mm) 

Weight (g) Speed 

(rpm) 

307-101 1.5 7 16.6 5 7000 

 
 
 

#6 
Model Volts (V) Diameter 

(mm) 

Length 

(mm) 

Weight (g) Speed 

(rpm) 

JULA 12 23 27   
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Appendix 4 - Instructions to the simulation 
 
Agenda 

• Introduction to the warning system 
• Introduction to the scenarios, collision warning and blind spot detection 
• Test route 
• Simulation of all system conditions 

 
The warning system 

• The warning signals are presented with a vibro-tactile seat and a HUD 
• The warnings points out the direction of possible collision threats 

 

 
 

• The warning system is situation adapted, i.e. the warning is presented 
when the dangerous situation occurs 

• The warning system presents warnings for animals, pedestrians, vehicles 
and vehicles in the blind spot area. These warnings are presented on the 
HUD and the vibro-tactile seat assists with directional information.  
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Collision warning 

• Short description of the route 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

• Drive as usual – behave as you would in a real driving situation 
• Press the button (see the picture below) when you detect a threatening 

object 
 
 
 
 
 
 
 
 
 
 
 
 

• There are four system conditions that you will drive through: 
o No warning system 
o Warning presented with the vibro-tactile seat 
o Warning presented on the HUD 
o Warning presented with a combination of the vibro-tactile seat and 

the HUD 
 
Blind spot detection 

• Same route as above 
• Drive as usual – behave as you would in a real driving situation 
• This route simulates highway traffic so there is no oncoming traffic 
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• There are seven cars that you are going to overtake  

Appendix 5 - Output from the ANOVA test 
 
Nyckelvärden vid jämförelse: HUD - no system 
 
onewaydata={{1,247.7},{1,316.0}, {1,364.5}, {1,386.7}, 
{1,330.3},{1,380.9}, 
{1,387.0},{1,330.4},{2,390.7},{2,331.5},{2,464.7}, {2,435.8}, 
{2,481.8},{2,382.5}, {2,414.7}, {2,382.4}}; 
ANOVA[onewaydata] 
 
 
 
 
ANOVA-test of the difference between a system based on the HUD 
info and no system. The result shows that there is significant 
difference at p < 0.05. The conclusion is a HUD warning system is 
significantly better than no system. 

 

  
Nyckelvärden vid jämförelse: Tactile system - no system 
 
onewaydata={{1,247.7},{1,316.0}, {1,364.5}, {1,386.7}, 
{1,330.3},{1,380.9}, 
{1,387.0},{1,330.4},{2,393.3},{2,337.5},{2,385.7}, {2,505.0}, 
{2,421.4},{2,418.3}, {2,391.0}, {2, 407.8}}; 
ANOVA[onewaydata] 
 
 
 
 
ANOVA-test of the difference between a system based on the 
tactile info and no system. The result shows that there is 
significant difference at p < 0.05. The conclusion is a tactile 
warning system is significantly better than no system. 
 

  
Nyckelvärden vid jämförelse: Tactile system + HUD - no system 
 
onewaydata={{1,247.7},{1,316.0}, {1,364.5}, {1,386.7}, 
{1,330.3},{1,380.9}, 
{1,387.0},{1,330.4},{2,445.6},{2,381.3},{2,457.1}, {2,458.6}, 
{2,460.6},{2,423.8}, {2,391.3}, {2, 365.7}}; 
ANOVA[onewaydata] 
 
 
 
 
ANOVA-test of the difference between a combined system based on 
the HUD/tactile info and no system. The result shows that there 
is significant difference at p < 0.01. The conclusion is a 
combined warning system is significantly better than no system. 

  
 
 
 
 

 
Nyckelvärden vid jämförelse: Tactile system – HUD 
 
onewaydata={{1,390.7},{1,331.5},{1,464.7}, {1,435.8}, 
{1,481.8},{1,382.5}, {1,414.7}, 
{1,382.4},{2,393.3},{2,337.5},{2,385.7}, {2,505.0}, 
{2,421.4},{2,418.3}, {2,391.0}, {2, 407.8}}; 
ANOVA[onewaydata] 

 
ANOVA 

DF SumOfSq MeanSq FRatio PValue 
Model 1 18265.5 18265.5 7.8055 0.0143535 
Error 14 32761.2 2340.08 
Total 15 51026.7 

, CellMeans 
All 376.725 
Model 1 342.938 
Model 2 410.513 

ANOVA 
DF SumOfSq MeanSq FRatio PValue 

Model 1 16673.3 16673.3 7.40076 0.0165794 
Error 14 31540.8 2252.91 
Total 15 48214. 

, CellMeans 
All 375.219 
Model 1 342.938 
Model 2 407.5 

ANOVA 
DF SumOfSq MeanSq FRatio PValue 

Model 1 25640. 25640. 13.6706 0.00238971 
Error 14 26257.9 1875.56 
Total 15 51897.9 

, CellMeans 
All 382.969 
Model 1 342.938 
Model 2 423. 

ANOVA 
DF SumOfSq MeanSq FRatio PValue 

Model 1 36.3006 36.3006 0.0156127 0.902339 
Error 14 32551. 2325.07 
Total 15 32587.3 

, CellMeans 
All 409.006 
Model 1 410.513 
Model 2 407.5 
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ANOVA-test of the difference between a system based on the 
tactile system and the HUD system. The result shows no 
significant difference.  
 
Comparision: HUD - HUD+Tactile system 
 
onewaydata={{1,390.7},{1,331.5},{1,464.7}, {1,435.8}, 
{1,481.8},{1,382.5}, {1,414.7}, 
{1,382.4},{2,445.6},{2,381.3},{2,457.1}, {2,458.6}, 
{2,460.6},{2,423.8}, {2,391.3}, {2, 365.7}}; 
ANOVA[onewaydata] 
 

ANOVA-test of the difference between a system based on the HUD 
system and the combined system, HUD and tactile info. The result 
shows no significant difference. 

 
 

Comparision: Tactile system - HUD+Tactile system 
 
onewaydata={{1,393.3},{1,337.5},{1,385.7}, {1,505.0}, 
{1,421.4},{1,418.3}, {1,391.0}, {1, 
407.8},{2,445.6},{2,381.3},{2,457.1}, {2,458.6}, 
{2,460.6},{2,423.8}, {2,391.3}, {2, 365.7}}; 
 ANOVA[onewaydata] 
 

 
ANOVA-test of the difference between a system based on the 
tactile system and the combined system, HUD and tactile info. The 
result shows no significant difference. 

 

ANOVA 
 

DF 
 

SumOfSq 
 

MeanSq 
 

FRatio 
 

PValue 
 Model 

 
1 
 

623.751 
 

623.751 
 

0.320246 
 

0.580418 
 Error 

 
14 
 

27268.1 
 

1947.72 
 Total 

 
15 
 

27891.9 
 

, 
 
CellMeans 
 

All 
 

416.756 
 Model 

 
1 
 

410.513 
 Model 

 
2 
 

423. 
 

ANOVA 
 

DF 
 

SumOfSq 
 

MeanSq 
 

FRatio 
 

PValue 
 Model 

 
1 961. 

 
961. 
 

0.516514 
 

0.484156 
 Error 

 
14 
 

26047.7 
 

1860.55 
 Total 

 
15 
 

27008.7 
 

, CellMeans 
 

All 
 

415.25 
 Model 

 
1 407.5 

 Model 
 

2 423. 
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A Post hoc test was conducted in order to further investigate if the different 
systems could be proven significant separated. The analyses showed no 
significant difference not yet discovered by the ANOVA-test. 
 
Post hoc: HUD - Tactile system + HUD 
 
onewaydata={{1,390.7},{1,331.5},{1,464.7},{1,435.8},{1,481.8},{1,
382.5},{1,414.7},{1,382.4},{2,445.6},{2,381.3},{2,457.1},{2,458.6
}, {2,460.6},{2,423.8}, {2,391.3}, {2, 365.7}}; 

 ANOVA[onewaydata,PostTests�Tukey] 
 
 
  
  
 
 
Post hoc: Tactile system - Tactile system + HUD 
 
onewaydata={{1,393.3},{1,337.5},{1,385.7},{1,505.0},{1,421.4},{1,
418.3},{1,391.0},{1,407.8},{2,445.6},{2,381.3},{2,457.1},{2,458.6
}, {2,460.6},{2,423.8}, {2,391.3}, {2, 365.7}}; 

ANOVA[onewaydata,PostTests�Tukey] 

  
 
 
 
 

ANOVA 
DF SumOfSq MeanSq FRatio PValue

Model 1 961. 961. 0.516514 0.484156 
Error 14 26047.7 1860.55 
Total 15 27008.7

, CellMeans 
All 415.25

Model 1 407.5

Model 2 423.

, PostTests Model Tukey

ANOVA 
DF SumOfSq MeanSq FRatio PValue 

Model 1 623.751 623.751 0.320246 0.580418 
Error 14 27268.1 1947.72 
Total 15 27891.9 

, CellMeans 
All 416.756 
Model 1 410.513 
Model 2 423. 

, PostTests Model Tukey
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Appendix 6 – Amplifier step 

 
To supply the tactor (M) with sufficient power an amplifier step was constructed.  
The cause for this was the photodiodes sensitivity to larger currents. With a 
system of four resistances and two transistors the current could be fairly low 
through the diode and high enough to supply the tactor.
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Appendix 7 – HUD warning system 
 
The visual warning system was presented in the Head-up display. This is a time 
efficient and also in the aspect of safety, a preferable choice of presentation area. 
The warning will be displayed in an area that is of nearly constant attention by 
the driver, so called Head-up.  
 
The system is a situation adapted and has the ability to warn the driver in case of 
some different critical situations, all listed below. 
 

• Lane Departure Warning (LDW) 
• Blind Spot Detection (BSD) 
• Multi Directional Collision Warning 
• Night Vision 

 
The system has the ability to present information regarding both direction and 
type of threat. Below are some of the warnings illustrated, warnings in three 
different types of critical situation. The threat, always displayed in a red color, is 
in some cases pulsating to enhance the effect of the warning. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The Head-up warning system is designed and developed by Johan Norén at 
Linköping University. 

Figure 30: Examples of Head-up warnings 


