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Abstract

Humans use all their senses when they explore and interact with the environment. In 
human-machine interaction (HMI) vision is the dominant sense, followed by 
audition. Haptic information – information concerning the sense of touch – is not 
commonly available. The overall aim of this thesis was to investigate how haptic 
feedback affects visual-manual HMI. 

In the experiment presented in paper I the spatial haptic properties shape and location 
were compared. Shape encoding often relies on users sequentially exploring 
differently shaped knobs, levers or buttons. The experiment revealed that physical 
shapes available through a shape-changing device can be as efficient as adjacently 
located push-buttons to encode functions in an interface. The experiment presented in 
paper II investigated the extent to which interface information can be transferred 
between the haptic and visual modalities. The feedback – rendered textures – was 
displayed haptically through a rotary device and visually through a computer 
monitor. There was a cross-modal transfer between the modalities, although not 
effortless, and the transfer from haptics to vision seemed to be easier than the transfer 
from vision to haptics. The asymmetry of the cross-modal transfer and the enhanced 
visual performance might be a result of the visual information being more useful for 
the task at hand. Paper III presents an experiment carried out in a car simulator. The 
experiment was conducted to investigate how haptic feedback in an in-car interface 
affects driver behaviour. Visual feedback was provided on a screen at the centre 
panel of the simulator. Haptic feedback was provided through the interaction device – 
a rotary device. The results revealed that, although driving performance degradation 
did not differ between the different haptic and visual feedback conditions, all 
conditions caused a degradation in driving performance. Visual behaviour did not 
differ between conditions including visual feedback. It is therefore apparent that the 
haptic feedback was not actively used when visual interface information was 
provided. Using haptic feedback only was shown to be more time-consuming. In 
addition it was revealed that tasks with only haptic feedback induce a cognitive load 
on the driver. It was apparent in studies II and III that the haptic information is not 
actively used if the visual information is more easily achieved. 
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Introduction

Most interfaces utilize a visual display and some type of interaction device, and 
sometimes provide some auditory feedback. Unlike vision and audition, haptic
interaction implies the ability to both sense and manipulate an interface (Hollis,
2004). Haptics can be used in different ways to facilitate human-machine interaction 
(HMI). Different haptic properties, such as size, shape and texture, can be used to 
code physical buttons and handles in an interface. To guide a user in a visually based
interface, for example a conventional computer, redundant haptic sensations can be
provided through the interaction device. An interface that appeals to multiple sensory 
systems can also provide flexibility in the interaction. Haptics can be utilized in HMI 
activities in which visual information is not optimal for conveying interface 
information, such as when driving a car (Burnett & Porter, 2001). The theoretical 
frame of reference in this thesis includes some basics of haptic and multimodal
(haptic and visual) perception, a review of research on haptics in human-machine
interaction and theories regarding driving and time-sharing (multitasking).

The haptic system 
The system that mediates bodily sensations is generally referred to as the
somatosensory system. By means of several different kinds of receptors spread over 
the outside and on the inside of the body the system senses stimuli applied to the skin, 
monitors information about the position of the body and provides information about 
conditions within the body (Pinel, 2006). The haptic system engages somatosensory 
receptors sensitive to mechanical deformation of the skin (tactile perception) and
receptors sensitive to position and movement of the limbs (kinaesthetic perception) 
(Hatwell, 2003). Haptic perception requires voluntary hand movements; consequently 
the haptic system, in addition to tactile and kinaesthetic perception, also includes 
motor systems (Lederman & Klatzky, 1987; Srinivasan & Chen, 1993). Haptic
perception is therefore generally referred to as active touch, whereas tactile
perception alone is referred to as passive touch (being touched) (Hatwell, 2003). The 
main haptic organ is the hand, which is both a perceptual and manipulative organ 
(Craig & Rollman, 1999). 

In tactile perception information about mechanical deformation is coded by means of 
receptors located in different layers of the skin. The glabrous (hairless) skin on the 
palms of the hands has a high density of receptors which makes the hands extremely 
sensitive to tactile stimulation (Coren, Ward & Enns, 2004). Since numerous
receptors in a skin area are simultaneously stimulated when touching an object, tactile 
perception results from combined input from different kinds of receptors (Hale &
Stanney, 2004). The receptors are classified according to their adaptive properties
(rapid or slow) and the size of their receptive fields. The most common receptors in 
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the hand are the Meissner corpuscles, Mercel discs, Ruffini endings and Pacinian 
corpuscles. Meissner corpuscles have small receptive fields but rapid adaptation, and 
mainly respond to motion across the skin (Gentaz, 2003). Mercel discs adapt slowly 
and have small receptive fields (Dargahi & Najarian, 2004). The Mercel discs are 
sensitive to points, edges and curvature and are responsible for form and texture 
perception (Johnson, 2001). Ruffini endings have large and less localised receptive
fields and slow adaptation, and are sensitive to skin stretch (Johnson, 2001). Pacinian 
corpuscles are the deepest and largest of the receptors, and have large, indistinct, 
receptive fields and rapid adaptation (Dargahi & Najarian, 2004). The Pacinian 
corpuscles are extremely sensitive to vibrations (Johnson, 2001). 

In kinesthetic perception information about position and movement of the body parts 
is coded by means of receptors in muscles, tendons and joints. The muscle receptors 
(muscle spindles) provide information about the stretch of the muscle (Wickens, 
2005). The tendon receptors (Golgi tendon organs) respond to muscle tension 
(Gentaz, 2003). Joint receptors are active at extreme joint positions (Hale & Stanney, 
2004).

Sensory input is critical both for perception and manipulation (Goodwin & Wheat,
2004). If a stimulus is larger than the threshold of a receptor, a response is triggered
and an electrical signal is generated in the afferent nerve fibre (Burdea, 1996). The 
signal is transmitted through the spine to the thalamus area of the brain, and from
there is transmitted primarily to the main cortical areas of somatosensation (primary 
and secondary somatosensory areas), the primary motor area and posterior parietal 
areas (which also receive information from other sensory systems) (Gentaz, 2003).
The primary somatosensory area and the primary motor area have similar
somatotopical organisations, which mean that they are organised according to a map
of the body. Parts of the body (e.g. the hand, lips and tongue) engage relatively large 
areas compared to other body parts (e.g. leg and trunk). This relates to that these
areas are capable of enhanced tactile discrimination and precision of movement
(Pinel, 2006). Each main area in the primary motor area receives continuous sensory 
feedback from the corresponding area in the primary somatosensory area (Wickens, 
2005). In sensory-motor control, sensory information flows up the hierarchy and 
motor commands flow down the hierarchy and cause the muscles to move (Pinel, 
2006). Together the primary somatosensory area and the primary motor area can form
sensory-motor programs, which are trained activities that can be performed without 
considerable cognitive effort (Gentaz, 2003). 

Haptic perceptual properties 
By means of the different receptors humans can passively perceive vibrations, 
applied forces and motions. During haptic exploration several different properties can 
be extracted. A distinction can be made between spatial and material properties.
Spatial properties are geometric properties such as shape, size, orientation, length and
location (Gentaz & Hatwell, 2003), and material properties are properties such as 
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compliance and texture (which in turn include many distinct properties, e.g. 
roughness and spatial density) (Klatzky & Lederman, 2003). 

Multimodality – haptics and vision 
Perception is multimodal, which means that sensory information is perceived through 
several senses at the same time (Gibson, 1966; Stein & Meredith, 1993). Combining
input from several modalities is advantageous since additional information can be 
obtained that is unavailable from a single modality. By different means the haptic and 
visual modalities perceive a number of similar and dissimilar properties. For example 
colour is perceived only visually and hardness only haptically, whereas properties
such as shape, size and texture can be perceived by both modalities (Woods &
Newell, 2004). The haptic and visual systems differ in the type of processing made.
Haptic perception often requires hand movements and therefore information is
gathered in sequence, whereas visual perception is said to be more holistic (Jones, 
1981). In actual fact visual processing often has to be made in sequence as well, but
the scanning is made extremely fast by saccadic eye movements (Findlay & Gilchrist,
2003).

Input from one modality can compensate for sensory deprivation in another modality
(Robles-De-La-Torre, 2006). Haptic perception is largely redundant to vision and 
allows blind people to acquire information about the environment (Hatwell, 2003) 
and allows people who can see to identify common objects haptically (Klatzky, 
Lederman & Metzger, 1985). When there is a conflict between haptic and visual
information in people who can see, vision generally dominates the integrated percept
(Ernst & Bülthoff, 2004). Actually vision frequently dominates visual-haptic 
perception when judging geometric properties, but haptics has been shown to be as 
efficient as vision for texture information (Lederman, Thorne & Jones, 1986), and 
sometimes, for extremely fine textures, haptic perception surpasses visual (Gentaz 
and Hatwell, 2004). The haptic system seems to emphasise information about
material properties (micromorphic properties), whereas vision emphasises
information about spatial/geometric properties (macromorphic properties) (Katz, 
1925/1989; Klatzky & Lederman, 2003). 

Haptics in human-machine interaction 
Haptic HMI allows a user both to feel and interact with an interface. Traditionally 
haptics has been used to create haptically discriminable buttons and handles by the
use of different physical shapes, sizes, textures and locations. Jenkins (1947) 
produced knobs for aircraft controls that could be haptically discriminable with 
gloved and ungloved hands. Moore (1974) designed haptically discriminable buttons
for industrial equipment by using different shapes and textures. Today most HMI is 
carried out with a computer screen and some kind of interaction device. One example 
of how physical haptic coding is used on a conventional interaction device is the
markers on the F and J keys on a QWERTY keyboard, which helps a user place the 
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fingers correctly. However, computer interaction devices such as the mouse,
trackball, pointing stick or keyboard do not provide much utilizable haptic feedback; 
the feedback is primarily visual through the visual display. 

Several studies have investigated the use of force feedback – mechanical production
of haptic information – in the interaction with computers. The studies have shown 
that interfaces that appeal to both the visual and haptic senses have behavioural 
benefits over unimodal visual interfaces. In an experiment done by Grane and 
Bengtsson (2005) participants were asked to identify and choose among five
haptically and visually rendered textures. The textures were haptically displayed
through the interaction device (a rotary device) and visually displayed on a monitor.
The experiment revealed that haptic and visual feedback was preferable to visual 
feedback according to accuracy and workload. In an experiment by Campbell, 
Shumin, May and Maglio (1999) participants had to steer a pointer through a tunnel 
with a pointing stick in various visual and haptic feedback conditions. In the feedback 
conditions, consistent, inconsistent and no haptic bumps were provided. The 
experiment showed a decrease in error rate and task time when consistent haptic and 
visual feedback was provided. Oakley, McGee, Brewster and Gray (2000) reported 
that the number of errors made in targeting, searching and scrolling tasks on a
computer was reduced when redundant haptic feedback, such as gravity, friction and 
texture, was provided through the interaction device (a PHANToM force feedback 
device, which is a point interaction device with three actuated degrees of freedom and
three sensed orientations (Hayward, Astley, Cruz-Hernandez, Grant & Robles-De-La-
Torre, 2004)). In steering and target selection tasks, force feedback provided through 
a mouse has been shown to improve task completion times (Akamatsu & MacKenzie,
1996; Dennerlein, Martin & Hasser, 2000). Other applications of haptic user 
interfaces include surgical simulators, virtual environments, teleoperation (used in the 
nuclear industry), interfaces for gaming (force feedback joysticks and steering 
wheels) and support systems for blind persons (Fager, 2004; Hayward et al., 2004;
Stone, 2001). 

Haptic feedback has usually been used for augmentation rather than as a substitute for 
visual information. Cross-modal interfaces, which use different modalities to present 
the same information, can provide flexibility in the interaction. If there is a 
deprivation in one modality, the same information can be achieved from another 
modality. Very little has been written on cross-modal interfaces. One example of a 
cross-modal interface was described by Hoggan and Brewster (2006). It was 
suggested that rhythms could be used in a mobile interface to present the same 
message in both tactile and audio form.

Time-sharing and haptic feedback 
Time-sharing (multitasking) refers to the simultaneous processing of two or more
tasks (Wickens & Hollands, 1999). Car driving is guided mainly by vision, and 
therefore visual perception is closely related to traffic safety (Cavallo & Cohen,

4



2001). When looking at an in-vehicle display while driving a car the eyes must be 
used for two different tasks at the same time: attend to the road and the display. Since
the fovea of the eye has to be moved in order to perceive detailed information
(Findlay & Gilchrist, 2003) the visual system has to employ time-sharing. Time-
shared performance is generally poorer than single-task performance (Wickens & 
Hollands, 1999). 

In driving the main function of vision is to provide the information needed for an 
action to the motor system (Land, 2006). Accordingly, while the information input 
needed for driving is predominantly visual, the major output while driving is 
generally manual by the hands (steering wheel and gear shift) and by the feet 
(accelerator, break pedal and clutch). Visual displays require the eyes to be taken off 
the road and manual controls require the hands to be taken off the steering wheel. 
However, while gaze has to be moved to gather detailed information, the two hands 
can perform different tasks simultaneously (Wierwille, 1993a). According to 
Wierwille it is easier to time-share driving and manual in-vehicle tasks than driving 
and visual in-vehicle tasks, as long as large corrections of the steering wheel that 
require the use of both hands are not needed. Wierwille (1993b) classified in-vehicle 
secondary tasks into five categories, manual only, manual primarily, visual only,
visual primarily and visual-manual. The categories, in that order, increase the 
demands on the driver. The first category, manual only, represents tasks that can be 
performed by one of the driver’s hands without visual reference. The second
category, manual primarily, corresponds to tasks in which the driver uses vision to 
find a control and, as the hand approaches the control, vision is no longer required.
The third category, visual only, represents tasks in which no manual input is needed.
The fourth category, visual primarily, stands for tasks in which vision is used both to 
locate and gather information, and some degree of manual input is needed. Today's,
often menu-based, in-vehicle systems are categorized as visual-manual, since tasks in 
these systems often require several steps of visual and manual interaction. Weirwille's
classification does not, however, take cognitive load into consideration. 

An influential theory of cognitive capacity in the automotive domain is the multiple
resource theory (Wickens, 2002). The theory proposes that there are several 
independent pools of cognitive processing resources to devote to task performance,
and suggests that different resources will cause less interference in a dual-task 
situation than common resources. Wickens (2002) described a four dimensional
multiple resources model consisting of stages of processing (perceptual/cognitive 
versus response), perceptual modalities (visual versus auditory), processing codes 
(spatial versus verbal) and visual channels (focal versus ambient). If driving is 
considered a visual-spatial input task and manual output task, a secondary task should
rather involve auditory-verbal input and vocal output. Therefore voice control of in-
vehicle systems may have safety benefits over manual control. However, whereas 
visual-manual interaction with an in-vehicle system induces both visual and manual,
and perhaps also cognitive, loads on the driver, speech-based interaction tasks have 
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been shown to introduce a significant cognitive load on the driver (Lee, Caven,
Haake & Brown, 2001). 

Studies carried out in real and simulated driving environments have shown that
secondary tasks lead to changes in visual behaviour and driving performance. It has 
been revealed that visual-manual and cognitive tasks affect visual behaviour and 
driving performance in different ways. Visual-manual tasks result in frequent and 
long periods of visual time off road and reduced lane-keeping performance
(Engström, Johansson & Östlund, 2005; Wikman, Nieminen & Summala, 1998; 
Zwahlen, Adams & DeBald, 1988). In contrast a cognitive load leads to increased 
lane-keeping performance (Engström et al., 2005). However, cognitive load, for 
example a phone conversation, causes gaze concentration towards the centre area of 
the road and visual detection impairment (Alm & Nilsson, 1995; Patten, Kircher,
Östlund & Nilsson, 2004; Recarte & Nunes, 2003; Strayer & Johnston, 2001; Victor,
Harbluk & Engström, 2005). The occurrence of visual detection impairment is a
phenomenon labelled "inattentional blindness" (Mack & Rock, 1998). Although a 
driver is looking at, for example, the car ahead while the brake lights are lighted, the
information might be missed because attention was on a phone conversation. 

Like the auditory modality, the haptic sensory modality is not vital in driving 
(Wierwille, 1993a). In the automotive domain the use of passive vibrotactile stimuli
has been most investigated, and have been shown to be useful as warnings (Ho, Tan 
& Spence, 2005; Lee, Hoffman & Hayes, 2004), as well as to provide navigation 
information (Van Erp & Van Veen, 2004). Haptic cues provided in active interaction 
with an in-vehicle interface could potentially ease interaction while driving 
(Bengtsson, Grane & Isaksson, 2004; Burnett & Porter, 2001; Prynne, 1995). Few 
attempts have been made to evaluate the use of haptic feedback in the interaction 
with in-vehicle equipment. Porter, Summerskill, Burnett and Prynne (2005) designed 
an in-car interface in which the interface devices (three pods) were coded in terms of 
the haptic properties size, shape and location. Compared to a standard interface the
number and duration of glances made to the display and controls were reduced. 
Today it is common to integrate functionality in multifunction in-vehicle interfaces 
(often with one display and one or a few controls) (Ashley, 2001). Incorporating 
haptic force feedback in these systems is promising. However, reducing the visual
load on the driver may be fruitless if the cognitive or manual load is increased, as all 
are capable of distracting the driver from the primary task of driving. 
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Aims

The overall aim of this thesis was to investigate how haptic feedback affects visual-
manual HMI. Three specific aims were formulated, one for each study as outlined 
below.

The aim of study I was to compare two ways of haptically encoding modes in an 
interface: shape encoding and location encoding. 

The aim of study II was to investigate the extent to which cross-modal information
provided in an interface can be shared within and across the haptic and visual 
modalities.

The aim of study III was to investigate how haptic feedback in an in-car interface 
affects driving performance, eye movements, secondary task performance and 
subjective mental workload. 
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Methods

Research methodology 
Studies I, II and III were all laboratory studies and quantitative in nature. Studies I 
and II were desktop experiments, in which the participants interacted with an 
interface sitting in front of a computer. In study III the participants were to drive a 
simulator and concurrently interact with an in-car interface.

Quantification techniques 

Usability measures 

The International Standards Organisation (ISO) defines usability as "[the] extent to 
which a product can be used by specified users to achieve specified goals with
effectiveness, efficiency and satisfaction in a specified context of use" (ISO 9241-11).
In studies I, II and III effectiveness and efficiency were measured. Jordan (1998) put
forward that effectiveness and efficiency may be the most important factors of 
usability with work related products, whereas satisfaction may be more important for 
leisure products. In studies I and II, time to complete a task, and in study III, the 
number of tasks completed per driving track, were recorded as measures of efficiency 
of the interaction. Interaction errors, such as selection of the wrong item or mode (I, 
II and III) or passing over the right item in the menu without selecting it (II and III) 
were recorded as measures of effectiveness of the interaction. In study I the
experimental interface was implemented in C++ using Microsoft MFC (Microsoft 
Inc., USA). In studies II and III the experimental interfaces were implemented in 
Macromedia Director 8.5 (Adobe Systems Inc., USA). The interface programs 
managed the experimental interfaces and the task presentation and recorded the
usability measures. 

Simulated driving 

Study III was conducted in a fixed base Volvo XC90 driving simulator. A driving 
scene was projected on a screen in front of the participants. The driving simulation
program used was the Lane Change Test (LCT) (ISO 26022). In the LCT simulation
the vehicle drives at a constant speed of 60 km/h on a straight three lane road where 
no other cars are present. Signs on both sides of the road instruct the participant to 
change lanes. In the LCT the deviation from a normative path is recorded. Late 
perception of signs (or missed signs), slow lane change and bad lane keeping result in 
increased deviation (Mattes, 2003). An LCT track takes about three minutes to 
complete, and 18 lane changes are made during a track. Both baseline tracks, in 
which the participants could focus on the driving, and tracks with concurrent 
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secondary tasks were completed by the participants in study III. An LCT analysis
software was used to calculate the mean deviation metric from the raw data files. A 
relative decrease in performance was calculated for each participant by dividing the 
dual-task track value with the baseline value (Mattes, 2003). 

Eye movements 

In study III faceLAB 4.1 (Seeing Machines, Australia) was used to record eye 
movements. By means of video signals from two cameras the faceLAB system 
measures 3D head position and gaze direction at a rate of 60 Hz. To be able to record 
accurate data the system has to be calibrated for each participant. An analysis 
software, Visual Demand Measurement (VDM) Tool (described by Victor, Blomberg
& Zelinsky, in press), was used to calculate the eye movement metrics from the raw 
data files. The metrics calculated were the ISO metrics glance duration and glance
frequency (ISO 15007-1) and percent road centre (PRC), which is the percentage of 
gaze data points that fall within the road centre area (Victor, Harbluk & Engström, 
2005). The PRC measure can be used to estimate the quality of the tracking. A low 
PRC measure for baseline driving indicates bad tracking quality. The measure also
makes it possible to compare eye movements for baseline driving with dual-task 
driving (Victor, Harbluk & Engström, 2005). 

Mental workload 

Subjective mental workload forms were filled in by the participants in studies I, II 
and III to complement the data collection. In studies II and III subjective mental 
workload was measured in terms of NASA-TLX (Task Load Index). NASA-TLX is a 
multidimensional rating method that gives an overall workload score based on the 
weighted average of six workload-related factors (mental demand, physical demand,
temporal demand, performance, effort and frustration level) (Hart & Staveland,
1988). The traditional NASA-TLX requires two steps - rating scales and pair-wise 
comparisons of the factors. Study I used the NASA-RTLX (Raw Task Load Index), 
which does not require pair-wise comparisons of the factors (Byers, Bittner & Hill, 
1989).

Statistical analysis 
Since all the quantitative measures were on the interval or ratio scales, parametric 
statistics were used to test the statistical significance of differences in the dependent 
variables. Two conditions were compared in study I (shape and location) and, since
the experiment had a between-subjects design and the hypothesis had no direction,
two-tailed independent samples t-tests were used. Analysis of variance (ANOVA)
was used in studies II and III. Study II included two between-subjects factors 
(training condition and test condition). However, to check for learning effects or 
fatigue-like effects over the tasks the data were divided into two blocks. Thus the 
calculations also included one within-subject factor (block of tasks). Therefore mixed
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three-factor ANOVAs were used. The factor block of tasks was not present for the 
NASA-TLX scores, and consequently a two-factor between-subjects ANOVA was 
used. In study III four different feedback conditions were compared (visual feedback 
only, visual and simple haptic feedback, visual and rich haptic feedback and rich 
haptic feedback only) and, since the experiment had a between-subjects design, one-
factor between-subjects ANOVAs were used. The condition with rich haptic
feedback only was not included in the calculations of the ISO metrics glance duration 
and glance frequency. Accordingly, the factor feedback condition included three
levels in these calculations (visual feedback only, visual and simple haptic feedback 
and visual and rich haptic feedback). Within-groups t-tests were used to compare the 
PRC values for baseline and dual-task driving for all four conditions. Two-tailed tests 
were used since different results were likely for the feedback conditions including 
visual feedback (lower PRC value for dual-task than baseline driving) and the
condition with rich haptic feedback only (higher PRC value for dual-task than
baseline driving). An alpha level of .05 was utilized in all analyses. In studies II and 
III significant F values were followed up with post hoc pairwise comparisons of 
means. Tukey's HSD post hoc test was used in both studies II and III. 
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Summary of appended papers 

Paper I 
Haptic spatial properties such as shape, size and location can be used as tangible
references in an interface. An experimental study was conducted to compare two 
ways of haptically encoding modes in an interface: shape encoding and location 
encoding.

The experiment had a between-subjects design and the independent variable was the 
encoding of modes: shape encoding and location encoding. The study featured 14 
participants, five women and nine men, between the ages of 23 and 38 years (M =
27.0, SD = 4.0). For the experiment a program that simulated access to a music
database was designed in which the user could select music by three different modes:
artist, album and song title. Shape encoding often relies on users sequentially 
exploring differently shaped knobs, levers or buttons. In this experiment, different
physical shapes were available through a shape-changing device. The shape-changing 
device used is a rotary device that can assume three distinct shapes: circle, semicircle 
and rectangle. The shapes were used to represent the mode information. In the
location encoding condition, the placement of three adjacently located push-buttons
represented the mode information. The interaction devices were placed under the
desk and could not be viewed by the participant during operation, and no graphical
cues were given in the visual interface as to how to locate the right mode. In both 
conditions the rotation action of the shape-changing device was used to navigate in 
corresponding lists of music items. The experimental task was to select the right 
mode and the right item in the corresponding list. Each participant completed 60 
tasks.

Few mode errors were made in the experiment. In terms of task time the performance
improved over the tasks for both conditions, but no significant differences were found 
between the two conditions. Consequently, for both conditions, three haptic features 
seem to have been easy to remember and discriminate. The overall mental workload 
ratings did not differ significantly between the conditions. However, for the physical 
demand category, the location condition had a significantly better score than the 
shape condition, which probably has to do with the high resistance in depressing the 
segments of the shape-changing device. In conclusion, the results imply that shapes
provided through a shape-changing device are as beneficial as push-buttons for blind
operation of modes.
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Paper II 
Humans are adapted to concurrently using information from several sensory 
modalities. Since input from one modality can substitute for another, information
from multiple sensory systems can also provide flexibility when interacting with an 
interface. A cross-modal interface uses different modalities to present the same
information. An experimental study was carried out to examine the extent to which 
cross-modal interface information can be shared within and across the haptic and 
visual sensory modalities.

A 3 x 3 between-subjects design was used, and the independent variables in the test 
were training condition and test condition. The experiment had three feedback 
conditions: haptic, visual and haptic plus visual. The participants practiced the
experimental task in one feedback condition and completed a test with 36 trials in the 
same or a different feedback condition. Consequently, there were nine experimental
cases. In total, 54 engineering students, 18 females and 36 males, participated in the 
experiment. Their age ranged from 18 to 35 years (M = 22.4, SD = 3.7). The 
experiment ran on a laptop computer, and a programmable haptic rotary device was 
used as an interaction device. The experimental task was to repeatedly locate and 
select textures in a menu of four different textures visually displayed on the laptop
monitor and haptically displayed through the rotary device. 

There was a cross-modal transfer, although not effortless, and the transfer from 
haptics to vision seemed to be easier than the transfer from vision to haptics. The 
participants performed better in cases with the same feedback in both training and test 
and in cases with visual feedback in the test. The type of processing made may 
explain the improved performance when visual information was available. Haptic 
information is generally gathered in sequence and visual information is gathered to a 
greater extent in parallel. To perceive the textures haptically in the experiment the 
participants went through the menu texture-by-texture, while the textures could be
visually perceived simultaneously. The asymmetry of the cross-modal transfer and 
the enhanced visual performance might be a result of the visual information being 
more useful for the task at hand. 

Paper III 
Interaction with in-vehicle interfaces while driving leads to changes in visual 
behaviour and driving performance. Since visual attention is vital for the driving task,
other sensory modalities can be involved in the interaction with in-vehicle systems.
An experimental study was conducted to investigate how haptic feedback in an in-
vehicle interface affects driving performance, visual behaviour, secondary task 
performance and mental workload. 

The experiment had a between-subjects design and the independent variable was the 
different settings of feedback provided in the secondary task: visual feedback only, 
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visual and simple haptic feedback, visual and rich haptic feedback and rich haptic 
feedback only. The participants were students recruited at Chalmers University of 
Technology. The test group consisted of six women and 34 men between the ages of 
20 and 46 (M = 26.8, SD = 5.2). The criteria for participation were possession of a
driving licence, and no eyeglasses (to ensure eye-tracking data of good quality). The 
participants were allowed to wear contact lenses. In the conditions including visual 
feedback a menu was displayed on a screen at the centre panel of the simulator. The
haptic feedback was provided through the interaction device – a rotary control. The 
four menu items visually displayed in the centre panel screen characterised different
textures. The active texture was marked with a transparent blue cursor. The haptic 
feedback provided through the interaction device varied between the conditions. In 
the condition labelled visual feedback only, a smooth sensation was provided as the 
control was turned. In the visual and simple haptic feedback condition, salient click 
effects were incorporated between every texture in the menu to indicate borders. In 
the visual and rich haptic feedback condition and in the condition with only rich 
haptic feedback the salient click effects were incorporated, and, in addition,
representations of the textures were provided through the device. Thus interaction 
without visual feedback was possible. During the test the participants drove the LCT 
simulation and concurrently completed tasks with the experimental interface. The 
tasks to be completed were automatically presented orally in headphones and visually
given on a display placed on the dashboard. The participants located and selected the
requested item in the menu by turning and pushing the rotary device. As soon as one
task was completed, the next was initiated. 

The results revealed that, although the driving performance degradation metric did 
not differ between the feedback conditions all four conditions caused a degradation in 
driving performance. Visual behaviour did not differ between the conditions
including visual feedback. It is therefore apparent that, although the driving task is 
predominantly a visual task, the haptic feedback was not actively used when visual 
interface information was provided. The visual interface information seems to have 
been more easily achieved than haptic information in this experiment. Using rich 
haptic feedback only was shown to be more time-consuming since serial encoding of 
the menu was necessary. In addition, it was revealed that visual tasks cause visual 
distraction, whereas tasks with only rich haptic feedback induce a cognitive load on 
the driver. 
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Discussion

Methodological considerations 
There is always a trade-off in investigations between experimental control and 
ecological validity. Laboratory studies allow greater control than field studies and 
provide the possibility to systematically compare different set-ups (Goodwin, 2001).
The experimental interfaces in studies I, II and III were designed for theoretical
convenience rather than ecological validity and did not accurately reproduce the
characteristics of real world interfaces. Tasks are self paced in real world interaction, 
but the tasks in studies I, II and III were repetitive and system paced. 

One methodological consideration in study I was that in the location condition the
participants had to move their fingers between the rotary device and three push-
buttons. In the shape condition all interaction was made with the rotary device. That 
the fingers had to be moved in the location condition might have affected the task 
times. On the other hand, the fingers had to be moved in the shape condition as well, 
from the side to the top of the device, in order to locate the right segment to depress. 

Basically the same visual and haptic feedback was used in studies II and III. In these
studies the menu information was coded in terms of textures. The menu was visually 
displayed on a monitor and haptic information was provided through the interaction 
device. When using only haptic feedback the participants had to go through the menu 
texture-by-texture, while the menu items could be visually perceived more 
simultaneously.

The experiment in study III was carried out in a driving simulator. The ethical
problems that must be considered in real traffic were thus avoided, and it was 
possible to control the driving environment. However, the ecological validity of the 
driving task was reduced. The fixed-based simulator used in study III does not 
provide the driver with forces and vibrations sensed in real driving and, since the 
driving scene was projected only in front of the participants, no rear-view mirrors had 
to be used. In the LCT (ISO 26022) – the driving simulation used in study III – the
driving speed is system-controlled; therefore no glances at the speedometer were
necessary and no longitudinal corrections had to be made. The LCT is a constructed 
driving-like task that is not very similar to real driving but gives the opportunity to 
compare the effect of different secondary tasks on driving. The LCT, however, 
derives a single measure for driving performance, and different characteristics of 
driving behaviour (for example missed signs, late response to signs or reduced path 
control) are not considered in isolation. Since visual behaviour was different in the
simulator than in real driving, there were relatively high values for the PRC (percent
road centre) value for baseline driving, over 90%, compared to a real driving 
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environment, which gives a value of about 70% (Victor et al., 2005). In the PRC 
calculations glances at the display presenting the tasks to be completed may have 
induced some noise. Both the high PRC value for baseline driving and the induced 
noise may have made it unfeasible to calculate an effect of gaze concentration (which 
can give an indication of cognitive load according to Engström et al. (2005)) in the 
feedback condition with rich haptic feedback only.

A between-subjects design was used in all three studies. A within-subject design 
requires fewer participants and is more sensitive to differences between means
(Goodwin, 2001). In study I a within-subjects design could have been used instead of 
a between-subjects design since the set-up did not require two different groups of 
people. However, a within-subject design was not an alternative in study II since it
was important that the participants were inexperienced with the test condition. In 
study III the experimental conditions of visual and rich haptic feedback and only rich 
haptic feedback were related, and to make sure that the participants were 
inexperienced to these two experimental conditions a between-subjects design was 
used.

The sample sizes in the studies were small. This must be taken into account in 
interpreting the results. The number of participants in each experimental group in 
study II was six. In addition, tree-factor ANOVAs were used, which may have
reduced the power of the experiment. It should also be noted that most of the 
participants in studies I, II and III were male students and were relatively young. 

Results discussion 
In study I two ways of haptically encoding modes in an interface were compared:
shape encoding and location encoding. The experimental interface in study I included
three haptic modes (three shapes or three locations). Few mode errors (selection of 
the wrong mode) were made in the experiment. Performance improved over the tasks 
for both conditions in terms of task time, but no significant differences were found 
between the two conditions. Lomas, Burnett, Porter and Summerskill (2003) found in 
an experiment on haptic coding of a keypad that location is superior to shape in terms
of time used find the correct item. The results in study I implied that shapes provided
through a shape-changing device are as beneficial as adjacently located push-buttons 
for mode selection. This might be because, with a shape-changing device, users can 
directly initiate a required shape which is then there for re-access and do not have to 
sequentially explore the shapes. The usefulness of a coding method is typically
evaluated by such criteria as the number of discriminable differences that people can 
make (Sanders & McCormick, 1993). Three haptically distinguishable properties
(three shapes or three locations) can be kept in working memory (Millar, 1999). 

In study II it was investigated to what extent cross-modal information provided in an 
interface can be shared within and across the haptic and visual modalities. The 
transfer from haptics to vision seemed to be easier than the transfer from vision to 
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haptics and the participants performed better in cases with the same feedback in both 
the training and the test and in cases with visual feedback in the test. Hence, the 
visual information seems to have been more useful than the haptic information. That 
the visual information was more useful could be seen in study II when comparing the 
case with haptic plus visual training and haptic test with the case with visual training 
and haptic test. Even though bimodal information was provided during training in the
former case the participants performed no better in the haptic test than when 
unimodal visual information had been provided during training. It seems as though 
the participants often ignored the haptic texture information if visual information was 
provided. The type of processing made can explain the improvement in performance
when visual information was available. A comparison between the menu items could 
be made visually without turning the device, while the device had to be turned in 
order to compare the items haptically. For that reason more turn errors (passing over 
the right item in the menu without selecting it) were recorded with the haptic
condition and the interaction was more time-consuming. In addition, more push 
errors (selection of the wrong item) were made with the haptic condition.

In study III haptic feedback was incorporated in an in-car interface. More interaction 
errors were made and fewer tasks were completed in the feedback condition with 
only rich haptic feedback compared to the feedback conditions including visual 
information (visual feedback only, visual and simple haptic feedback and visual and 
rich haptic feedback). Several studies have demonstrated that interfaces that appeal to 
both the visual and haptic senses have behavioural benefits over unimodal visual 
interfaces (Akamatsu & MacKenzie, 1996; Campbell et al., 1999; Grane & 
Bengtsson, 2005; and Oakley et al., 2000). However, no differences between the 
conditions including visual feedback were found. It was also shown in the 
measurement of visual behaviour that the PRC value and the glance duration and 
glance frequency at the display viewing the menu did not differ between the
conditions including visual feedback. Hence, even if the participants carried out a
concurrent visual task (driving), the haptic information was not actively used in the 
secondary task. However, it was found in study III that although fewer tasks were 
completed and more errors were made with the condition with rich haptic feedback
only, the decrease in driving performance did not differ from the feedback conditions 
including visual feedback. Research has shown that different kinds of tasks impact
driving performance in different ways. For example, visual-manual tasks reduce lane-
keeping performance and cognitive tasks cause visual detection impairment and gaze 
concentration towards the road centre (Engström et al., 2005; Recarte & Nunes, 
2003). Engström and Markkula (2007) studied driver errors related to visual-manual
and cognitive tasks in terms of the LCT and found that visual-manual tasks leads to
reduced path control (overshoots in the lane change) and cognitive distraction affects 
the detection of signs. In study III almost all signs were detected and acted upon in 
the secondary task conditions including visual feedback. In the feedback condition 
with rich haptic feedback only, signs were missed to a greater extent, which implies a 
cognitive demand according to Engström and Markkula (2007). Reduced path control 
was found for the conditions including visual feedback which, according to Engström 
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and Markkula (2007), indicates visual demand. However, a small number of 
overshoots was also found for the feedback condition with only rich haptic feedback.
During baseline driving both hands could be held on the steering wheel. Since the 
tasks were provided one after another during dual-task driving, most of the driving
was done with only one hand on the steering wheel. Since LCT requires a great deal 
of manipulation of the steering wheel, manual time-sharing was also needed. This 
might offer an explanation for the overshoots also found in the feedback condition 
with rich haptic feedback only. 
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Conclusions and further work 

The overall aim of this thesis was to investigate how haptic feedback affects visual-
manual HMI. In shape coded interfaces shapes often have to be explored 
sequentially. Study I revealed that physical shapes provided through a shape-
changing device can be as efficient as adjacently located push-buttons to encode 
functions in an interface. Cross-modal interfaces, which use different modalities to 
present the same information, can potentially provide flexibility in the interaction 
with an interface. However, in study II there was an asymmetry of the cross-modal
transfer. The transfer from haptics to vision seemed to be easier than the transfer from
vision to haptics. The asymmetry of the cross-modal transfer and the enhanced visual 
performance might be a result of the visual information being more useful for the task 
at hand. Haptics can be utilized in in-car interfaces. In study III it was revealed that,
although driving performance degradation did not differ between the different visual 
and haptic feedback conditions, all conditions caused a degradation in driving
performance. It was apparent that the haptic feedback was not actively used when 
visual interface information was provided. Using only haptic feedback was shown to 
be more time-consuming and seemed to induce a cognitive load on the driver. It was 
apparent in studies II and III that it is important to be careful when integrating haptic
information in an interface. The haptic information is not actively used if the visual 
information is more easily achieved. 

The studies described in this thesis have served as a theoretical ground for haptics in 
HMI. The interfaces in studies I, II and III were designed for theoretical convenience 
rather than ecological validity. In further work, efforts will be made to integrate 
haptic feedback in realistic in-vehicle interfaces. Multifunction, menu-based systems
are common in cars today. Interaction with these systems often requires several steps 
of visual and manual interaction. Carefully designed haptic feedback might augment
the interaction with these systems. The interaction with the interfaces in studies I, II 
and III was carried out with rotary devices. Although rotary devices are quite 
commonly used for multifunction interfaces in vehicles, other interaction techniques 
are available, such as touch screens and thumb wheels. In this thesis the use of active 
haptic feedback was considered. There is a growing number of warning systems in
vehicles today. For these systems the use of passive haptic feedback, such as 
vibrations, could be used as warnings. 
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Mode selection by means of shape or location 

Annie Rydströma, Georg Michelitschb, Peter Bengtssona
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bCONANTE Advanced Interface Solutions GmbH, Tübingen, Germany

There is a tendency in the car industry to embed in-vehicle comfort functions in 
multifunctional, screen based, control interfaces. Single haptic rotary controls have been 
used as interaction devices in such interfaces, with additional controls available for direct 
access to functions. The purpose of the study reported in this paper was to compare two 
ways of encoding direct accessible functions in a control interface: shape encoding where 
the changing shape of the interface device indicated which functions were available, and 
location encoding where the placement of push-buttons was used to convey this 
information. The experimental environment simulated a music database, in which 14 
participants had to accomplish easy menu selection tasks using either shapes or push-
buttons for mode control. The results implied that shapes provided through a shape-
changing device are as beneficial as push-buttons for direct access to functions in a control 
interface that requires blind operation. 

Keywords: haptic user interfaces, human-machine interaction, interaction devices, shape-
changing devices, tangible user interfaces 

Introduction
The number of non-driving related, in-vehicle comfort functions, such as radio, telephone,
navigation, etc., has been increasing in cars. Consequently, the human-machine interaction 
(HMI) has become more demanding for the driver. To deal with the growing number of 
functions there is a tendency in the car industry to integrate functions in multifunctional, 
screen based, control interfaces, in which single controls are used to manipulate a large
number of functions [2]. These interfaces make the dashboard less cluttered, but functions
that before had dedicated controls might now be accessible only several layers down in a
menu structure. Burnett and Porter [4] reported that the driver's eyes are likely to be taken 
off the road for long periods of time in order to locate and select required inputs with these 
screen based interfaces. To make the interaction less visually demanding other sensory 
modalities such as haptics can be used to convey information to the driver [3, 19]. Haptic 
force feedback is used in control interfaces available today (e.g. BMW iDrive, 
http://www.bmw.com), and studies indicate that haptics might in some respects improve the
quality of the interaction with an interface maneuvered by a rotary control [6]. Further, to
avoid deep menu structures and to increase accessibility in multifunctional control interfaces 
some kind of direct access to functions can be incorporated. Push-buttons are the most
straightforward and most commonly used solution in this respect (e.g. Audi MMI, 
http://www.audi.com). In button based user interfaces location is the main haptic marker of 
function. However, edges and recesses often serve as additional haptic references [15]. 
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Thus, haptic properties such as location, shape, texture, size, and force feedback can
intentionally be used for haptic coding [16]. Lomas, Burnett, Porter and Summerskill [9]
investigated location, size and shape as haptic coding on a keypad, and found location to be 
superior to size and shape in terms of time to find the correct item. However, size and shape
coding were found to be useful, but relied on the participants to sequentially feel the items. 

Discrete physical objects can be used as tangible references to digital information. Various
tangible interfaces have been created, for example interactive surfaces with objects that give 
physical form to items in a graphical user interface [20]. Ullmer, Ishii and Jacob [21]
introduced a tangible interface approach with physical objects constrained to a variety of 
operations, a feature that is useful in different computer applications. The shapes of the
objects preferably provide associations with their related functions in a tangible user
interface [16]. For example, a landing gear knob in an airplane can be shaped as a wheel [8]. 
According to Norman [14], this could be described as "knowledge in the world". On the
other hand, many kinds of digital information have no physical representations, thus the
meaning of a shape has to be learned. Tangible systems often utilize both the visual and 
haptic modality. However, the sense of touch is good at recognizing and discriminating
shapes [17], and shape coding has shown to be beneficial in diverse HMI scenarios where
functions have to be identified and discriminated by touch alone, for example aircraft knobs
and medical connectors with contrasting shapes [1, 22]. Shape coded HMI interfaces are 
often based on several physical objects [7]. MacLean, Snibbe and Levin [10] explored
various ways to design tangible user interfaces that rely on the user attaching various
physical shape-coded objects to a control in order to select a function. The control could 
also generate force feedback effects matched to each shape. Moreover, Snibbe and MacLean
[18] presented a diverse collection of integrated interface devices that offered both discrete 
and continuous interaction within one device, using shapes, textures and force feedback as
tangible references. Another example of a more physically advanced shape coded interface 
solution was presented by Murakami, Hayashi, Oikawa and Nakajima [13]; they proposed
an interesting concept with physically deformable objects as interaction tools for 3D 
geometric shape manipulations.

The purpose of the study reported in this paper was to compare two different ways of 
encoding functions for blind operation in an interface: shape encoding where the changing 
shape of the interface device indicated which functions were available, and location 
encoding where the placement of push-buttons was used to convey the same information. 

Method

Participants
The experiment featured 14 participants, 5 females and 9 males between the age of 23 and
38 years (M = 27.0, SD = 4.0). 

Equipment
For the experiment a new user interface device was used, called the Haptic Chameleon,
which allows the user to interact with a computer system by changing the shape of the
device [11]. As shown in Figure 1, the device is designed as a rotary control attached to a 
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servomotor. With this servomotor the illusion of feeling detents of varying number and size
when turning the control can be programmed. For the experiment a profile that spaced 20 
medium sized virtual detents evenly around the control was used. 

Figure 1: The three possible shapes the Haptic Chameleon device can assume.

The Haptic Chameleon device used in the experiment is an early prototype that relies on a 
simple mechanical solution for shape-change. The black colored segments on top of the 
device can be retracted. To that end, the user pushes down on such a segment against a 
spring force until the segment is held in place by a latch. At that position the surface of the 
black segment is about 10 millimeters below the top of the rotary control. As a result, the 
rotary control as a whole assumes a new distinct shape that can be clearly felt by the user’s 
hand. Pushing on top of that segment again releases the segment from the latch and the 
segment moves up to the original position. In effect, these segments behave like large, long-
travel key switches. Their special shape and placement on the control enables the user to 
feel different, recognizable shapes when operating the device.

For the experiment each of the three possible shapes – circle, semicircle, and rectangle – 
were assigned to a mode of operation by the system. The rotation of the control was used for
navigating in lists with each entry in the list marked by a clearly felt detent. 

In addition, a modified computer keyboard was used with all but three keys removed. These
keys simulated the behavior of push-buttons for mode selection. The keyboard was placed 
close to the rotary control so that the user could reach all three keys easily, even if the hand 
were placed on top of the rotary control (Figure 2). 
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Figure 2: Arrangement of rotary control and push-buttons for the experiment. The keyboard was 
placed in front of the rotary control. 

For the experiment a program that simulated access to a music database was designed, in 
which the user could select music according to three different criteria: name of artist, album, 
and song title. The tasks to be performed by the participants were presented to them via a 
graphical user interface on a laptop (Figure 3). The software – implemented in C++ using
Microsoft MFC – not only presented the tasks, but also recorded the performance of each 
participant, both in terms of task completion time and error rate. In order to simulate a 
scenario where tasks have to be performed without being able to see the controls for 
operating the system, the complete interaction equipment was put beneath the desk, such 
that it could not been seen by the user but still could be manipulated comfortably. 

Figure 3: The complete experimental setup, comprising the rotary control, three keyboard keys, and 
a laptop displaying the graphical user interface. 

Conditions
The experiment compared two different conditions of mode selection, mode selection by 
means of shape and by means of location. In the shape condition three different shapes of
the Haptic Chameleon represented the modes, and in the location condition the three 
keyboard keys were used for mode selection. The mode selection strategy was what differed 
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between the two compared concepts, while the rest of the experimental setup stayed
constant.

Shape

Three different shapes of the haptic control represented three modes. When no black
segment on the control was depressed (round shape) the music in the database was filtered 
by artist, when one segment was depressed (semicircular shape) the music was filtered by 
album, and when both segments were depressed (rectangular shape) the music was filtered
by song title. Thus, when the shape of the control was altered, the state of the system 
changed. In this condition the shapes representing the modes were to be remembered by the
participants.

Location

The three keyboard keys represented different modes. The music in the database was
filtered by artist when the left key was pushed, by album when the middle key was pushed 
and by song title when the right key was pushed. In this condition the location of the keys
representing the modes were to be remembered.

Task
The tasks (e.g. Mark the Artist -> Air) were displayed in the graphical user interface (Figure 
4). An experimental task required two steps. Firstly the participants had to select the right 
music selection mode (artist/ album/ song title) by altering the shape of the control or 
pushing one of the keys on the keyboard. Secondly the participants had to select an item
from the corresponding list of 10 alphabetically ordered items. For the list navigation the 
rotation of the control was used. As the control was turned detents marked each entry in the 
list and the items were in sequence highlighted with a blue marker. The participants had to 
highlight the right item and verify a selection by pressing the spacebar on the laptop. 

Figure 4: The graphical user interface.
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Only the active mode of music selection was shown in the middle square above the item list.
Consequently no graphical clues were given about how to locate the right mode. Moreover,
all interactions in the shape condition (mode selection and list navigation) were made solely 
with the haptic rotary control. In the location condition the keyboard keys were used for 
mode selection and the rotation of the haptic control were used for list navigation.

Procedure
The experiment had a between-subjects design, and the participants were randomly assigned 
to the two conditions. Prior to the test the participants were given oral instructions read 
aloud from a manuscript by the test leader. The instructions included the interaction 
techniques for the mode change and the list navigation in the simulated music database. 
Instructions on where the tasks appeared, the auditory and visual cues given and the length
and the structure of the session were also given. The participants were told to operate the 
interface devices with their right hand, and to verify a selection by pressing the spacebar on 
the keyboard of the laptop with their left hand. After the briefing on the experiment, the 
participants were requested to take a look at the controls, as they were not able to see the
controls during the experiment. The test leader initiated the experiment by pressing the 
"Start" button ("Stop" in Figure 4). 30 tasks were then automatically displayed one after
another as one block. After each successful task a slight jingle was given as feedback. When 
a wrong item was selected from the item list the task prompt window in the graphical user
interface was highlighted in red and a different jingle was played. However, the participants 
were to continue with a task until the right item was selected. Two blocks of tasks with 30 
tasks each were carried out by the participants, with a small break in between. A timer in the 
software recorded the time from initiating a task by the software until the participant had 
successfully selected the correct list item and pressed the spacebar. If the wrong mode was 
activated, the action was recorded as a mode error. Subjective workload forms, NASA-
RTLX [5], were filled in by the participants after completing the experiment. A session took
in total approximately 20 minutes for each participant.

Results
Few mode errors were made in the experiment, and the accuracy was almost identical for 
the shape and the location conditions, 94.3% and 94.2% respectively. 

The analyses of the task time and workload data were conducted by the use of two-tailed 
independent samples t-tests. With an alpha level of 0.05, no significant effect was found 
when comparing the task times for the shape condition (M = 4.71, SD = 0.62) and the
location condition (M = 4.92, SD = 0.99), t(12) = -0.46, p = 0.65. Accordingly, no 
significant effect was found when comparing the task times for the two conditions for each
of the two blocks of tasks. However, it is noticeable in Figure 5, where the tasks are grouped
in sets of five tasks, that performance improved over time for the two conditions. The shape 
condition showed a significant performance improvement from Block 1 (M = 5.13, SD = 
0.71) to Block 2 (M = 4.30, SD = 0.61), t(12) = 2.34, p = 0.04. Accordingly, the 
performance improvement for the location condition was significant from Block 1 (M = 
5.82, SD = 1.26) to Block 2 (M = 4.02, SD = 0.73), t(12) = 3.26, p = 0.01. The shape
condition showed smaller standard deviations than the location condition for most of the 
task sets (Figure 5). 
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Figure 5: The mean task completion times for the shape and location condition over the two blocks 
of tasks. The tasks are grouped in sets of five tasks to give a clear survey of the progress. 

The results from the subjective workload ratings with NASA-RTLX are shown in Figure 6.
The participants rated the different workload factors on a scale from 0 to 100. In the
Physical Demand category the location condition (M = 39.1, SD = 21.3) got a significantly
better score than the shape condition (M = 62.4, SD = 17.2), t(12) = 2.25, p = 0.04. Other
than that no significant effects were found.

Figure 6: Subjective workload ratings for each condition. A high rating indicates high workload. 
The workload factors are: Mental Demand (MD), Physical Demand (PD), Temporal Demand (TD),

Performance (P), Effort (E) and Frustration Level (FL). 
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Discussion
The experimental setup with easy repetitive tasks and short item lists in the graphical user 
interface did not accurately reproduce the characteristics of a real-world interaction situation 
with a music database. The low error rate in the experiment may indicate that the 
experimental task was too easy. The setup, however, provided a possibility to compare and 
get an indication on the utility of using shapes or push-buttons in a HMI situation. 

In the experiment the participants seem to have made the function-mapping to shapes more
quickly than to locations, since the task completion times initially were lower with the shape 
condition (Figure 5, Block 1). When the experimental task had been repeated for some time 
the interaction appeared to be somewhat faster with the location condition (Figure 5, Block 
2). However, none of these tendencies were significant. 

There are some aspects in the experiment that might have affected the results. In the 
location condition the participants had to move their fingers between the control and the 
three keys. In the shape condition the participants made all the interaction with one device.
On the other hand, the participants that carried out the experiment with the shape condition
also had to move their fingers - from the side to the top of the control - and tactually locate 
the segment to depress. In shape coded interfaces the shapes often has to be felt in sequence 
in order to find the right one [9]. With a shape changing device users can directly initiate a 
required shape, which then is there for re-access. With this benefit it might have been easier
to discriminate the modes.

In the study it could be seen that the participants had different interaction strategies. In the 
location condition, some participants used three fingers, while others used their index finger 
to locate the proper key. This might have been due to how the participants usually use their 
computer keyboard, by the ten-finger system or the single-finger system. Perhaps this 
explains the variation in time, since in systems where the same finger is used for different 
buttons muscle memory is not as effectively used [15]. When going from the mode with 
round shape to rectangular shape or the other way around in the shape condition most of the
participants pressed the segments one by one. Just a few of the participants pressed both
segments at the same time. This might have been due to the high resistance of the segments. 
The participants accordingly reported higher physical demand with the shape condition. 

Multifunctional control interfaces take up less space than the number of buttons required for 
fulfilling the same function. One issue in car interface design is to what extent integration of 
functions should occur [4]. The results provide an indication of the utility of two different 
ways of encoding functions. However, with only three modes to be distinguished by the 
participants in the experiment it is hard to evaluate differences between coding systems.
Three haptically distinguishable objects can be kept in short term memory [12]. The
usefulness of a coding method is typically evaluated by such criteria as the number of 
discriminable differences that people can make [16]. Numerous shapes or locations may be
haptically distinguishable, but obviously, if too many shapes or locations are to be
remembered as haptic references, there is a lack in distinctiveness. Besides mental
constraints there are also technical constraints on the number of different shapes that a 
mechanical shape-changing device can assume. Future shape-changing controls might be 

8



more flexible however, and could therefore provide a large number of different and more
intuitive shapes.

In the experiment the mode selection were made without visual help while the list searching 
required visual feedback. In a more advanced setup force feedback could be used to a 
greater extent to make the list searching less dependent on vision. 

In conclusion, the study shows that shape-changing user interface controls can be used as 
interface controls in systems that require blind operation. However, more work is required 
to establish the advantages and disadvantages of such controls under different task 
conditions. To validate the usability of shape-changing controls in a car interior interface, 
realistic interaction tasks should be accomplished with some kind of driving task. 
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Haptic, visual and cross-modal perception of 
interface information 
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A cross-modal interface uses different modalities to present the same information. The 
objective of the present experiment was to investigate to what extent information provided
in an interface can be shared across the haptic and visual modalities. The experiment had 
three feedback conditions, haptic, visual and haptic plus visual. The feedback was displayed 
haptically through a rotary device and visually on a computer monitor. The experimental
task was to repeatedly locate and select textures in a menu of four rendered textures. The
participants practiced the textures in one feedback condition and completed a test with 36 
trials in the same or in a different feedback condition. There was a cross-modal transfer,
although not effortless, and the transfer from haptics to vision seemed to be easier than from
vision to haptics. The participants performed better in cases with the same feedback in both 
the training and test and in cases with visual feedback in the test. The asymmetry of the 
cross-modal transfer and the enhanced visual performance might be a result of the visual
information being more useful for the task at hand. 

Introduction
Humans are adapted to be able to simultaneously use information from several sensory 
modalities, and information can also be shared across modalities (Stein & Meredith, 1993). 
Hence, a lack of information from one modality can be compensated for by sensory
information from another modality. For example, in the dark, haptic cues can substitute for 
vision. Since input from one modality can substitute for another, reliable information from 
multiple sensory systems provide flexibility when interacting with complex systems. In 
human-machine interaction (HMI) activities where visual information is not sufficient or is
not optimal for conveying interface information, haptic cues can prevent an overload of 
vision (Hale & Stanney, 2004). Burnett and Porter (2001) recommended the use of haptic
cues in the interaction with in-car equipment, to allow drivers keep their eyes on the road. 

Although the visual, auditory and haptic senses can be utilized in HMI, most interfaces 
predominantly appeal to the visual sense. Unlike vision and audition, haptic interaction 
involves both sensing and manipulation (Hayward et al., 2004). Accordingly a haptic HMI
device allows a user both to feel and interact with an interface. Computer devices such as
the mouse and keyboard are not true haptic devices since the feedback is primarily visual 
through a visual display. Previous HMI research has shown that interfaces that appeal to 
both the visual and haptic sense have behavioural benefits over unimodal visual interfaces. 
For example, Grane and Bengtsson (2005) carried out an experiment in which participants
were asked to identify and choose among five haptically and visually rendered textures. The
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textures were haptically displayed through a rotary type interaction device and visually
displayed on a monitor. It was shown that haptic and visual feedback was preferable to
visual feedback regarding accuracy and workload. Oakley et al. (2000) reported that the 
number of errors made in targeting, searching and scrolling tasks on a computer was 
reduced when redundant haptic feedback, such as gravity, friction and texture, was provided
through the interaction device (a PHANToM force feedback device). Campbell et al. (1999) 
carried out an analogous experiment with a task equivalent to menu interaction with a 
pointing stick. In various visual and tactile feedback conditions with consistent, inconsistent
and no tactile bumps the participants had to steer a pointer through a tunnel. There was a 
decrease in error rate and task time when consistent haptic and visual feedback was 
provided.

Information can either be modality specific or can be perceived through different senses.
The perception of temperature is unique to the haptic system, and the perception of colour is
unique to the visual system. Properties such as size, shape and texture can be perceived both 
visually and haptically, and the information can consequently be shared across the two
modalities (Woods & Newell, 2004). Hoggan and Brewster (2006) defined HMI as 
multimodal when each modality is used to transmit a different type of information, and 
cross-modal when different modalities are used to present the same information. 

Although information is shared across the haptic and visual modalities, the modalities 
experience the world in different ways. A sequence of impressions must often be gathered to
identify an entity haptically (Lederman & Klatzky, 1987), while impressions through vision 
are gathered more in parallel (Hatwell, 2003). For geometric properties, such as size and
shape, cross-modal transfer seems to be easier from haptics to vision than from vision to 
haptics (Hatwell, 2003). Switching from haptics to vision does not seem to increase 
cognitive load, while switching from vision to haptics seems to negatively affect cognitive
processing (Hale & Stanney, 2004). Visual perception frequently dominates the visual-
haptic percept when judging geometric properties but haptics have been shown to be as 
efficient as vision for texture information (Lederman et al., 1986). Ernst and Banks (2002) 
proposed a model that statistically determines the degree to which vision or haptic
dominates. The modality that perceives the highest precision (the lowest variance) of the 
property to be estimated dominates a perception. The perception of natural textures includes
attributes such as roughness, elasticy and viscosity (Loomis & Lederman, 1986). With 
haptic devices the touch sensation is remote, received through a tool, rather than directly by 
the skin, and it is a challenge to render reliable and useful sensations. However, it is shown
that rendered textures provided through a haptic device can lead to a reliable sensation of 
roughness (Klatzky & Lederman, 2006). 

The objective of the present experiment was to investigate to what extent information 
provided in an interface can be shared within and across the haptic and visual modalities. 
For the experiment a menu with different textures were rendered haptically, visually and
haptically plus visually. 
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Method

Participants
A total of 54 engineering students, 18 females and 36 males, participated in the experiment.
Their ages ranged from 18 to 35 years (M = 22.4, SD =3.7), and all but six were right-
handed.

Equipment
The experiment ran on a laptop computer, and a programmable haptic rotary device (ALPS
Haptic Commander, ALPS Automotive Products Division, Japan) with a knob diameter of 
3.5 cm was used as an interaction device (Figure 1). The rotary device was mounted such
that the participants' right arm was supported and the device could be grasped and operated 
comfortably. The experimental program was implemented in Macromedia Director 8.5 
(Adobe Systems Inc., USA). The program managed the haptic feedback in the rotary device 
and the graphical scenes on the laptop computer. The presentation of the tasks was done
orally in headphones and written in a 6.4" display. The program also recorded performance 
data for each participant. An audio stream of pink noise was played at a comfortable level 
through the headphones to block out sounds created when turning the rotary device. A 
similar experimental set-up was used by Grane and Bengtsson (2005).

Figure 1: The experimental set-up, comprising a laptop computer (1), a 6.4" display (2), a haptic 
rotary device (3) and headphones (4). 

Experimental conditions 
With the intention that the participants would be able to comfortably rotate the device 
through a menu of four textures without changing their grasp, the total travel for a texture 
was limited to 30°. The haptic texture feedback was rendered as repeated and evenly
distributed clicks, i.e. alternated high and low torque. To limit the number of possible
textures, the peak torque was constrained to 10 mN·m. It was possible with these restrictions
on angle and torque to design nine textures (with 0, 1, 2, 3, 5, 6, 10, 15 and 30 click
repetitions). Eight participants were asked in a test to compare the textures in pairs in order 
to determine whether the textures felt the same or different. Textures with 0, 3, 6 and 30 
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repetitions were assessed to be the easiest to discriminate. Salient click effects were
incorporated between every texture in the menu to indicate borders. The click angle was 10°
and the amplitude of the elastic torque was 50 mN·m. The total angle of operation with the 
rotary device was consequently 150º. Restricting walls outside the scale limits on each end
of the menu were also incorporated, and a damper torque made the forces increase and 
decrease with control speed. In a second test participants were asked to sketch visual
representations of the haptic textures. Different graphical texture profiles were created from
these sketches (three different profiles for each texture), and in a third test six participants
were asked to match the haptic sensation with a representative visual image of the sensation. 
The outcome of these tests resulted in the haptic and visual feedback used in the cross-
modal experiment.

The three feedback conditions, haptic (H), visual (V) and haptic plus visual (HV), are 
presented in Figure 2, where the textures are termed A, B, C and D. In the H feedback 
condition the rotary device provided the textures as haptic sensations, and no visual 
information was provided. In the V feedback condition the textures were visually displayed
on the laptop monitor, but no textures or clicks in between could be felt through the rotary 
device. The participants thus had to rotate the device to move a transparent blue cursor in 
the texture menu. The textures were horizontally arranged, and each had a height and width
of 25 mm. In the HV condition feedback was given both haptically through the rotary 
device and graphically on the laptop monitor.

Figure 2: A representation of the haptic feedback provided through the rotary device and the visual 
feedback provided on the laptop display in the H, V and HV conditions. The textures are presented
in alphabetical order from A to D. In the V and HV conditions the active texture was marked with a 

transparent blue cursor.

Design and procedure 
The experiment used a 3 x 3 between-subjects design and the independent variables were
Training Condition (H, V and HV) and Test Condition (H, V and HV). The participants 
were randomly assigned to the resulting nine cases, so that each group of six participants
was comprised two females and four males. Participants were informed that they would
repeatedly locate textures among four textures. It was stated whether the discrimination
would be by touch only, vision only or by touch and vision together, although it was not
said that the test part for most of the participants was to be conducted in another feedback
condition. After listening to instructions for the experiment, the participants were allowed to 
practice the four textures in two training series. In the first series the participants were free 
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to explore a menu in which the textures were provided in alphabetical order. The name of
the active texture (A, B, C or D) was displayed on the laptop display as the device was
turned. The participants told the experimenter when they had learned the textures and were
ready to continue. In the second training series the participants practiced the experimental 
task. The task was to repeatedly locate and select textures in the menu by turning and 
pushing the rotary device. The tasks, e.g. "Locate C", were automatically presented to the 
participants orally in the headphones and written in the 6.4" monitor. The target texture and 
the positions of the textures changed for every trial. However, if the wrong texture was
selected, the textures stayed in the same order until the right texture was selected. After a 
successfully completed task a jingle was given as feedback. The device was programmed to
start at the leftmost texture for every new trial, and the participants were to initially turn the 
device clockwise. The reset was not felt, and thus it was not necessary for the participants to 
let go of the device. The participants had to successfully complete 12 tasks in a row to pass 
the training series. 

After the training series the participants were informed about whether they would do the test 
in the same or another condition in 36 trials. The participants were instructed to perform the 
tasks to the best of their ability, but were not informed about the recorded performance 
measures. To the greatest extent possible, the placement of the textures in the menu and the
order in which the textures were displayed as targets were balanced so that each texture 
occurred in each position equally often and was equally often displayed as a target. A new 
task started every 13th second. If the participants did not finish a task during that time, the 
task time was logged as a missing value. When the wrong item was selected, the action was 
recorded as a push error: hence the participants had to select the right texture for the task to 
be completed. When the participants passed the right texture without selecting it, the action 
was recorded as a turn error. After the test the participants were asked to fill in a form with 
demographic information. To investigate whether the participants' perceived mental
workload showed a similar pattern as the performance measures, the participants were asked 
to respond to NASA-TLX (Task Load Index) forms. NASA-TLX is a multidimensional
workload scale in which the magnitudes of six workload-related factors (Mental Demand,
Physical Demand, Temporal Demand, Performance, Effort and Frustration Level) are 
combined to derive an estimation of workload (Hart and Staveland, 1988). 

Data analysis 
Floor effects were present for most of the cases for the variables missing value and push
error, and the data were therefore examined only on a percentage basis by calculating the
total number of missing values and push errors for each case and divide it by the total 
number of tasks (36 x 6). Reiteration of a task may cause learning effects or fatigue-like 
effects. To check for these effects the time on task and turn error data were divided into two
blocks with 18 tasks in each. The data were then analysed with mixed three-factor 
ANOVAs, with Block (1 and 2) as a within-subject factor, and Training Condition (H, V 
and HV) and Test Condition (H, V and HV) as between-subjects factors. The subjective 
workload (NASA-TLX) scores were analysed with a two-way between-subjects ANOVA,
with Training Condition (H, V and HV) and Test Condition (H, V and HV) as factors. An 
alpha level of .05 was used in the analyses. The Tukey HSD procedure was used for post
hoc parwise comparisons of means.
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Results

Missing values 
There were few missing values in the experiment for most of the cases (fewer than 2% of 
the tasks were not completed in time). In the V-H (visual training and haptic test) and HV-H
(haptic plus visual training and haptic test) cases, 13% and 10% of the tasks were not
completed in time. Of the few missing values, 73% were made during the first block.
Missing values were replaced by the maximum allowed task time, 13 s, in the task time 
data.

Task completion time 
For task completion time the mixed three-factor ANOVA indicated a significant Block x 
Training Condition x Test Condition interaction, F(4, 45) = 4.38, p<.01, and a significant 
Training Condition x Test Condition interaction, F(4, 45) = 3.62, p<.05. The analysis also 
indicated significant main effects for Block, F(1, 45) = 47.86, p<.001, and Test Condition, 
F(2, 45) = 36.52, p<.001. In Figure 3 and Figure 4 mean task completion time is plotted as a 
function of Training Condition (H, V and HV) and Test Condition (H, V and HV) for Block
1 and Block 2. The figures reveal improvements for most of the cases over the two blocks.
Within-groups t-tests made for each case over the blocks revealed that the improvements
were significant for the cases H-HV, V-H, HV-V (p<.01), and H-V, V-V, HV-H (p<.05),
but not for the cases H-H, V-HV and HV-HV. The interactions were further explored by 
conducting two separate two-way ANOVAs, one for each block.

Figure 3: A plot showing mean task completion time for the first 18 tasks in seconds (and 
associated standard errors) as a function of Training Condition (H, V and HV) and Test Condition

(H, V and HV). 
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Figure 4: A plot showing mean task completion time for the last 18 tasks in seconds (and associated 
standard errors) as a function of Training Condition (H, V and HV) and Test Condition

(H, V and HV). 

The analysis for the first block (Figure 3) indicated a Training Condition x Test Condition 
interaction, F(4, 45) = 4.88, p<.01, and a main effect was found for Test Condition F(2, 45) 
= 27.56, p<.001. The main effect was interpreted in light of the significant interaction effect, 
and one-way ANOVAs were conducted for each training condition. There were no 
significant differences in the test when participants had gone through H training, but
significant differences were found in the test when participants had gone through V training,
F(2, 15) = 15.49, p<.001, and HV training F(2, 15) = 15.88, p<.001. Pairwise comparisons
revealed that the H test condition was performed significantly slower than the V and HV test 
conditions, for both V and HV training. No significant differences were found among the V 
and HV test conditions.

For the second block (Figure 4) a main effect was found for Test Condition, F(2, 45) =
36.12, p<.001. Pairwise comparisons of the three test conditions showed that the H test 
condition was performed significantly slower than the V and HV test conditions. These 
results indicate that interaction was faster in the test when visual information was provided, 
except at the beginning of the test (Block 1) when participants had gone through H training.
H-H, H-V and H-HV were then conducted equally rapidly.

Push error 
In the V-H case 7% of the tasks included a push error, and in the HV-H case 13% of the 
tasks included a push error. Few push errors were made in the other cases (fewer than 3%), 
and case HV-HV included no push errors at all. Of the few push errors, 56% were made 
during the first block. 

Turn error 
For turn error the mixed three-factor ANOVA indicated a significant main effect of Test 
Condition, F(2, 45) = 5.99, p<.01. Pairwise comparisons of the three test conditions showed
that the H test condition generated significantly more turn errors than the V and HV test 
conditions.

7



NASA-TLX
No significant effects were found in the analysis of the NASA-TLX scores. However,
Figure 5 gives an indication of a difference between cross-modal cases H-V and V-H. The 
workload seems to be lower going from the H training to the V test than when going from 
the V training to the H test. 

Figure 5: A plot showing the mean weighted workload score (and associated standard errors) as a 
function of Training Condition (H, V and HV) and Test Condition (H, V and HV). A high score 

indicates high workload.

Discussion
This experiment investigated the extent to which information provided in an interface can be 
shared between the haptic and visual modalities. In the experiment menu information was
coded in terms of textures. In the within-modal cases and the cases including visual
feedback in both training and the test (H-H, V-V, V-HV, HV-V and HV-HV), there were no 
or small improvements in terms of time over the blocks, while there were clear 
improvements for the cross-modal cases (H-V and in particular V-H) (Figure 3 and Figure 
4). These improvements indicate that the cross-modal transfer was not effortless and 
included learning. If the visual and haptic textures had been perfectly equivalent, the
transfer would probably have been effortless. The task times for the H-V case would have 
been the same as for the V-V case, and the task times for the V-H case would have been the
same as for the H-H case. The task times differed for Block 1 (H-V  V-V and V-H  H-H)
but were almost equal for Block 2 (H-V = V-V and V-H = H-H). Hence, although the initial 
transfer was somewhat poor, the interaction became more rapid during the test. The HV-H
case is not cross-modal but, even though bimodal information was provided during training, 
the participants performed no better initially on the test than when unimodal visual
information had been provided during training (V-H). Since humans optimise the perception 
of haptic and visual information (Ernst & Banks, 2002), the visual information might have
been perceived as being more useful for the task at hand, and the participants did not
actively utilize the haptic information in the training. For the H-HV case there was also an 
improvement over the blocks, most likely for the reason that the participants initially 
utilized the somewhat more slow haptic interaction and after a while started to utilize the 
visual information also, with the result that the interaction became faster. That visual 
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interaction is faster than haptic interaction was also observed by Grane and Bengtsson
(2005).

In terms of missing values and push errors made, going from a training condition including
visual cues to a unimodal haptic test condition (V-H, HV-H) seems to have been more
troublesome than when the test condition included visual information. Hatwell (2003) and 
Hale and Stanney (2004) proposed that, for geometric properties, switching from haptics to 
vision is easier than switching from vision to haptics. This seems also to be the case for the 
textures used in this experiment. The workload scores point towards a lower workload going 
from the H training to the V test than going from the V training to the H test. 

Both when interacting with the real world and in HMI haptic information is generally
gathered in sequence and visual information is gathered to a greater extent in parallel. 
Hence, to perceive the textures haptically in this experiment, the participants went through
the menu texture-by-texture, while the textures could be visually perceived simultaneously.
The sequential versus simultaneous processing can be viewed in terms of turn errors. A 
comparison between textures could be made visually without turning the device, while the 
device had to be turned in order to perceive the textures in a haptic discrimination, and 
consequently more turn errors were made. The type of processing made may also explain
that tasks including visual feedback were carried out faster. An issue that may have
negatively affected the haptic processing was some unwanted buzzing in the device, and,
when the device was moved over a texture, it was easy to accidentally slip over to the next. 

Grane and Bengtsson (2005), Oakley et al. (2000) and Campbell et al. (1999) suggested 
redundant haptic to visual information in an interface. No significant difference between the
V-V and HV-HV cases was found in this experiment. However, haptic or visual information
can be more or less useful depending on the task at hand. In this experiment the participants 
could focus on the task. Perhaps haptic feedback could be used in a redundant fashion to 
facilitate interaction in visually demanding environments. Benefits of cross-modal and 
multimodal interfaces should be further investigated with realistic interaction tasks in 
different situations. When studying the interaction with in-vehicle systems, eye movements 
and distraction-related measures are probably more important to consider than task time and 
the number of errors made. 
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A simulator study was conducted to investigate how the feedback provided in an in-car
interface affects driving performance, eye movements, secondary task performance and 
subjective mental workload. Four conditions of feedback were included in the study: visual
feedback only, visual and simple haptic feedback, visual and rich haptic feedback and rich
haptic feedback only. Visual feedback was displayed on a screen on the centre panel of the
simulator. Haptic feedback was provided through the interaction device – a rotary device.
The results revealed that although the driving performance degradation metric did not differ 
between the feedback conditions all four conditions caused a degradation in driving 
performance. Visual behaviour did not differ between the conditions including visual 
feedback. It is therefore apparent that the haptic feedback was not actively used when visual
information was provided. Using rich haptic feedback only was shown to be more time-
consuming since serial encoding of the menu was necessary. In addition it was revealed that 
visual tasks cause visual distraction, whereas tasks with only rich haptic feedback induce a
cognitive load on the driver. 

Keywords: in-car interface, haptic feedback, time-sharing, visual demand, cognitive load, 
manual demand

Introduction
Driving a vehicle is a task that requires coordination of visual, cognitive and manual skills. 
A driver simultaneously controls the vehicle speed and position in the lane, plans the course 
and identifies risks. To be able to drive a car (primary task) and at the same time interact 
with an interface in the car (secondary task) the driver needs to time-share between tasks, 
and as a consequence considerable visual, cognitive and manual loads may be induced. 
Studies carried out in real and simulated driving environments have shown that secondary
tasks lead to changes in visual behaviour and driving performance. Interaction with 
equipment within the car (visual-manual interaction) has been shown to result in frequent
and long periods of visual time off road and reduced lane-keeping performance (Engström, 
Johansson & Östlund 2005; Wikman, Nieminen & Summala, 1998; Zwahlen, Adams & 
DeBald, 1988). In contrast Engström et al. (2005) demonstrated that cognitive load lead to 
increased lane-keeping performance. On the other hand cognitive load, for example a phone 
conversation, causes gaze concentration towards the centre of the road and visual detection 
impairment (Alm & Nilsson, 1995; Recarte & Nunes, 2003; Strayer & Johnston, 2001;
Victor, Harbluk & Engström, 2005). 
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The information input needed for driving is predominantly visual (Sivak, 1996). The major 
output while driving is generally manual, by the hands (steering wheel and gear shift) and 
by the feet (accelerator, break pedal and clutch). Visual displays require the eyes to be taken 
off the road and manual controls require the hands to be taken off the steering wheel.
However, while gaze has to be moved to gather detailed information, the two hands can 
perform different tasks simultaneously (Wierwille, 1993). According to Wierwille it is 
easier to time-share driving and manual in-vehicle tasks than driving and visual in-vehicle 
tasks, as long as large corrections of the steering wheel that require the use of both hands are
not needed.

Since visual attention is vital for the driving task, other sensory modalities can be involved
in the interaction with in-vehicle systems. Voice control of secondary functionality is often 
considered to have safety benefits over visual-manual control since both hands can remain
on the steering wheel and eyes on the road. However, Lee, Caven, Haake and Brown (2001)
reported that speech-based interaction tasks introduce a significant cognitive load on the 
driver. Graham and Carter (2000) observed that, although visual-manual control, compared
to speech control, decreased the lane-keeping performance, visual-manual interaction was 
faster and more accurate. 

A sensory modality not often utilized in human-machine interaction (HMI) is the haptic 
modality. Haptic interaction implies the ability to both sense and manipulate an interface 
(Hollis, 2004). The haptic modality is promising for use in manual in-car interaction since
it, like the auditory modality, is not essential for the driving task (Wierwille, 1993). Few 
attempts have been made to evaluate the use of haptic feedback in the interaction with in-car
equipment. Porter, Summerskill, Burnett and Prynne (2005) designed an in-car interface in 
which the interface devices (three pods) were coded in terms of the haptic properties size, 
shape and location. Compared to a standard interface the number and duration of glances 
made to the display and controls were reduced. Today it is common to integrate 
functionality in multifunction interfaces in cars (often with one display and one or a few 
controls). Since a haptic interaction device can change its mechanical properties just as a 
graphic display can change its optical properties (Hayward, Astley, Cruz-Hernandez, Grant
& Robles-De-La-Torre, 2004), haptic cues can be used in such interfaces to guide a user, 
and less visual input may therefore be required. Very little has been written about the use of 
haptic feedback in multifunction interfaces (an exception is Burnett & Porter, 2001). In the 
domain of desktop interaction, augmenting a visual interface with usable haptic feedback 
has been shown to result in a decrease in task completion time (Akamatsu & MacKenzie,
1996; Campbell, Shumin, May & Maglio, 1999) and decrease in workload and the number
of errors made (Grane & Bengtsson, 2005; Oakley, McGee, Brewster & Gray, 2000). 

Since driving requires visual attention, involving haptic feedback in the interaction with 
interfaces is promising. However, reducing the visual load on the driver may be of no use if 
the cognitive or manual load is increased, as all are capable of distracting the driver from the 
primary task. The aim of the present experiment was to investigate how haptic feedback in 
an interface manoeuvred by a haptic rotary device affects driving performance, eye 
movements, secondary task performance and subjective mental workload.
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Method

Experimental design 
The experiment had a between-subjects design. The independent variable in the experiment
was the different settings of feedback provided in the secondary task: visual feedback only 
(V), visual and simple haptic feedback (Vh), visual and rich haptic feedback (VH) and rich
haptic feedback only (H). The participants were randomly assigned to the four feedback
conditions. The groups of dependent variables in the experiment were: driving performance, 
eye movements, secondary task performance and subjective mental workload.

Participants
Forty participants were recruited to take part in one of the four feedback conditions. The 
majority of the participants were students recruited via e-mail at Chalmers University of 
Technology. The data from two participants were excluded because of incomplete eye-
tracking. For that reason two additional participants were recruited. The concluding test
group consisted of six women and 34 men between the ages 20 and 46 (M = 26.8, SD = 5.2).
All but four were right-handed. The criteria for participation were possession of a driving
license and no need of eyeglasses (to ensure eye-tracking data of good quality). If vision 
correction was needed the participants were to be able to wear contact lenses. The 
participants received a lunch coupon for their participation. 

Equipment
The study was conducted using a fixed base Volvo XC90 driving simulator. A 140 cm wide
and 110 cm high driving scene was projected on a screen approximately 200 cm in front of
the participants (Figure 1). The driving simulation used was the Lane Change Test (LCT)
(ISO 26022). In the LCT simulation a participant drives at a constant speed of 60 km/h on a
straight, three-lane road where no other cars are present. Signs on both sides of the road 
instruct the participant to change lanes. The information appears 40 meters ahead of the
sign. In the LCT the deviation from a normative path is recorded. Consequently, late
perception of signs (or missed signs), slow lane change and poor lane-keeping result in
increased deviation (Mattes, 2003). An LCT track takes about three minutes to complete,
and 18 lane changes are made during a track. 
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Figure 1: The LCT driving scene and the Volvo XC90 simulator, including a secondary task 
interface display (1), a haptic rotary device (2), a display presenting the secondary tasks to be 

completed (3) and eye-tracking cameras (4).

The secondary task interface was implemented in Macromedia Director 8.5 (Adobe Systems 
Inc., USA). The visual menu was displayed on an 8.5'' screen in the centre panel of the
simulator (Figure 1). The interaction with the interface was made with a haptic rotary device
(ALPS Haptic Commander, ALPS Automotive Products Division, Japan) mounted on the
centre panel. The device had a knob diameter of 3.5 cm. The secondary task interface 
program managed the feedback provided through the rotary device and the graphical scenes 
displayed on the centre panel display. The program also managed the task presentation – 
orally in headphones and written on a 6.4'' display placed on the dashboard in front of the 
participants (Figure 1). faceLAB 4.1 (Seeing Machines, Australia) was used to record eye 
movements. By means of video signals from two cameras the faceLAB system measures 3D 
head position and gaze direction at a rate of 60 Hz. The two eye-tracking cameras were 
mounted on the dashboard in front of the participants (Figure1). To improve data quality 
face markers were placed on the participants' face. 

Feedback conditions
The participants used the rotary device to interact with the secondary task interface. As the 
device was turned in the feedback conditions including visual information (V, Vh and VH), 
a transparent blue cursor moved in the menu displayed in the centre panel display (Figure
2). The four menu items, A, B, C and D, characterized different textures. The textures were
arranged in a horizontal menu, and each texture had a height and width of 25 mm. The
graphical representations of the textures were identical for the three feedback conditions. In 
the feedback condition with rich haptic feedback only (H), the visual menu was not 
displayed.
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Figure 2. The visual menu displayed in the centre panel display in the feedback conditions including 
visual information (V, Vh and VH). The textures are here presented in alphabetical order from A to 

D. In the experiment the active texture was marked with a transparent blue cursor. 

The haptic feedback provided through the rotary device varied between the feedback 
conditions (Figure 3). The total angle of operation was 150º for all four feedback conditions. 
Hence, a participant was able to comfortably rotate the device through the menu without 
changing the grasp. Restricting walls were incorporated outside the scale limits on each end
of the menu, and a damper torque made forces increase and decrease with device speed. In 
the condition with visual feedback only (V) a smooth sensation was provided as the device
was turned. The participants therefore had to look at the menu to be able to mark the right 
item. In the condition with visual and simple haptic feedback (Vh) salient click effects were 
incorporated between every texture in the menu to indicate borders. The click angle was 10°
and the amplitude of the elastic torque was 50 mN m. In the visual and rich haptic feedback 
condition (VH) and the feedback condition with rich haptic feedback only (H) the salient 
click effects indicated borders; in addition representations of the textures were provided
through the device. Consequently interaction without visual feedback was possible. The 
haptic texture feedback was rendered as repeated and evenly distributed clicks, i.e.
alternated high and low torque. The peak torque of the textures was 10 mN m and textures
A, B, C and D had 0, 3, 6 and 30 click repetitions respectively. The design of the feedback 
conditions is described in more detail by Rydström and Bengtsson (in press). 

Figure 3: A representation of the haptic feedback provided through the rotary device in the four 
feedback conditions: visual feedback only (V) (1), visual and simple haptic feedback (Vh) (2), 

visual and rich haptic feedback (VH) (3) and rich haptic feedback only (H) (3). 

Procedure
During the test the test leader sat in the front passenger seat of the simulator and controlled
the equipment and read test instructions aloud from a manuscript. A brief description of the
experiment as a whole was given at the beginning of a session. The participants were then
instructed to adjust the seat, markers were placed in the participants' face, and the eye-
tracking cameras were calibrated. The participants were given instructions about the LCT
and were specifically informed to change lanes quickly, as soon as the information appeared 
on the signs. Each participant then drove three LCT tracks, of which the first two were 
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training tracks and the third was a baseline driving track. Driving performance and eye
movements were recorded for the baseline track. 

Subsequent to baseline driving the participants practiced the secondary task in isolation in 
two training series. In the first series the participants were to learn which letter represented 
which texture and were free to explore a menu in which the menu items were provided in 
alphabetical order. As the rotary device was turned, the name of the active item (A, B, C or 
D) was displayed on the centre panel display. In the second training series the participants
practiced the secondary task as it would be displayed while driving. The tasks to be 
completed, e.g. "Locate C", were automatically presented to the participants orally in the 
headphones and provided in written form on the 6.4" display in front of the participants. The 
participants located and selected the requested item in the menu by turning and pushing the 
rotary device. As soon as one task was completed the next was initiated. The target texture
and the positions of the textures changed for every trial. If the wrong texture was selected, 
the textures stayed in the same order until the right texture was selected. A jingle was given
as feedback after a task was completed successfully. The device was programmed to start at 
the leftmost texture for every new trial, and the participants were to initially turn the device 
clockwise. The reset was not felt, and it was therefore not necessary to let go of the device.
The participants had to successfully complete 12 tasks in a row to pass the training. 

Following this training the participants completed two dual-task driving tracks, of which the
first was a training track. For the second track, data were recorded on driving, eye 
movements and secondary task performance. Since it may be tempting to adopt a strategy 
where secondary tasks are completed on the straight sections between the lane changes the
participants were instructed to perform as well as they could on both the primary and
secondary tasks. The participants finally drove a second baseline track, for which data on 
driving and eye movements were recorded. After the test the participants were asked to fill 
in subjective workload (NASA-TLX) forms and a participant characteristics form 
(concerning gender, age, handedness etc.). A whole session took altogether about one hour. 

Analysis

Driving performance 

In the LCT the deviation between a normative path and the actual driving is recorded (ISO
26022). An LCT analysis software was used to compute the mean deviation for the dual-
task and baseline tracks. Since there were two baseline tracks, a mean baseline deviation
value was calculated. The relative decrease in performance was calculated for each 
participant by dividing the dual-task value with the baseline value (Mattes, 2003).
Performing poorly on the primary task in the dual-task condition as compared to the 
baseline leads to a higher quotient (>1). 

Eye movements 

An analysis software, Visual Demand Measurement (VDM) Tool (described by Victor,
Blomberg & Zelinsky, in press), was used to analyse the eye movement data. The data were
analysed in terms of percent road centre (PRC), glance duration and glance frequency. PRC
is a measure defined as the percentage of gaze data points that fall within the road centre 
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area (Victor, Harbluk & Engström, 2005). In this experiment the road centre area was 
defined as a circle with a radius of 10°. The measure can be used to estimate the quality of 
the tracking. A low PRC measure for baseline driving indicates poor tracking quality. The 
measure also makes it possible to compare eye movements for baseline driving tracks with
dual-task tracks (Victor, Harbluk & Engström, 2005). The PRC measure was used to
compare baseline driving with dual-task driving for all four feedback conditions. 

Glance duration and glance frequency were calculated for the dual-task track for the 
feedback conditions including visual feedback (V, Vh and VH). The variables were defined 
in accordance with ISO 15007-1. Glance duration was defined as "the time from the 
moment at which the direction of gaze moves towards the secondary task display to the
moment it moves away from it" and glance frequency was defined as "the number of 
glances to the secondary task display during a secondary task, where each glance is 
separated by at least one glance to a different target". Since the number of secondary tasks 
was not limited, the participants did not complete an equal number of tasks. The mean
glance duration and mean glance frequency for a secondary task was thus calculated for 
each participant by dividing total glance duration and total glance frequency at the 
secondary task display with the number of secondary tasks completed.

Secondary task performance 

The number of secondary tasks completed was recorded for each participant. In addition, 
two different kinds of errors were recorded, push error and turn error. When the wrong
menu item was selected, the action was recorded as a push error. When the participants 
passed the right item without selecting it, the action was recorded as a turn error. The mean
number of errors in a secondary task was calculated for each participant by dividing the total 
number of errors with the number of secondary tasks completed. 

Subjective mental workload

Subjective mental workload was measured in terms of NASA-TLX (Task Load Index).
NASA-TLX is a multidimensional rating method that gives an overall workload score based 
on the weighted average of six workload-related factors (mental demand, physical demand,
temporal demand, performance, effort and frustration level) (Hart & Staveland, 1988). 

Statistical analysis 

Between-subjects ANOVAs with feedback condition (V, Vh, VH and H) as the factor were
used to test the statistical significance of differences. The H condition was excluded in 
calculations of glance duration and glance frequency. The Tukey HSD procedure was used
for post hoc pairwise comparisons of means. To compare the PRC values between baseline 
and dual-task driving tracks, within-groups t-tests (two-tailed) were used. An alpha level of 
.05 was used for the calculations
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Results

Driving performance 
All feedback conditions caused a degradation in driving performance (quotients>1).
However, degradation in driving performance did not differ significantly between the
conditions.

Eye movements 
The PRC value for baseline driving was high for all four feedback conditions: 93.7% for the 
V condition, 95.6% for the Vh condition, 94.6% for the VH condition and 93.4% for the H 
condition. The PRC value decreased drastically when a task including visual feedback was
performed: t(9) = 10.62, p<.001 for the V condition, t(9) = 17.98, p<.001 for the Vh 
condition and t(9) = 8.41, p<.001 for the VH condition. No significant difference was found 
for the H condition. Mean glance duration and mean glance frequency did not differ 
significantly between the V, Vh and HV conditions.

Secondary task performance 
Figure 4 shows the number of tasks completed in the four feedback conditions. The number
of tasks completed was found to be significantly different between the conditions, F(3, 36) 
= 21.1, p<.001. Pairwise comparisons revealed that, with rich haptic feedback only in the 
secondary task (H), significantly fewer tasks were completed.

Figure 4. The number of tasks completed and standard errors for the feedback conditions: visual 
feedback only (V), visual and simple haptic feedback (Vh), visual and rich haptic feedback (VH) 

and rich haptic feedback only (H). 

In terms of push error, floor effects were present for the V, Vh and VH conditions, whereas 
10% of the tasks in the H condition included a push error. Figure 5 shows the percentage of 
tasks that included a turn error. The number turn errors made was found to be statistically 
different between the conditions, F(3, 36) = 15.0, p<.001. Pairwise comparisons revealed 
that, with rich haptic feedback only in the secondary task (H), significantly more turn errors
were made. 
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Figure 5. The percentage of tasks including a turn error in the four feedback conditions: visual 
feedback only (V), visual and simple haptic feedback (Vh), visual and rich haptic feedback (VH) 

and rich haptic feedback only (H). 

Subjective mental workload 
The mean weighted workload scores were not significantly different between the feedback
conditions.

Discussion
All four feedback conditions caused a degradation in driving performance, but the driving
performance metric did not differ between the feedback conditions. Time spent at looking at 
the forward roadway decreased in tasks with visual feedback. The findings on decreased
driving performance and increase in eyes off road time are in agreement with other studies
of the effect of concurrent secondary tasks (Engström et al., 2005; Wikman et al., 1998). 
Since glance duration and glance frequency did not differ between the V, Vh and VH
feedback conditions it is apparent that the haptic information provided was not actively used 
for haptic guidance or as a substitute for visual information. Rydström and Bengtsson (in 
press) observed in a desktop experiment that haptic texture information was often ignored
by the participants if visual information was provided. Even though the present experiment
included a concurrent visual task (driving) the haptic texture information was not actively 
used. When using solely haptic feedback, as in the H condition, the menu had to be 
processed texture-by-texture, which is more time-consuming, while the menu items in the 
V, Vh and VH conditions could quickly be visually processed more simultaneously. The 
type of processing made can be viewed in terms of turn errors. A comparison between
textures could be made visually without turning the device (V, Vh and VH), whereas the
device had to be turned in order to compare textures haptically (H), which resulted in an 
increased number of turn errors. It was also more common to select the wrong item in the 
feedback condition with rich haptic feedback only. It is interesting, however, that the
reported mental workload did not differ between the conditions. 

Research has shown that different kinds of tasks impact driving performance in different 
ways. For example, visual-manual tasks reduce lane-keeping performance and cognitive 
tasks cause visual detection impairment (Engström et al., 2005; Recarte & Nunes, 2003).
The LCT derives a single measure on driving performance, and different characteristics of 
driving behaviour are not considered in isolation. Engström and Markkula (2007) studied 
driver errors related to visual-manual and cognitive distraction in terms of the LCT and 
found that visual-manual distraction leads to reduced path control (overshoots in the lane-
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change) and cognitive distraction affects the detection of signs. In the present experiment, 
almost all signs were detected and acted upon in the feedback conditions including visual
feedback (V, Vh and VH). Signs were missed to a greater extent in the feedback condition 
with rich haptic feedback only (H), which implies cognitive demand according to Engström
and Markkula (2007). Reduced path control was found for conditions V, Vh and VH, but a
small number of overshoots was also found for the H condition. Both hands could be held 
on the steering wheel during baseline driving. Since the tasks were provided one after 
another during the dual-task track most of the driving was spent with only one hand on the 
steering wheel. In view of the fact that LCT requires a great deal of manipulation of the
steering wheel, manual time-sharing was needed. This might give an explanation for the
overshoots found also in the H condition. 

When carrying out an experiment in a simulator the ethical problems that must be 
considered in real traffic is avoided, and it is also possible to control the driving 
environment. However, the ecological validity of the driving task is reduced. The fixed-
based simulator used in the present study does not provide the driver with forces and 
vibrations felt in real driving. In real driving a driver views the forward road scene, rear-
view mirrors and instruments. The road scene in the present experiment was projected only 
in front of the participants, and no rear-view mirrors were used. In addition, no glances at 
the speedometer were necessary since the driving speed was system-controlled. Since visual 
behaviour was different in the simulator from that in real driving, there were relatively high 
values in the PRC value for baseline driving compared to a real driving environment, which 
gives a value of about 70% (Victor et al., 2005). In the PRC calculations, glances at the 
display presenting the tasks to be completed may have induced some noise. Both the high 
PRC value for baseline driving and the induced noise may have made it unfeasible to 
calculate an effect of gaze concentration in the H condition. Moreover, the secondary tasks
and the pace of the tasks were not ecological. The tasks were system-paced, while tasks in a 
real environment for the most part are driver-paced. The secondary task was chosen for its 
theoretical convenience rather than its ecological validity. Another shortcoming in the
experiment was that the number of female participants was low. 

In conclusion, the study shows that even if driving is primarily a visual task, participants do 
not actively use haptic information in the secondary task if the visual information is more 
easily achieved. Multifunction, menu-based systems are common in cars today. Interaction 
with these systems often requires several steps of visual and manual interaction. Using 
haptic information only in the interaction with these systems may not be practical, but 
carefully designed haptic feedback might augment the interaction with these systems. Porter
et al. (2005) found that an in-car interface designed with consideration to haptics was 
preferable to a conventional one. A more ecologically-oriented study is needed to 
investigate the use of haptic feedback in menu-based interfaces. 
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