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Abstract

Personal mobile devices, such as the cellular phone, PDA (Personal Digital Assistant),
and portable gaming device, are one of the recent technical advances that have dramatically
impacted our daily life. One of the most interesting advances for user interaction with mo-
bile devices is vibrotactile rendering for information delivery through the haptic sensation
channel. Despite its popularity, relevant perceptual data have been relatively scarce. In this
thesis, we present the perceptual data associated with mobile device vibrations and propose
perception-based vibration rendering which improves the discriminability of vibrotactile
messages.

First, the characteristics of two most frequently used vibration actuators, a vibration mo-
tor and a voice-coil actuator, have been investigated. According to our results, the vibration
motor should be controlled by applied voltage lower than 3.5 V since its perceived inten-
sity is saturated when applied voltage is higher than 3.5 V. For the voice-coil actuator, the
voltage frequency from 220 Hz to 320 Hz and the voltage amplitude from 0.6 V to 1.2 V
are recommended to generate desired vibration effects. Second, the perceived intensities
of mobile device vibrations were estimated for various frequencies and amplitudes using
a shaker system. By fitting a nonlinear function to the measured data based on Stevens’
power law, we constructed a psychophysical magnitude function that enables us to predict
the perceived intensity of mobile device vibration in a large parameter range. Also, we
evaluated the applicability of the model by comparing it to the previously measured per-

ceptual characteristics of the two vibration actuators. The evaluation results showed very



high correlations, indicating that the psychophysical magnitude function can reliably ex-
plain the perceived intensity of mobile device vibration. Third, we proposed and evaluated
perceptually transparent vibration rendering (PTR) which allows desired haptic effects to
be designed in the perceptual dimension and to be played through the haptic interface as
they should be. In an experiment that used pure tone vibrations to evaluate the benefits of
PTR, using the PTR maintained higher percent correct scores with even large stimulation
levels. By using PTR, the maximum number of discriminable vibrations was 5 — 6, in con-
trast to just 3 — 4 without PTR. We also evaluated PTR in an experiment using vibrotactile
melodies. The discriminability of melodies rendered using PTR was improved, since users
could identify the perceived strength of each melody note in an improved accuracy. Finally,
we developed a vibration pattern editor named the posVibEditor which offers quick-and-
easy vibration design for even novice users. The posVibEditor also supports perceptually
transparent rendering.

The present study contributes to enlarging our understanding of the utility of perception-

based vibration rendering in mobile devices.
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Chapter

INnfroduction

1.1 Motivation

Personal mobile devices, such as the cellular phone, PDA (Personal Digital Assistant), and
portable gaming device, are one of the recent technical advances that have dramatically
impacted our daily life. Related technology and user interface have been rapidly evolving,
including the use of vibration rendering for information delivery through the haptic sensory
channel. In addition to the traditional usage for an alternative ring tone, vibration rendering
are now used for various purposes, e.g., for special effects in mobile gaming, vibratory
rhythms accompanied with music [25], touch interactions in full-screen mobile devices,
or tactile messages of a predefined meaning (called a haptic icon or tacton) [39]. Despite
plenty of applications developed so far, understandings on the perceptual characteristics of
vibration rendering in the mobile device are lacking in related research.

Traditionally, desired vibration effects have been empirically designed by changing in-
put voltage applied to vibration actuators without concrete knowledge on the relationship
between physical vibrations and its perceptual characteristics. The methodological differ-
ence of the perception-based vibration rendering we proposed is an approach for designing
and rendering vibrations in the perceptual dimension, such as perceived intensity, not input
voltage. Firstly, designers compose vibrotactile messages in terms of the variation of the

perceived intensity, expecting the vibrotactile effects to be perceived as desired. Then, the
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would drive
an actuator

Fig. 1.1: Flow for transmitting sound and vibration to users.

perception-based vibration rendering we provide converted automatically desired perceived
intensities to the corresponding physical signals applied to a vibration actuator. The major
advantage of the perception-based vibration rendering is that designers can predict exactly
perceptual vibration effects same to their desire. In our study, we have goals to provide the
perceptual data of mobile device vibrations for the perception-based vibration rendering

and improve the discriminability of vibrotactile messages by using it.

1.2 4 Steps of Vibration Transmission

To design and utilize vibrotactile effects in applications, we usually need to repeat the fol-

lowing four steps:

e Step 1 (Design): Vibrotactile messages appropriate to the goals of an application are

designed, preferably using a dedicated authoring tool.

e Step 2 (Rendering): The designed messages are converted to corresponding analog

signals that drive a vibration actuator.

e Step 3 (Generation): Vibrotactile stimuli are generated from the actuator, and trans-

mitted to the surface of an enclosure in which the actuator is embedded.
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e Step 4 (Perception): The vibrations are sensed through the user’s skin in contact with

the enclosure, resulting in percepts.

Some advanced techniques will be required in order to make each step to be effective.
First, we should know the restriction of vibration actuators in terms of physical and per-
ceptual characteristics. Generally the different kinds of actuators have different hardware
restriction, e.g. correlated frequency and amplitude of a vibration motor [32], limited fre-
quency bandwidth of a voice-coil actuator (the available frequency of most voice-coil actu-
ators is fixed to their resonance frequency), and high input voltage required for a piezoelec-
tric material. For effective vibration feedback, we should select suitable vibration actuators
considering the restriction of vibration production. Second, perceptual data associated with
mobile device vibrations will be provided. Despite the popularity of vibrotactile feedback
in the mobile device, psychophysical researches about comprehensive data for perception
of mobile device vibrations have been lacked yet. Since the skin and brain of the users are
the end point of the vibration transmission procedure, understanding the human perception
of mobile device vibrations is important. The perceptual data represented as some rela-
tions how physical vibration signals convert to perceived intensities in perception domain
are used in our perception-based vibration rendering. Third, vibration rendering methods
incorporating the vibration perception model and actuator characteristics are needed, such
as perceptually transparent vibration rendering (PTR) [53]. The PTR was proposed for
enhancing the perceptual correctness of transmitted vibrations. And it guarantees that the
users feel vibration effects equivalent to the designer’s desire without any distortions and
the number of vibration stimuli which are reliably discriminated and identified could be
increased with the PTR. [51]. Lastly, vibration authoring tools, similar to the sound design
tools, are required for quick and easy design of vibrations. Music composing and sound

mixing tools are very popular and provide easy learnability for even novices.

1.3 Contributions

The major contributions of this dissertation are summarized as follows:
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e investigation of characteristics of two most used vibration actuator,
o first attempt to identify the perception model of mobile device vibration,

e increasing the feasibility of information transfer through the mobile device vibration

with high discriminability by using perceptually transparent rendering,

e improved functionality and usability of the vibration pattern editor.

1.4 Organization

In Chapter 2, previous works with respect to vibration rendering in both mobile devices and
other applications are presented. Chapter 3 describes analysis of two most used vibration
actuators, a vibration motor and a voice-coil actuator, in terms of physical and perceptual
characteristics and also provides guidelines to control them. In Chapter 4, the perceived
intensities of mobile device vibrations are estimated for various frequencies and amplitudes
using a shaker system, and a psychophysical magnitude function is constructed by fitting
a nonlinear function to the measured perceived intensities. The psychophysical magnitude
function is helpful to predict the perceived intensities of mobile device vibrations. In Chap-
ter 5, we propose perceptually transparent vibration rendering and evaluate its benefits. The
perceptually transparent rendering achieves the higher discriminability of pure tone vibra-
tions and vibrotactile melodies. Chapter 7 presents a vibration pattern editor which called
”posVibEditor”. Additionally, in Chapter 8, we introduce another vibration rendering tech-

nique for vehicle application. Finally, we conclude this study in Chapter 9.



Chapter

Background and Previous Work

2.1 Vibration Rendering in Mobile Devices

In the past decade, a multitude of studies have been conducted to make use of vibrotactile
rendering for diverse purposes (see [17, 40] for recent reviews). In what follows, those

related to mobile devices are briefly reviewed.

2.1.1 Touch Interaction

One of the most traditional and practical goals of using vibrotactile rendering has been to
improve the Ul of mobile device, especially for virtual buttons displayed on a touch screen.
It has become more important with the recent advent of full touch-screen mobile phones
without physical keypads. For instance, it was shown in [16] that character input speed
using soft buttons on a touch screen improves with vibrotactile feedback, especially in
noisy environments. Nashel and Razzaque presented diverse vibrotactile effects suitable to
different contact events, such as pushing a soft button, crossing button edges, and lingering
on a button [45]. Recently, Hoggan et al. demonstrated in a usability study that vibrotactile
feedback enhances accuracy and completion time for text entry for a virtual keypad in a
mobile device, with a significantly reduced subjective workload [23].

Research for the use of vibrotactile rendering along with other GUIs (Graphical User

Interfaces) has also been active. Poupyrev et al. developed a miniature vibrotactile actuator,
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named TouchEngine, which used piezoelectric bending motors in multiple layers for large
vibration output [48]. They proposed to use vibrotactile feedback as an ambient sensory cue
to assist user interaction in a mobile device, and demonstrated that task completion time was
reduced by 22% in a 1D text scroll task where the user controlled the scroll speed by tilting
the mobile phone with vibrotactile feedback. This work was extended to designing vibro-
tactile signals appropriate for the different finger movements interacting on a touch screen,
such as touching down, holding, dragging, and lifting off [47]. Rekimoto and Schwesig
added another input dimension by sensing the pressing force of a finger and used the in-
formation for changing the degree of GUI response, e.g., scaling the screen scroll speed
with pressure [49]. In addition, Hall et al. suggested the need of GUIs designed solely for
mobile devices instead of those adapted from the desktop GUIs [21]. They conceptualized
and evaluated one such GUI, T-Bar, which can prevent a user’s finger from occluding visual
icons on a touch screen and guide the finger movement via vibrotactile feedback for menu

selection.

2.1.2 Information Transfer

Another topic to which significant research efforts have been devoted is how to deliver ab-
stract information effectively via vibrotactile rendering in mobile devices. For instance,
Brown and Kaaresoja designed tactile icons (tactons) for three types of mobile phone alerts
and three alert priorities, thus a total of nine tactons, and demonstrated an acceptable recog-
nition rate [6]. Tdyssy et al. proposed a coding scheme for time using a simple sequence
of vibrotactile pulses [65]. The recognition rate was as high as 80% without training. Re-
cently, Li et al. developed an interesting system, PeopleTones, which notifies the presence
of friends in the vicinity via musical and vibrotactile cues played by a mobile phone [37].
A vibrotactile pattern for a song was made by use of amplitude thresholding and bandpass
filtering on the wave file of the song. Ghiani et al. installed two vibration motors to de-
liver directional information to the visually impaired using a PDA [19]. We note that in a
more general context not limited to the mobile device, designing effective tactons (or haptic

icons) with high discriminability and learnability has received great attention in the haptics
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community, and recommend [40] for a review.

2.1.3 Multi-Modality

Multimodal rendering using two or more sensory channels also has great potential for im-
proving the Ul of a mobile device. Hoggan and Brewster proposed crossmodal icons that
combine intuitively similar earcons and tactons in pairs [24]. Each pair shared the same
properties, such as rhythm, roughness, intensity, and spatial location. Simultaneous play-
back of music and tactile vibration also was a topic of interest [11]. From a music file, they
made vibrotactile patterns by amplifying the music signals in a low frequency bandwidth or
synthesizing one if no such low frequency components were present. The vibrotactile pat-
terns played together with music was reported to enhance the perception of sound quality.
Another multimodality research is dynamic vibrotactile feedback by using sensor fusion
data. As each sensor and sensor fusion technology are advanced, various types of data
captured from our environments can be used for vibrotactile feedback. Vibrotactile ren-
dering has also been used with gesture recognition. Brown and Williamson developed a
multimodal messenger, Shake2Talk, which integrated inertial sensing, gesture recognition,
and vibrotactile feedback [5]. In Williamson et al., a ball-bouncing application for mo-
bile phones was presented by combining device motion sensing, vibrotactile feedback, and

realistic impact sound [71].

2.1.4 Multiple Actuators

Even though most mobile devices have just one vibration actuator due to the compact form
factor, research using multiple actuators also has surfaced to enrich vibrotactile sensations.
For instance, Sahami et al. developed a prototype phone with six vibration motors [56].
Spatial identification rate of a stimulation site was 75% for the motors in the corners, but
36% for the motors located midway. When the motors were activated in groups, the iden-
tification rate was higher in 64 — 76%. Hoggan et al. designed 2D tactons by varying the
rhythm and stimulation site for a tactile progress bar [22]. Faster task completion time was

observed when three actuators were placed on the sides of a mobile phone. Kim et al. in-
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stalled two different vibration actuators for texture rendering [33]. A solenoid actuator that
could generate relatively larger amplitude was used for large-scale textures, and a piezo-

electric actuator with a faster response time was used for detailed textures.

2.1.5 Commercial Product

Perhaps the most important recent commercial product was VibeTonz™ system [25]. The
system includes the VibeTonz Studio that is a graphical authoring software that enables mo-
bile application designers to create vibration signals as they compose music or by extracting
patterns from a MIDI (Musical Instrument Digital Interface) file, thereby greatly facilitating
the design process of vibrotactile patterns. This is a significant advance from the previous
practice of using vibrotactile signals in fixed levels chosen manually. The VibeTonz™
technology has been adopted by many mobile device manufacturers and service providers
including Samsung and SK Telecom (the leading service provider in Korea). For special
effects in mobile gaming, vibratory rhythms accompanied with music [25], touch interac-
tions in full-screen mobile devices, or tactile messages of a predefined meaning (called a

haptic icon or tacton) [39].

2.2 Vibration Rendering in Other Applications

In addition to mobile device applications, a number of studies have examined the advan-
tages of vibrotaction for a variety of applications. Vibration feedback are also actively used
in console gaming devices, including Sony Playstation [58], Microsoft Xbox [41], and Nin-
tendo Wii [46]. In virtual reality (VR), vibration motors were used for a vibrotactile wear
for VR-based motion training [73], whole body vibrotactile feedback for virtual contact
[52], and virtual contact simulation in immersive virtual environments [38]. Related ap-
plications in human-computer interaction (HCI) include vibrotactile feedback for instant
messaging [50].Vibration motors have also been used for an information display in sensory
saturated environments, such as in a vibrotactile suit for astronauts and pilots in the cockpit

[67, 68] and in a navigation system for detecting and alerting obstacles using a sonar sensor

[9].
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2.3 Human Vibration Perception in Mobile Devices

In spite of the plethora of applications reviewed above, research to provide fundamental
knowledge on the perception of mobile device vibration has been rather rare. Very recently,
Yao et al. demonstrated that perceived vibration strength increases with an increase in mo-
bile device weight, and with a decrease in vibration frequency when vibration amplitude
in acceleration remains constant [74]. Previously, our group published some preliminary
data for the case of a vibration motor attached on the thenar eminence on the palm [32]
and for the perceived intensity of mobile device vibration in a concise poster format [54].
In this article, we extend our previous papers in a greater extent by reporting the detection

thresholds and the perceived intensity for three kinds of vibration actuators.



Chapter

Characteristics of Vibration
Actuators

Chapter 3 shows the physical and perceptual characteristics of two vibration actuators, a
vibration motor and a voice-coil actuator. The results of characteristics of two actuators

will be used for validating a psychophysical magnitude function in rest of Chapter 4.

3.1 Overview of Two Vibration Actuators

One of vibration actuators mostly used in the mobile device is a variant of DC (Direct
Current) motors called a vibration motor. This motor has many merits compared to other
actuators such as small size, very low cost, large vibration amplitude, and relatively small
power consumption. A drawback, however, also exists: given a voltage applied to the motor,
its vibration is only sinusoidal with correlated amplitude and frequency due to its operation
principles [30], significantly limiting the classes of vibration patterns that can be created
in the mobile device. Another vibration actuator used also widely is a speaker-like voice-
coil vibration actuator. The voice-coil actuator has an advantage that the frequency and
amplitude of a vibration generated from it can be controlled independently. However, the
controllable range of the vibration frequency from the voice-coil actuator should be limited

by its operational principle. The voice-coil actuator has a resonance frequency, generally

10
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Fig. 3.1: The measured accelerations of vibrations from the two vibration actuators.

250 Hz. It could be said that the voice-coil actuator is able to generate a usable vibration
with the largest amplitude in only 250 Hz frequency [7].

Fig. 3.1 shows completely the characteristics of sinusoidal vibrations captured from
both vibration actuators with smoothly changed magnitudes of applied voltages and a sec-
ond long. The frequency of applied voltage for the voice-coil was 250 Hz. As shown in this
figure, the physical characteristics of two vibration actuators are represented clearly, such as
applied voltage type, vibration frequencies and amplitudes changed through applied volt-
ages, and also transient responses. Since the applied voltage type is DC voltage for the
vibration motor but AC voltage for the voice-coil actuator, vibration frequencies generated

from both actuators had different aspects. The principal frequency of the vibration motor
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at a moment was changed through the applied voltage magnitude. The vibration frequency
of the vibration motor is determined by the rotation speed of an eccentric mass, and the
speed is relative to an applied voltage. Differently, the frequency of the voice-coil actuator
was obviously same to that of an applied voltage. Both vibration amplitudes of each actu-
ator were also changed through the applied voltage magnitude, but had different increase
rates. The vibration amplitudes of the vibration motor were changed gradually through the
smoothly changed voltage magnitudes, but those of the voice-coil were changed sharply
at near v = 0.5 V. The transient response time of the vibration motor was larger than 100
msec, in contrast very small transient response of the voice-coil. The detailed analysis of
vibrations measured from both vibration actuators will be provided in next section.

Even though Fig. 3.1 shows certainly the physical characteristics of the vibration actua-
tors, we could not imagine how a user feels two vibrations with only figures of sinusoids in
Fig. 3.1. In order to understand a user’s feeling, we should know the perceptual characteris-
tics of the vibration actuators measured by conducting the psychophysical experiment, such
as the absolute magnitude estimation [75]. The perceptual characteristics of two vibration

actuator will be also explained in the rest of this chapter.

3.2 Operation Principle

Before the main experiments, we will present shortly the operational principles and device
dynamics of the two vibration actuators in order to understand the theoretical characteristics

of them.

3.2.1 Vibration Motor

A typical vibration motor is a common DC motor with a rotor of eccentric mass distribution
(see Fig. 3.2). The motor is controlled by an applied voltage which is proportional to the
angular velocity of the rotor. The rotor, once rotated, results in large centrifugal force due to
its unbalanced inertia, which subsequently induces movements of the whole motor package.

These movements are transferred through a mobile device containing the motor, and finally
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Fig. 3.2 A coin-type vibration motor (Jahwa Electronics, Korea; model JHV-12C1-L20)
and its internal structure.

turned into vibrations that a user feels from the device surface. This is a simple yet effective
mechanism to create vibrations with large amplitudes.

As described above, the angular velocity of a rotor in a vibration motor is proportional to
applied voltage. The systematic relation between the angular velocity and applied voltage

could be theoretically represented as

ko f TR,

O Rebu £ (kop)2" " Ry + (kog)?

3.1

where w,, is the angular velocity of the rotor, k is the motor constant, R, is the resistance of
the armature winding, by, is the equivalent mechanical damping constant for the rotor, Tp,
is the load torque, v, and vy are the supplied voltages to the armature and the inductance of
the field winding [13].

The k and b, are constant values determined at the design step of a motor. Since the
permanent magnet is used in a vibration motor, vy is also constant. If the rotor rotates
in the steady sate, R, and T} become constant. Hence, the relation Eq. 3.1 could be
shorten as w,, = c1v, + ¢ which represents that the angular velocity of the rotor is linearly
proportional to only the supplied voltage to the armature v,. The frequency of a vibration
generated from a vibration motor is dependent to the angular velocity which is proportional
to the supplied voltage. That means the vibration frequency of a vibration motor is also

determined by the supplied voltage.



3.2. OPERATION PRINCIPLE 14

The amount of mobile device movements actuated by a vibration motor can be derived
as follows. As defined in Fig. 3.3, let ¢, be the position of the center of mass of a rotor in
a vibration motor, ¢, be that of the other parts of a mobile device except the rotor, and ¢,
be that of the mobile device. Their masses are denoted by m,, m,, and m,, (= m, + m,),
respectively. Also, the center of rotation of the rotor is at p,, and that of the mobile device
is at p;;. When voltage is applied to the motor, these two points rotate with radius of 7, and
m, respectively, whereas ¢, remains fixed at p,. If we denote the unit vectors in the x- and

y-directions by u, and uy, respectively, then

o(t) = pr+r {sin(2nFt)uy + cos(2nFt)u,}, (3.2)

C = Po (3.3)
m,c,(t) + myc

eu(t) = Ml (3.4)

Substituting (3.4) with (3.2) and (3.3) results in

em(t) = w n %rr {sin(27Ft)uy + cos(27Ft)uy } . 3.5)
m m
Therefore,
Py = %n. (3.6)
m

This indicates that in the steady state, vibration amplitude in position remains constant
regardless of vibration frequency in the mobile device.

The relatively simple actuation mechanism of a vibration motor allows one control vari-
able (applied voltage), and this incurs an important limitation for a vibration actuator. The
applied voltage is proportional to the motor rotation velocity, and faster rotation induces
larger vibration amplitude (in acceleration) and higher frequency. As a consequence, the
amplitude and frequency of a vibration signal from the vibration motor cannot be controlled
independently, imposing a severe constraint on the generation of vibrotactile waveforms
(see Sec. 3.3 for empirical data). Thus, in order to achieve desired perceptual effects, a
proper understanding of the relation between applied voltage and vibration characteristics
has to be preceded, with the explicit consideration of correlated vibration amplitude and

frequency.
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Fig. 3.3 Coordinate definitions for a mobile device with a vibration motor.

3.2.2 \Voice-coil actuator

A voice-coil actuator is similar to a typical sound speaker. If a current-carrying coil is placed
in a magnetic field produced by a permanent magnet, the Lorentz force is being induced.
The force is proportional to the applied current and the magnetic flux density. The vibration
of the voice-coil actuator is generated by the directional change of the electromagnetic
force. When the current direction applied to the tubular coil is changed, the force direction
is also changed oppositely. In a voice-coil actuator, a tubular coil is placed into the magnetic
field in order to produce the linear movement of the voice-coil. Thus, the sinusoidal AC
voltage applied to the voice-coil produces the sinusoidal force of the moving part which
might be the coil or the magnet, and then a vibration is generated. Fig. 3.4 shows the
internal structure of the voice-coil actuator, VBW-32, used in our research.

To theoretically analyze the characteristics of a voice-coil actuator, we assume that the
case of a voice-coil and internal mass are linked by using a spring with the spring stiffness
and the user’s skin is also modeled with mass, stiffness, and resistance [61]. The dynamic

model with the human skin and voice-coil actuator can be represented as
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Fig. 3.4 The internal structure of a voice-coil actuator (Audiological Engineering Corp.;
VBW-32).
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where x is the displacement of the case, F is the applied force, 11 and my are the mass
of combined case and skin and internal part, k1 and k; are the spring constant for the skin
and internal mass suspension, b is the damping factor for the skin, and w is the angular
velocity [61]. By simulating the model Eq. 3.7, the maximum amplitude is obtained with a
peak at the resonance frequency [61]. The peak becomes higher when internal mass m; is
relatively large.

Whereas the vibration motor has a character which is correlated frequency and amplitude
of the generated vibration, the voice-coil actuator is able to generate vibrations with the
variety of frequencies and amplitudes independently controlled. The resonance frequency
of the voice-coil actuator can be designed differently by determining the internal mass m

and spring stiffness k.
w 1 [k
f=r =/~ (3.8)

2 2mV m
That means we can make many special voice-coil actuator for various purpose and environ-

ments in which it used.
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Obviously, the voice-coil can also generate a vibration with other frequencies different to
the resonance frequency. The vibration amplitudes with other frequencies, however, would
be much smaller then that with the resonance frequency. As a consequence, the voice-coil
actuator has narrow frequency bandwidth in which an enough large vibration is able to be

generated.

3.3 Experiment | : Physical Characteristics

In our study, we measured the physical characteristics of vibrations emanating from a voice-
coil actuator embedded in mobile device held in the hand and the captured data were ana-
lyzed in order to find an adequate 1/O relation. For comparing with the physical character-
istics of a voice-coil actuator, we will also provide the summary of that of a vibration motor

referred from [31, 32].

3.3.1 Experiment Common Methods

This section describes the details of experiment design.

Apparatus

A cellular phone (LG Electronics; model KH-1000) was selected as a representative mobile
device. The phone had the size of 51.6 x 98 x22.15 mm and weighed 101.6 g. Since the
original phone had a closed architecture that did not allow direct access to the vibration
motor, a phone case available in a repair kit shown in Fig. 3.5a was used in experiments.
As shown in the figure, the phone case for repair did not include a few main parts such as a
LCD panel.

In this experiment, either a coin-type vibration motor (LG Innotek; model MVMEF-
A345A; diameter = 10 mm) or a voice-coil actuator (Audiological Engineering Corp.;
model Tactaid VBW-32; weight = 10.0 g with an adapter) vibrated the mobile phone used in
Experiments I and II. As shown in Fig. 3.6, the vibration motor was included in the phone.
The voice-coil actuator was installed on the bottom of the phone using a custom-made

adapter since the actuator was thicker than the phone. We preferred the Tactaid voice-coil
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actuator to the smaller LRA (Linear Resonant Actuator) currently used in full touch-screen
mobile phones since the frequency bandwidth of LRA is very narrow. The Tactaid actua-
tor has also been used frequently in haptics research. A triaxial high-precision miniature
accelerometer (Kistler; model 8765A; weight = 6.4 g) was rigidly attached onto the phone
using adhesive wax to capture vibration acceleration. Both the voice-coil actuator and ac-
celerometer were not in contact with the participant’s hand during the experiment. The total
weight of the mobile phone with the vibration motor was 120 g (with the plastic weights
inside the phone), and that with the voice-coil actuator was 111.6 g (without the plastic
weights to compensate the adapter weight). The actuators and accelerometer were con-
trolled by a PC using a data acquisition board (National Instruments; model PCI-6229).
The coin-type vibration motor was placed horizontally, in parallel to the plane spanned
by the width and height directions of the phone (i.e., xy plane in Fig. 3.6). In this case, a
rotor with eccentric mass distribution in the motor rotated in the xy plane, and its vibration
energy was evenly distributed on the plane (see Appendix B). We thus aligned the x- and
y-axes of the accelerometer to be in the width and height directions, respectively. Vibration
in the z-direction was substantially weaker (about 1/10). On the other hand, the voice-coil

actuator vibrated in one direction (y-direction), similarly to the shaker.

Participants

Ten university students (five for each actuator) participated in this experiment. Their task
was simply to grab the mobile phone comfortably. This was to average the effect of indi-
vidual differences in skin impedance and gripping force on the measurements of vibration

stimuli.

Procedure

To drive the vibration motor, ten constant voltages in 1 — 5.5 V with 0.5 V step size were
used. The angular velocity of a rotor is proportional to input voltage to a vibration motor.
Thus, a DC input produces a sinusoidal vibration in a vibration motor. In a voice-coil

actuator, a sinusoidal voltage waveform needs to be applied to obtain a sinusoidal vibration
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Fig. 3.5 A mock-up phone, a vibration motor, a voice-coil actuator and an accelerometer
used in experiments.

output. We prepared 168 sinusoidal waveforms by combining 14 frequencies in 50 — 500
Hz (50, 100, 150, 200, 220, 250, 260, 280, 300, 320, 350, 400, 450, and 500 Hz) and 12
amplitudes in 0.1 -3.0 V (0.1, 0.3, 0.5, 0.55, 0.6, 0.8, 1.0, 1.2, 1.5, 2.0, 2.5, and 3.0 V). The
use of finer resolutions in 200 — 350 Hz and 0.5 — 0.8 V was to obtain more detailed data in
an input region with better performance found in pilot experiments.

In each trial, a vibration actuator was excited for 1 s, and the resulting vibration accel-
eration was measured at a sampling rate of 10 kHz. The participants were instructed to
comfortably hold the cellular phone in the hand that they usually use to grasp a cellular
phone. Average gripping force for an ungrounded mobile device was measured to be 1.75
N with a standard deviation of 1.42 N (see Appendix A). The values were similar to those
of the grounded case. The accelerations collected in this way represent the vibrotactile
proximal stimuli delivered to the hand skin during the ordinary usage of a mobile device.
For the vibration motor, we collected acceleration in the x-axis (vibrations in the x- and
y-axes were almost the same). For the voice-coil actuator, acceleration along the y-axis
was measured. Prior to a next trial, a break was enforced so that the skin impedance was

fully restored.
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Vibration Motor

Voice—coil Actuator

Fig. 3.6 Experimental setting for Experiment I. The vibration motor was installed inside the
phone case. When the vibration motor was used, the voice-coil actuator was not attached.

For analyzing the captured raw data of the vibration accelerations, same procedures —
Fast Fourier Transform (FFT) for finding the principle frequency and amplitude conversion

from acceleration to displacement — represented in [32] were used.

3.3.2 Results: Vibration Motor

The physical characteristics of vibrations generated by the vibration motor are summarized
in Fig. 3.7 as a function of applied voltage. The error bars represent standard deviations.
Fig. 3.7a presents average principal frequencies taken from the power spectral densities
of acceleration measurements. As applied voltage increased from v = 1.0 to 5.5 V, the
average principal frequency increased from 65 Hz to 284 Hz, but the rate of frequency
increase was reduced in high voltages. The principal frequencies were very consistent with
very small standard deviations, except for very high applied voltages of 5 and 5.5 V.
Vibration amplitudes in acceleration at the principal frequencies were also found from
the power spectral densities, and averaged for each applied voltage. The results are plotted
in Fig. 3.7b. The average vibration amplitudes in acceleration increased from 0.14 G at
v =1.0Vto261 Gatv = 55V, with the increase rate diminished after v > 4 V. The
variability of vibration amplitudes was also much larger for v > 4 V, indicating that vibra-

tion motor operation was not very reliable in the high voltage range. Vibration amplitudes
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Fig. 3.7 Physical characteristics of vibrations generated by the vibration motor.
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in position calculated using the principal frequencies and the amplitudes in acceleration
were also averaged, and are shown in Fig. 3.7c. They varied in a range of 7.5 — 8.1 um with
consistent standard deviations, constituting a nearly flat line. This was to be expected, since
the movement of a mobile device driven by a vibration motor is circular and its movement
radius should be constant in the steady state (see Sec. 3.2.1).

In general, the rotor angular velocity of a DC motor is linearly proportional to voltage
applied to the motor for a constant load [72] (recall that the vibration motor is a DC motor).
However, increasing a load exerting on the motor leads to more current flow into the motor
for more torque and reduces the motor rotation speed. In the present experiment, the mobile
phone was grasped by the participant’s hand (mostly in contact with the fingers and palm),
which worked as a mechanical load to the vibration motor in addition to the mobile phone
case. Thus, the mechanical impedance of the hand needs to be considered for proper under-
standing of the loading effect. Research in biomechanics demonstrated that the mechanical
impedance of the fingers or the palm increases with frequency above 100 Hz [14]. In our
measurements in Fig. 3.7a, applied voltages larger than 1.5 V resulted in average principal
frequencies higher than 100 Hz. Taken together, the increasing mechanical impedance of
the fingers and palm is responsible for the decreasing rate of principal frequency increase
observed in the voltage range of 1.5 — 5.5 V. It also needs to be remarked that when loading
effect is relatively weak, principal vibration frequency grows almost linearly with applied
voltage. Two such cases were previously observed, when a vibration motor itself was at-

tached on the thenar eminence [32] or placed on an impedance head [29].

3.3.3 Results: Voice-coil Actuator

Generally, a voice-coil actuator generates unidirectional vibrations in height direction of
them, differently to the omnidirectional vibrations of a vibration motor. The waveform of
the voice-coil vibration is formed like a sinusoidal waveform, when AC voltage is applied.
Fig. 3.8a shows well-formed generated vibration captured from the voice-coil actuator with
the applied frequency of 250 Hz. The blue dashed line represents the measured acceleration

of the emerging vibration with grey dotted line as a reference of a pure sine wave. However,
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Fig. 3.8 The measured acceleration of the VBW-32 with 250 and 100 Hz frequencies and
1.0 V voltage amplitude.

the hardware limitation makes the output frequencies inconsistent at some range of the
input frequencies. For example, whereas the measured acceleration of the VBW-32 for the
applied frequency of 250 Hz was formed similar to the pure sine wave of 250 Hz in Fig.
3.8a, for 100 Hz the acceleration had arbitrary fluctuation and was very different to the pure
sine wave of 100 Hz in Fig. 3.8b.

Fig. 3.9 presents the physical characteristics of vibrations produced by the Tacaid voice-
coil actuator. In Fig. 3.9a, the average principal frequencies of vibration outputs are shown
for each input frequency with the error bars indicating standard deviations. It can be seen
that only vibrations with input frequencies larger than 200 Hz preserved the input frequen-
cies. The operation of the voice-coil actuator for input signals with lower frequencies were
rather erratic with very large variances. This is partly due to the operating principle of a

voice-coil actuator. A voice-coil actuator contains mass and spring elements, and makes use
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Fig. 3.9 Physical characteristics of vibrations generated by the voice-coil actuator.

of their mechanical resonance to produce high-amplitude vibration. The nominal resonance
frequency of the voice-coil actuator was 250 Hz.

Vibration amplitudes in position induced by the voice-coil actuator are shown in Fig. 3.9b.
Out of 12 input amplitudes used in the experiment, the results of only 5 input amplitudes
are included for visibility. The data indicate that the magnitude gains of the voice-coil ac-
tuator were not linear. The gains were relatively low for input amplitudes in 0.1 — 0.5V,
and increased abruptly in 0.5 — 0.6 V. Further increase of input amplitude did not result
in noticeable output increases. Distinct peaks were also observed at 250 Hz, which is the

resonance frequency of the actuator.
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3.4 Experiment Il : Perceptual Characteristics

This section reports the subjective perceived intensities of cellular phone vibrations by us-
ing a voice-coil actuator with the absolute magnitude estimation [75]. Investigating the
perceived intensities would be able to provide a useful design guideline for the driving
conditions of mobile device vibration rendering. For comparing with the perceptual char-
acteristics of a voice-coil actuator, we will also provide the summary of that of a vibration

motor referred from [31, 32].

3.41 Experiment Common Methods

Experimental methods common to Experiment I will be not repeated in this section for

conciseness.

Apparatus

The hardware setup of this experiment was identical to that of Experiment 1.

Participants

Ten participants (22 — 31 years old with average 25.4) participated in the experiment for
the vibration motor, and another ten participants (23 — 31 years old with average 25.2) in
the experiment for the voice-coil actuator. All participants were everyday users of a mobile
device, and reported no known sensorimotor abnormalities. They were compensated after

the experiment.

Procedure

In order to estimate the subjective intensities of vibration perception, we used the absolute
magnitude estimation paradigm [75] (also see [18] for a review). Each participant finished
three sessions. The first session was treated as training, and its results were discarded. In
each trial, the participant held the cellular phone in the right hand, felt vibrations driven at

the corresponding voltage signal for 1 second, and typed in its absolute subjective intensity
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using a keyboard with the left hand in free scales without a standard stimulus. A next trial
began in 1 second after the participant response.

After finishing each session, the participants were asked to take a 3-min break. The
standard instructions (p. 254 in [18]) for absolute magnitude estimation were translated in
Korean and presented to the participants before beginning the experiment. Throughout the
experiment, the participants wore headphones that played white noise to prevent any audi-
tory effects from the mobile phone. It took about 15 — 30 minutes to finish the experiment
per each participant.

Input signals for the vibration motor were ten DC voltages in 1 — 5.5 V with 0.5 V step
size. Those for the voice-coil actuator were 24 sinusoidal waveforms the parameters of
which were the combinations of 6 frequencies (220, 250, 260, 280, 300, and 320 Hz) and
4 amplitudes (0.6, 0.8, 1.0, and 1.2 V). 250 Hz was included instead of 240 Hz since 250
Hz was the nominal resonance frequency. The selected parameter range included the well-
responding range of the voice-coil actuator observed in Experiment I. The order of input

signals to be presented was randomized per each session and each participant.

Data Analysis

The results of each participant were normalized following [44]. We first computed the ge-
ometric mean (M) of the all responses from the last two sessions for each participant, and
the grand geometric mean (My) of the responses of all conditions and all participants. Then,
a normalization constant for the participant was computed by M, = Mg /M),. This nor-
malization constant was multiplied to the responses of the participant to obtain normalized

perceived intensities.

3.4.2 Results: Vibration Motor

The perceived intensities of mobile device vibrations produced by the vibration motor were
averaged across all participants, and the results are shown in Fig. 3.10. The error bars rep-
resent standard deviations. Overall, the average perceived intensity tended to increase with

applied voltage, but its increase rate was slowed down after v > 3.5 V. Indeed, Tukey’s
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Fig. 3.10 Mean perceived intensities of the vibration motor measured in [31, 32].

HSD test confirmed that the perceived intensities for v > 3.5 V were not statistically dif-
ferent (7(0.95;9,190) = 4.53; minimum significant difference = 2.72). This suggests that
for the vibration motor used in the experiment, driving the motor with higher voltages than

3.5 V is not beneficial for perceived vibration strength, while using more electric power.

3.4.3 Results: Voice-coil Actuator

Average perceived intensities for the voice-coil actuator are provided in Fig. 3.11 for each
input frequency and Fig. 3.13. Overall, given an input amplitude, the perceived intensities
exhibited an inverted V-shape as a function of frequency with distinct peaks at 250 Hz. The
perceived intensities of 250 Hz vibration were much larger than those of the other frequen-
cies for all input amplitudes. This was because the voice-coil actuator had the largest am-
plitude gain at 250 Hz (Fig. 3.9b) and the detection threshold was also the smallest around
250 Hz (Fig. 3.12). Except the vibrations of frequencies 250 and 260 Hz, the other vibra-
tions resulted in fairly low perceived intensities smaller than 5. As a result, the voice-coil
actuator should be driven with 250 Hz input signals to provide sufficiently large perceived
intensity. Other input frequencies around 250 Hz can still be used to make diverse vibration
effects, but their discriminability from 250 Hz vibration is in question due to the relatively

poor human discriminability of frequency.
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Fig. 3.11 Mean perceived intensities of the voice-coil actuator (VBW-32) measured in Ex-

periment II.
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Chapter

Vibration Perception Model

In Chapter 4, we established the vibration perception model for mobile device vibrations
by measuring subjective perceived intensities. The measured perceived intensities at the
various frequencies and amplitudes in sensation level could be used to understand the per-

ceptual characteristic of vibration actuators in a mobile device.

4.1 Experiment lll : Psychophysical Magnitude Function

As discussed earlier, perceived intensity is one of the most salient cues for mobile device
vibration. In this experiment, we measured the perceived intensities of mobile device vi-
brations for various frequencies (10 — 500 Hz) and amplitudes (6 — 45 dB SL!) using the
mini-shaker system. We then regressed a mathematical function to the measured perceived
intensities in order to obtain a psychophysical magnitude function. The function can be
used to predict the perceived intensity of mobile device vibration from its frequency and

amplitude.

411 Methods

This section presents the details of the experiment design.

I'Sensation level in decibel = 20 log,(A/AL), where A is the signal amplitude and AL is the correspond-
ing absolute limen.

30
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Fig. 4.1 Mini-shaker system used to measure perceived intensities of vibrations. The front
and roof panel is removed for illustration.

Apparatus

The apparatus used in this experiment is shown in Fig. 4.1. The key component was a com-
mercial mini-shaker (Briiel & Kjar; model 4810) that has high precision and repeatability
in a wide bandwidth (18 kHz in the unloaded condition).

The shaker was placed inside a heavy metal enclosure to prevent ambient interferences.
A cellular phone (LG Electronics; model KH-1000; size = 51.6 x 98 x 22.15 mm; weight
=120 g) was connected to the shaker through a rigid adapter, and protruded through a hole
in the top plate of the enclosure so that it could be grasped by the hand. The phone was
taken from a repair kit, and did not have a few parts such as a LCD panel. A high-precision
accelerometer (Kistler; model 8630C) was also attached inside the adapter. The total weight
of the vibrating assembly including the dynamic mass of the shaker was 183.3 g.

The shaker system was controlled by a computer using a data acquisition board under
an open-loop control scheme. An analog signal generated from the board passed through
a high-bandwidth linear power amplifier (Briiel & Kjar; model 2718), and the amplifier
output excited the shaker vertically (along the length direction of the cellular phone). The

accelerometer output was captured by a 16-bit analog-to-digital converter at a sampling rate
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of 10 kHz using the data acquisition board.

Since the shaker has frequency-dependent gains, we identified the relationship between
input (voltage command in a program) and output (vibration measured by the accelerom-
eter) in the unloaded condition. At each test frequency, the shaker was driven with sinu-
soidal voltage waveforms of ten amplitudes, and corresponding vibration amplitudes were
retrieved from the power spectrum density of measured acceleration. These vibration am-
plitudes in acceleration, Ay, were converted to equivalent amplitudes in position, Apos,
by Apos = Aacc/(27F )2, where F is the signal frequency. This is equivalent to finding
the amplitude of a sinusoidal waveform in position by integrating the sinusoidal waveform
in acceleration twice, yet more robust to noises. A straight line was then fitted to the data
using the least-square estimation, which usually showed very high accuracy (R?> = 0.99).
The inverse of the I/O relationship was used to determine a voltage amplitude for a desired
vibration amplitude. This procedure was repeated for all frequencies used in the experi-
ment.

The cellular phone on the shaker system vibrated along the length direction, and was
mechanically grounded. In contrast, other miniature vibration actuators commonly used
in mobile devices, such as a vibration motor or a voice-coil actuator, may have different
vibration directions. They also provide ungrounded feedback; the device weight is entirely
supported by the hand. However, such actuators were not eligible to Experiment I1I where
highly precise vibrotactile stimuli were required in a wide frequency range. Therefore,
our strategy was to use the shaker system, and then carefully consider the differences in

comparing and analyzing the data in Sec. 3.3 and Sec. 3.4.

Participants

Eleven university students (eight males and three females; 23 — 27 years old with an average
of 25.1; all right-handed and native Koreans) took part in this experiment. All participants
reported that they were everyday users of a mobile device and that they had no known

sensorimotor abnormalities. The participants were compensated after the experiment.
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Procedure

We measured the perceived intensities of sinusoidal vibrations generated by the shaker sys-
tem in Fig. 4.1. Five frequencies (20, 40, 80, 160, and 320 Hz) and six amplitudes (6, 10,
20, 30, 40, and 45 dB SL) were combined, resulting in a total of 30 experimental condi-
tions. Two frequencies, 10 and 500 Hz, which were included in [31] for absolute threshold
measurement were excluded in this experiment. The shaker system were unable to reliably
produce vibrations with large amplitudes at the two frequencies. It is noted that vibrotactile
signals at such low or high frequencies are rarely used in actual mobile device applications.

In order to estimate the perceived intensity, we used the absolute magnitude estimation
paradigm [75]. Each participant finished three sessions each of which presented the 30
vibrations in a random order. The first session was considered as training, and its results
were discarded. In each trial, the participant held the cellular phone in the right hand,
perceived a vibration for 1 s, and answered its perceived intensity in free scales without a
modulus (standard stimulus) using a keyboard with the left hand (see Fig. 4.3). A next trial
began in 1 s after the participant’s response. After each session, the participant was required
to take a break of three minutes. The participant wore a headphone that played white noise
to block faint sound emanating from the shaker. Prior to the experiment, the participants
were given the standard instructions of absolute magnitude estimation, which were taken
from [18, p. 254] and translated to Korean. It took approximately 30 minutes to finish the
experiment.

To command vibration amplitude in sensation level, we computed input voltage ampli-
tude to the shaker using the calibrated I/O relation described in Sec. 4.1.1 and the absolute
thresholds measured in [31] (see Fig. 4.2). We also recorded acceleration readings during
the experiment, and computed errors between the desired and measured displacements to

assess the loading effect of the participant’s hand.

Data Analysis

The results were normalized following [44]. From the data of each participant, we first

computed the geometric mean of the 60 responses from the last two sessions, M,,. The
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Fig. 4.2 Detection thresholds of sinusoidal vibrations transmitted to the hand through the
cellular phone (reprint from [31]).

Fig. 4.3 A subject performing Experiment III for measuring the perceived intensities
(reprint from [31]).

grand geometric mean of the responses of all conditions and all participants, M, was also
calculated. Then, a normalization constant for the participant was computed by M, =
M, / M. This normalization constant was multiplied to the responses of the participant to

obtain normalized perceived intensities.
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4.1.2 Results

We first computed absolute errors between the commanded and captured vibration ampli-
tudes caused by the loading effect of the participant’s hand. The absolute errors were very
small (0.98 dB on average), and did not exhibit noticeable patterns, except that they were
relatively larger at low frequencies (20 and 40 Hz). In Experiment III, however, the errors
were rather insignificant compared to the stimulation levels, thus were not compensated in

the subsequent analysis.

Psychophysical Magnitude Function

Fig. 4.4a — Fig. 4.4e show the average perceived intensities as a function of vibration am-
plitude for each frequency. In each plot, the circles represent the perceived intensities with
the error bars indicating standard deviations. At each frequency, the measured perceived
intensities linearly increased with the logarithm of vibration amplitude (note that the am-
plitude is in dB SL). In Fig. 4.4f, the same data are redrawn as a function of frequency for
each amplitude.

In all the plots, the triangles represent points taken from a best-fitting surface shown in

Fig. 4.5, which was obtained using the following non-linear regression model:

4

4 . .
log,oI =AY ai(log,y F)' + Y Bi(logy, F)', 4.1)
i=0 i=0

where [ is perceived intensity, and A and F are vibration amplitude in dB SL and frequency
in Hz, respectively. Given frequency F, this regression model is linear to A following
Steven’s power law (A is already logarithmic in sensation level)>. Modeling the exponent
and scaling constant of the power function to depend on frequency and interpolating them
using the fourth order polynomials of log;, F yielded the best fit. The best-fittings values
of «; and f3; are given in Table 4.1. R? was 0.7622, but a few large standard deviations in
Fig. 4.4b and Fig. 4.4c did not allow us to improve R? further. However, R? of the model

regressed with averaged perceived intensities was 0.9666, it is larger than that regressed

2In Stevens’ power law [60], 1 = k¢?, where 1) is a sensation magnitude and ¢ is a stimulus intensity.
Equation 4.1 is in its logarithmic form.
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Fig. 4.4: Vibration amplitude versus perceived intensity (a — e), and frequency versus
perceived intensity (f). The circles represent the measured values, and the triangles
represent those from the fitted model in Fig. 4.5.
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Perceived Intensity

Fig. 4.5 3D representation of the perceived intensities (solid lines). Also shown with a color
map is a best fitting surface.

Table 4.1 Coefficients of the psychophysical magnitude function.

Coefficient index (i) 0 1 2 3 4
o; -0.8592  1.9688  -1.5739  0.5419 -0.0682
Bi 39.6979 -90.4316 75.0109 -27.0254 3.5759

with individual perceived intensities with large deviations. It can also be confirmed visually
in the figure that the fitted surface well accounts for the measured perceived intensities.
Therefore, the model in (4.1) with the coefficients in Table 4.1 can be considered as a
psychophysical magnitude function of mobile device vibration.

Fig. 4.4f shows that for low vibration amplitudes (6, 10, and 20 dB SL) the perceived
intensity initially increased with frequency, then decreased and reached a minimum at 160
Hz, and then increased again until 320 Hz. For an amplitude of 30 dB SL, the perceived
intensities were almost constant regardless of frequency. For high amplitudes (40 and 50
dB SL), the perceived intensities formed a V-shaped curve with a minimum at 160 Hz. In
addition, the range of the perceived intensities of the same amplitudes differed by frequency.

For example, the range was 0.91 — 1.36 at an amplitude of 6 dB SL, and 9.81 — 28.15 at
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Fig. 4.6 Another 3D representation of the perceived intensities (solid lines). Vibration am-
plitudes are specified in acceleration.

45 dB SL. This indicates that the rate of growth of perceived intensity is contingent upon
vibration frequency.

The perceived intensities in Fig. 4.5 are redrawn in Fig. 4.6 where vibration amplitudes
are specified in acceleration. Given frequency, the perceived intensity increased monoton-
ically with amplitude. Given amplitude, the perceived intensity tended to decrease with

frequency, which is consistent with a finding in [74].

Growth Rate of Perceived Intensity

Whether the rate of growth of perceived intensity with vibration amplitude depends on fre-
quency was a controversial issue [28], with the rate of growth represented by the exponent
in Steven’s power law. For instance, Verrillo and Capraro showed when the thenar emi-
nence was stimulated by a contactor of 0.28 cm? area without a surround, the exponents
of two different frequencies (60 and 250 Hz) were very similar [69]. In contrast, a recent
study by [42] demonstrated clear frequency dependence when a cylindrical handle with 30
mm diameter was grasped in the hand with a much larger contact area. Both studies used

the magnitude estimation to measure perceived intensity.
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Fig. 4.7 Exponents of Steven’s power law estimated in Experiment III.

Motivated by this, we ran linear regression to find the average slopes of perceived inten-
sity increases for the five frequencies tested in Experiment II, which correspond to the expo-
nents of the power function. The results are provided in Fig. 4.7 with standard errors. With
increasing frequency, the exponents initially decreased from 0.036 at 20 Hz to 0.027 at 160
Hz, and then increased to 0.029 at 320 Hz, in a U-shape. ANOVA verified that frequency
was statistically significant for the exponent (F(4,40) = 3.67, p = 0.0122). Therefore,
our data also indicate that vibration frequency affects the rate of sensation growth.

In order to compare our results in Fig. 4.7 with the previous results in [42] and [69], we
converted the exponents in Fig. 4.7 in sensation level (ag4;) to those in acceleration (d,q)
by a;.c = 20ag (can be easily derived from the power law and the definition of sensation
level). The results are summarized in Table 4.2, where values not measured in the studies
are interpolated from the neighbor exponents. Compared to [42] and [69], the exponents
measured in Experiment III were apt to be larger at the same frequencies, ranging in 0.55
—0.72. As the experimental methods used in the three studies were not identical, finding
direct causes for the larger exponents is not straightforward. However, the most pronounced
difference seems to be the contact area; the mobile phone used in the present study stimu-

lated a much larger area on the fingers and the palm. Thus, the exponent differences may
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Table 4.2 Exponents of Stevens’ power law representing the rate of sensation growth. Vi-
bration intensities are in acceleration (um/s?).

Frequency (Hz) 20 40 60 80 160 250 320

[69] ) ) 0.40 ) ) 0.35
[42]* 0.81 0.52 0447 046 041 044 0327
Experiment I  0.72 0.68 0.61' 0.55 0.54 0557 0.8

*: for the lateral direction (y-direction in Fig. 3.3.1). T interpolated values.

be related to the spatial summation of the PC channel.

4.2 Comparisons of Perceived Intensity

The psychophysical magnitude function for mobile device vibrations in Fig. 4.5 was mea-
sured using the shaker in the grounded condition. To evaluate its applicability, the function
was compared with the perceived intensities of the two miniature actuators in Fig. 3.10 and
Fig. 3.13. For comparison, we first obtained equal sensation contours from the shaker data,
as shown in Fig. 4.8. The equal sensation contours represent vibration frequencies and am-
plitudes that resulted in the same perceived intensity. Perceived intensities are specified on
the corresponding contours. The perceived intensities of the miniature actuators were then
mapped into the contours, and the results appeared in the upper right side of the figure. It
is evident that the parameter range covered by the shaker was incomparably broader than
those of the two miniature actuators.

For direct comparison, we interpolated the perceived intensities obtained with the shaker
so that they match the vibration frequencies and amplitudes used for the two miniature actu-
ators. The results are presented in Fig. 4.9. In Fig. 4.9a, the predicted perceived intensities
from the shaker data are shown in a dashed line, and the perceived intensities measured
using the vibration motor are in a solid line. The increasing trends of perceived intensity
were remarkably similar between the two actuators. The predicted and actual perceived in-

tensities were highly correlated, with a pearson correlation coefficient p of 0.99. The same
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Fig. 4.8 Equal sensation contours.

can be observed in Fig. 4.9b for the voice-coil actuator. The correlation was also very high,
with a coefficient p of 0.97.

However, the perceived intensities obtained using the shaker were consistently larger
than those of the miniature actuators by a large amount. In general, the perceived intensity
of vibrotactile stimulus is affected by many factors, such as vibration direction [42], grip
force [43], and weight [74]. The factors for the present study are summarized in Table 4.3.
The table suggests that a main reason was device weight difference; the total weights for
the shaker, vibration motor, and voice-coil actuators were 183.3, 120.0, and 111.6 g. It was
recently shown in [74] that mobile device weight is an important factor that increases the
perceived intensity.

The average ratio between the perceived intensities of the shaker and the vibration motor
was 138%, and that of the shaker and the voice-coil actuator was 240%, even though the
total weight difference between the vibration motor and the voice-coil actuator was very

small (8.4 g). Vibrations produced by the vibration motor was two-dimensional in the xy
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Table 4.3 Comparison of experimental setups between the three vibration actuators.

Actuator Shaker  Vibration motor Voice-coil Actuator
Vibration direction Y axis x & Y axes Y axis
Phone holding Grounded Ungrounded Ungrounded
Grip force 1.79 N 1.75N 1.75N
Total weight 1833 ¢ 1200 g 111.6 g

plane, stimulating the hand in both the fore-aft and lateral directions (corresponding to the
x- and y-axes in our notation), whereas those by the voice-coil actuator stimulated the hand
only along the lateral direction. This may have contributed to the larger perceived intensity
of the vibration motor for the same frequency and amplitude.

In addition, the current data do not clearly suggest the effects of phone-supporting con-
dition (grounded/ungrounded). The grip forces were even similar (Appendix A).

The above comparisons allow us to make two conclusions. First, the psychophysical
magnitude function measured in Experiment III can be reliable at predicting the changing
trends of the perceived intensities of mobile device vibrations produced by miniature vibra-
tion actuators. Second, the actual values of the psychophysical magnitude function needs
to be scaled up or down depending on the weight of a mobile device. Exact formulas for

the scaling is yet unknown.



Chapter

Perceptually Transparent
Vibration Rendering (PTR)

In Chapter 5, we proposed the perceptually transparent vibration rendering in a mobile
device and evaluated its benefits in term of pair-wise relative discriminability and absolute

identification.

5.1 Perceptually Transparent Rendering Framework

Consider a system that has an input x and an output y with a system function y = f(x).
If the system function is known and invertible, one can constitute an identity system by
cascading f(x) with its inverse f~!(x). This allows to obtain desired system output y by
simply setting (identity system input = desired output y), without any interferences from the
system dynamics. Needless to say, this completely “transparent” system has been pursued
in many scientific disciplines such as inverse dynamics control.

In the context of haptics, the transparency of a haptic interface has been extensively stud-
ied in order to minimize the effect of interface dynamics upon the proximal stimulus that the
user feels from the device [35]. This concept can be extended to Perceptually Transparent
Rendering (PTR) by also taking into account the corresponding perception process. Cas-

cading the haptic interface dynamics with the perception function may allow to form an I/O

44
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Fig. 5.1 Block diagrams of (a) a general system and (b) the corresponding identity system.

relation from device command to resulting percept. Using the inverse of I/O relation would
enable PTR, but it is often infeasible to empirically find such a system function due to the
associated complexity. The I/O relation, physical signal as input and perceived intensity as
output, would be defined by conducting the psychophysical experiment of each actuator,
such as Sec. 3.4, but the relation could be defined easily by using perception model ob-
tained in Experiment III and device dynamics model obtained in Experiment I. Using two
perception and device dynamics model for obtaining I/O relation is explained in Sec. 4.2.

In our previous study [53], however, we claimed that PTR can be applied to vibration
rendering in mobile devices where a vibration motor is used. It is because an I/O function
from voltage applied to the vibration motor to the perceived intensity of resulting mobile
device vibration can be modeled using a simple monotonic function [32]. As a follow-up
study, the present study experimentally demonstrates the benefits of PTR for mobile device
vibration rendering. In a psychophysical experiment, the discriminability of two vibrations
stimulated at different levels was measured, increasing the number of vibration stimuli from
4 to 7. For each case, one set was designed such that stimuli were evenly spaced in terms of
applied voltage, and the other set in terms of perceived intensity, that is, PTR was applied
to this stimulus set. The results indicated that the stimulus sets that followed the principle
of PTR led to much more reliable discrimination.

The common practice prior to PTR was that vibration patterns are designed for a phys-

ical variable (e.g., applied voltage) that will be sent to a vibration display (e.g., a mobile
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Fig. 5.2 Conceptual comparison of vibration rendering (a) without and (b) with perceptually
transparent rendering.

phone with a vibration motor), as shown in Fig. 5.2(a). The exerted vibration by the dis-
play is then processed by the human central nervous system. However, the dynamics of the
vibration display and the complex human perception may seriously distort the perceived
vibration effect from the original design intention. For example, when a vibration pattern
that increases linearly with time is transmitted without PTR as is in Fig. 5.2(a), a target
perceptual attribute, the intensity of vibration perceived by the user, may grow nonlinearly
(see [53] for concrete data). This makes it difficult for the designer to predict what percep-
tual effects will be obtained by the vibration patterns s/he is designing. In PTR, the forward
relation with vibration command as input and target percept as output is modeled, and its
inverse relation is used for vibration rendering, as shown in Fig. 5.2(b). Thus, the user can
design a vibration effect with regards to the target percept, and the vibration command that

will induce the intended percept is autonomously computed in a rendering program.

5.2 Experiment IV: Pair-wise Discrimination of Simple Sinusoid Vibra-
tions

Experiment IV was aimed at evaluating the benefits of the perceptually transparent render-
ing of mobile device vibration in terms of the pairwise discriminability of two vibrations

driven with different voltages.
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(a) Experimental environment. (b) Cellular phone.

Fig. 5.3 Experimental environment and apparatus.

5.2.1 Methods

This section describes the details of experiment design.

Apparatus

A mock-up cellular phone (LG Electronics; KH-1000; size = 51.6 X 98 x 22.15 mm;
weight = 101.6 g) that includes a vibration motor (LG Innotek; MVMF-A345A; 10 mm
diameter) was used to generate vibration in this experiment. The vibration motor was con-
trolled by a PC through a data acquisition board (National Instruments; PGI-6229). The
same phone was used in our previous studies that investigated some perceptual characteris-

tics of mobile device vibration, such as perceived intensities in Chapter 4.

Participants

Ten students (20 — 26 years old with average 22) participated in this experiment. They were

experienced users of a mobile device, and reported no known sensorimotor abnormalities.

Stimuli

The stimuli used in this experiment were defined using two independent variables: design
method (without/with PTR) and the number of voltage levels (1). The traditional stimulus
design for n-level vibration stimulation has been simply using n applied voltages that are

evenly spaced between 0 V and the maximum allowed voltage. For example, we can obtain
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Fig. 5.4 A psychophysical magnitude Fig. 5.5 Inverse of the psychophysical
function for mobile device vibration. magnitude function shown in Fig. 5.4.

the applied voltage of level i using Eq. 5.1a, where the maximum voltage to our vibration
motor is 5.5 V. When the other design method, PTR is used, applied voltages are deter-
mined so that the perceived intensities of resulting vibrations are evenly arranged. In this
experiment, we used Eq. 5.1b taken from [53]. This is the inverse relation of a mapping
from applied voltage to perceived intensity obtained using the same cellular phone via the

absolute magnitude estimation in our previous study [32] (see Fig. 5.4 and Fig. 5.5).

. 55-(i/n), without PTR (5.1a)
Y| 07436 £1984 /M with PTR (5.1b)

Procedures

Each participant completed eight sessions defined by four numbers of stimuli (n = 4, 5, 6,
and 7) and two stimulus design methods (without/with PTR). The 3-level design was not
tested for its very high discriminability measured in previous work [51]. On each trial, two
stimuli, V; and V; (i # j), were randomly chosen from the n-level design of the applied
voltage. 3-IFC (3-Interval Forced Choice) method was applied to present two stimuli se-
quentially. For example, V; was presented in one of three interval and V; was presented

twice in other two interval, and vice versa. Vibrations driven with V; and V; were presented
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Fig. 5.6 Average percent correct scores.

to the participant for 1 sec through the cellular phone, with 500 msec inter-stimulus inter-
val. The participant was asked to answer the location of a differently perceived vibration
in 3 intervals by pressing a corresponding key on a keyboard. Each stimulus sequence was
repeated for 10 times in each session. The order of session presentation was randomized
per each subject.

During the experiment, the participant was asked to hold the phone comfortably with the
right hand while resting the right elbow on a cushion, as shown in Fig. 5.3a. The participant

typed in responses with the left hand using the keyboard. The participant wore a headphone

to block any auditory cues.

5.2.2 Results

The results of this experiment are summarized in Table 5.1 in terms of confusion matrices.
A percent correct score in each cell indicates the average rate at which the corresponding
vibration presented in one test interval was perceived differently in the experiment. When
PTR was not used, the performance began to degrade with increase number of stimulus
levels, even reaching the coin toss probability in the data of 4 stimulation levels (see the
yellow cells in Table 5.2a). PTR, on the other hand, maintained high percent correct scores

for all stimulation levels. And a yellow-marked cell of which score is lower than 50 is
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Table 5.1 Confusion matrices obtained in the Experiment IV
1 2 3 4 1 2 3 4
1 - 97 100 99 1 - 92 99 100
2 8 - 74 93 2 8 - 87 98
3 99 77 - 48 3 96 8 - 78
4 97 98 47 - 4 100 97 73 -
(a) 4 stimulation levels, Without PTR (b) 4 stimulation levels, With PTR
1 2 3 4 5 1 2 3 4 5
I - 99 99 99 99 1 - 93 99 99 100
29 - 81 91 98 2 92 - 79 96 98
3 99 74 - 48 74 3 99 68 - 83 91
4 100 90 59 - 49 4 99 97 76 - 55
5 97 9% 79 44 - 5 99 9 91 68 -
(c) 5 stimulation levels, Without PTR (d) 5 stimulation levels, With PTR
1 2 3 4 5 6 1 2 3 4 5 6
1 - 99 100 100 100 100 1 - 88 97 98 99 100
2 9 - 83 96 99 098 2 90 - 72 92 99 098
3 94 62 - 76 91 95 3 9779 - 77 94 97
4 99 91 71 - 55 66 4 97 93 71 - 76 86
5 97 96 87 49 - 38 5 98 96 94 70 - 56
6 100 99 93 74 47 - 6 96 99 94 96 59 -
(e) 6 stimulation levels, Without PTR (f) 6 stimulation levels, With PTR
1 2 3 4 5 6 7 1 2 3 4 5 6 7
1 - 97 99 97 99 100 100 1 - 78 95 98 98 99 98
2 91 - 78 95 97 97 99 2 71 - 80 90 98 100 98
3 98 70 - 75 89 96 95 3 92 73 - 68 95 96 99
4 98 90 5§85 - 56 72 79 4 100 83 66 - 64 93 93
5 98 97 80 48 - 38 56 5 98 96 88 68 - 56 79
6 97 95 89 60 50 - 41 6 99 98 97 91 59 - 50
7 99 92 87 73 49 49 . 7 98 100 93 93 8 51 -

(g) 7 stimulation levels, Without PTR

(h) 7 stimulation levels, With PTR
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Table 5.2 Summary of the statistical analysis of the correct responses in each stimulation

level.
All data Adjacent data only
F(1,9) p F(1,9) p
4 14.53 0.0041 13.35 0.0053
5 16.84 0.0027 10.53 0.0101
6 27.99 0.0005 21.15 0.0013
7 12.87 0.0059 2.33 0.1612

shown at only 7 stimulation level.

The data in the confusion matrices were pooled to attain the average percent correct
scores of conditions without/with PTR. The results are shown in Fig. 5.6 along with the
error bars representing their standard errors. Fig. 5.6a shows the average scores including
all comparison pairs in the confusion matrices, and Fig. 5.6b those of comparison pairs be-
tween adjacent levels only. It is evident in the figures that PTR showed better performance,
particularly when only adjacent stimulation levels were considered. This observation is
supported by the results of two-way ANOVA where in both data sets the number of stim-
ulation levels (all data: F(3,27) = 6.43, p = 0.0020, adjacent only: F(3,27) = 20.67,
p < 0.0001) and the stimulus design method (all data: F(1,9) = 30.54, p = 0.0004,
adjacent only: F(1,9) = 20.36, p = 0.0015) were shown to be statistically significant,
but their interaction was not. Enhancing percent correct scores with PTR in most stimu-
lation level was statistically confirmed by Table 5.2 which represented statistical analysis
of correct scores without/with PTR in each stimulation level. However, in 7 stimulation
level, difference between without/with PTR was shown to be statistically significant when

considering adjacent data only.
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5.3 Experiment V: Absolute Identification of Simple Sinusoid Vibra-
tions

Experiment V was also aimed at evaluating the benefits of perceptually transparent ren-
dering of mobile device vibration in terms of the absolute identification of each vibration

driven with different voltages.

5.3.1 Methods

This section describes the details of experiment design.

Apparatus

We used the same cellular phone used in Experiment IV. The details about the cellular

phone was explained in 5.2.1.

Participants

Ten students (18 — 25 years old with average 21.9) participated in this experiment. They
were experienced users of a mobile device, and reported no known sensorimotor abnormal-

ities.
Stimuli

The stimuli design defined by using two variables, design method and the number of voltage
levels, was same to that in Experiment IV. The applied voltages were determined by using

Eq. 5.1a for Non-PTR, Eq. 5.1b for PTR.

Procedures

Each participant completed ten sessions defined by five numbers of stimuli (n = 3, 4,
5, 6, and 7) and two stimulus design methods (without/with PTR). Before each session,
the learning of all n-level vibrations were repeated at three times. After then, a stimulus,
Vi, was randomly chosen from the n-level design of the applied voltage on each trial. A

vibration driven with V; was presented once to the participant for 1 sec through the cellular



5.3. EXPERIMENT V: ABSOLUTE IDENTIFICATION OF SIMPLE SINUSOID

VIBRATIONS 53
100
—A— PTR
—@- Non-PTR
90
X
9 80 A
c
o
a
B 70 A
x
B
g 60 -
<)
O
50 A
oA . . . — 4
3 4 5 6 7

Stimulation Level

Fig. 5.7 Average percent correct scores.

phone. The participant was asked to answer which vibration among previously learned
n-level vibrations is same to the presented stimulus by pressing a corresponding key on
a keyboard. Each stimulus test trial was repeated for 20 X # times in each session. For
example, there are 60 trials in a session for 3 stimuli level. The order of session presentation
by stimulus design methods was balanced per each subject, but that by the number of stimuli
was randomized in each stimulus design method.

During the experiment, the participant was asked to hold the phone comfortably with the
right hand while resting the right elbow on a cushion, as shown in Fig. 5.3a, and then the
participant typed in responses with the left hand using the keyboard. The participant wore

a headphone with white noise to block any auditory cues.

5.3.2 Results

The results of this experiment are summarized in Table 5.3 in terms of confusion matrices.
A percent correct score in each cell indicates the average rate at which the vibration was
absolutely identified in the experiment. Overall performance of the percent correct score,
similar to the result of Experiment IV, was higher when PTR was used. When PTR was
not used, the performance began to degrade with increase number of stimulus levels, even

reaching the coin toss probability in the data of 6 stimulation levels (see the yellow cells
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Table 5.3 Confusion matrices obtained in the Experiment V
1 2 3 1 2 3
1 93 7 0 1 99 1 0
2 2 74 24 2 0 97 3
3 0 12 88 30 6 94
(a) 3 stimulation levels, Without PTR (b) 3 stimulation levels, With PTR
1 2 3 4 1 2 3 4
1 9% 4 0 0 1 97 3 0 0
2 0 78 22 0 2 0 8 14 0
30 9 66 25 3 1 2 93 4
4 0 1 29 70 4 0 0 13 87
4 stimulation levels, Without PTR (d) 4 stimulation levels, With PTR
1 2 3 4 5 1 2 3 4 5
1 98 2 0 0 0 1 97 3 1 0 0
2 1 70 26 2 0 2 4 8 13 0 0
3 3 5 589 30 3 30 10 77 13 O
4 1 1 17 58 23 4 0 0 14 67 19
5 0 0 4 40 57 5 0 0 1 25 74
(e) 5 stimulation levels, Without PTR (f) 5 stimulation levels, With PTR
1 2 3 4 5 6 1 2 3 4 5 6
1 94 4 2 0 0 0 1 91 9 0 0 0 0
2 0 81 18 1 0 0 2 20 69 9 2 0 0
30 8 63 26 2 1 3 1 7 79 13 1 0
4 0 0 20 49 23 7 4 1 0 27 57 15 O
5 0 0 3 24 49 24 5 0 0 3 27 54 16
6 0 0 2 13 40 45 6 0 0 0 6 27 67
(g) 6 stimulation levels, Without PTR (h) 6 stimulation levels, With PTR
1 2 3 4 5 6 7 1 2 3 4 5 6 7
1 8 11 0 0 0 0 0 1 76 23 1 0 0 0 0
2 14 74 11 1 0 0 0 2 34 61 4 0 0 0 0
3 1 10 83 27 7 1 1 3 2 20 74 4 0 0 0
4 0 4 20 29 31 14 1 4 2 2 46 43 6 1 0
5 0 0 5 26 34 28 7 5 0 0 7 48 28 16 1
6 0 0 3 14 32 33 18 6 0 0 1 11 33 38 16
7 0 0 0 4 19 43 33 7 0 0 0 1 7 40 51
7
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Table 5.4 Summary of the statistical analysis of the correct responses in each stimulation
level.

Diagonal data

F(1,9) p
3 9.10 0.0146
4 20.87 0.0013
5 9.44 0.0133
6 5.97 0.0371
7 0.79 0.3970

in Table 5.4g). PTR, on the other hand, maintained high percent correct scores for all
stimulation levels. When the stimulation level becomes higher, there is little difference of
average scores without/with PTR.

With the diagonal data in the confusion matrices, the average percent correct scores of
conditions without/with PTR were attained. The results are shown in Fig. 5.7 along with
the error bars representing their standard errors. It is evident in the figures that PTR showed
better performance similar to the result of Experiment IV. This observation is supported
by the results of two-way ANOVA where the number of stimulation levels (F(4,36) =
55.42, p < 0.0001) and the stimulus design method (F(1,9) = 18.54, p = 0.0020) were
shown to be statistically significant, but their interaction was not. Except 7 stimulation
level, average percent correct scores are enhanced in most stimulation level and it is shown
to be statistically significant (see Table 5.4 which represented statistical analysis of correct

scores without/with PTR in each stimulation level).

5.4 General Discussion

The results of this experiment shed some insights on how to design vibratory patterns in
mobile devices, for example, for tactons. The tactons are structured tactile messages that
are studied mostly for mobile devices by Brewster and Brown [3]. They have conducted a

number of studies to test which parameters are good candidates to encode information in,
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e.g., frequency [7, 11], amplitude [6, 8], duration[4], thythm [7, 22], and body site [22].
In particular, it was asserted that magnitude was not an effective parameter with which
different meanings can be delivered [7]. We presume that such results might have been due
to the fact that the perceptual characteristics of mobile device vibration were not adequately
considered in the design of magnitude levels. The present study showed the possibility that
more than five vibratory stimuli can be reliably discriminated from each other in a mobile
device.

In our pilot study, the difference limens of mobile device vibration perception with re-
spect to voltage applied to the device were measured. It is generally known that if V; + DL;
is larger than V; 1, then vibrations driven with V; and V1 would not be reliably discrimi-
nated. For example, in 4 stimulation level design without PTR, the applied voltage of V3 is
4.13 V, and the DL for v = 4.13V is 2.02 V. Since the applied voltage 5.5 V of V; is lower
than summation of applied voltage of V3 and DL, we could expect that two vibrations of
V3 and V4 would be not discriminated. The results of applied voltages for other stimulation

level designs are similar to results of Experiment I'V.



Chapter

Benefits of PIR for Vibrotactile
Melody

In previous Chapter 5, we presented the perceptually transparent vibration rendering (PTR)
and its evaluation by using a simple sinusoidal vibration. The reduced perceptual distor-
tion of vibrations by using PTR can make users to perceive each vibration exactly. Since
using the simple sinusoidal vibrations was suitable to explain the benefits of PTR, but it is
still lacking for the feasibility of advanced vibrotactile feedback in mobile devices. There-
fore, it is necessary that the benefits of PTR is going to be discussed by using vibrotactile
melodies like Tacton and Hapticon which are practical usage in present mobile devices.
In this chapter, we will describe the vibrotactile melody and its advantage, and evaluate
the discriminability of two kinds of vibrotactile melodies which have constant strength and

time-varying strength.

6.1 Vibrotactile Melody

A vibrotactile melody consists of rhythm, frequency, and amplitude which are being var-
ied with time. In previous research, they investigated the perceptual characteristics of
pure simple sinusoids and researches about Tacton and Hapticon which is combined with

rhythm have been progressing [3, 15, 32, 53]. Most researches have resulted commonly

57
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that rhythm is most influencing factor for discriminating vibrotactile messages [63, 66].
Recently, Ternes et al. has resulted that rhythm is main factor on the perceptual distances
between vibrations in MDS plot, but frequency and amplitude of vibrations are also influ-
encing secondarily to the perceptual distance [64]. However, Hapticons that Ternes made
have various rhythm, but fixed frequency and amplitude to each rhythm [63]. In order to
make more rich Tacton or Hapticon, we suggest that not only rhythm, but also frequency
and amplitude can be varied with time.

In our study, we build vibrotactile melodies by combinations of rhythm and perceived
intensity. Since the frequency and amplitude of a vibration motor is correlated as shown in
Sec. 3 and the frequency discriminability of vibrotactile perception is relatively inferior, the
strength coding is applied to make vibrotactile melodies, not coding with frequencies and
amplitudes independently. It means that we consider the perceived intensity of vibrations

as a dimension to design vibrotactile melodies.

6.1.1 Classification of Vibrotactile Melody

The vibrotactile melody can be classified into five configuration form as below.

e Binary Vibration
The binary vibration with on/off fashion has been used generally in most mobile
device. There are two states which are vibration emanation and no vibration.

e Multiple Strength Vibration

In contrast to the binary vibration, the multiple strength vibration has many number of
perceived strength, but still without rhythm. The maximum number of designable N-
level strength vibrations is N 4 1 including O to N level strength. The zero strength

means that there is no vibration.

e Vibration with Rhythm

Most Tacton and Hapticon has a rhythm which is combination of ’Note’ and "Rest’.

The Tactons and Hapticons have various form of rhythm by how to arrange the notes
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and rests. However, in this case, they have fixed vibration strength of every notes,
generally maximum strength that a vibration actuator can generate. We represent
a time unit as a ’Beat’, and a beat has two conditions of note and rest. So, the
rhythm with k beats can be represented as k-bit binary code, 0 represents a rest and 1
represents a note. The maximum number of designable vibrations with rhythm is 2,

when the rhythm has k beats.

e Constant Strength Vibrotactile Melody

The constant strength vibrotactile melody (CS melody) is based on the vibration with
rhythm and multiple strength vibration. The CS melody has a rhythm and all notes of
CS melody equally have one of the N-level vibration strength. The number of the CS
melodies could be simply determined by N - (Zk) represented by combinations of the
2% rhythms with k beats and N-level strength. However, there are N duplicated state
of no vibration, so we have to discard (N — 1) duplications. Therefore, the maximum
number of designable CS melodies is N - (25) — (N —1) = N - (28 — 1) + 1, when

N is the number of vibration strength and k is the number of beats.

e Time-Varying Strength Vibrotactile Melody

The time-varying strength vibrotactile melody (TVS melody) is the extension of the
CS melody. The difference between them is whether each beat of melodies can have
an individual strength. For example, when there are two beats for a melody, two
beats for CS melody have equal strength and the number of melodies is 3N + 1.
But, two beats for TVS melody can have different strength which are combination
of both N + 1 strength of one beat and N + 1 strength of another beat including
zero strength. In this case, the maximum number of designable melodies with two
beats is (N + 1)2. Therefore, the maximum number of designable TVS melodies is

(N + 1)k , when N is the number of vibration strength and k is the number of beats.

The maximum number of designable melodies with k rhythm beats is represented in Fig.

6.5. As shown in the figure, it is obvious that many melodies can be made by TVS types
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Fig. 6.1 The number of designable melodies for each kind of the vibrotactile melody (the
number of vibration strength (N) is fixed to 4).

than any other types of melodies. The vibration with rhythm, CS melody, and TVS melody
have the exponentially increased number of designable vibrations. However, the increase

rate of the TVS melody is very larger than others.

6.2 Experiment VI: Discrimination between Constant Strength Melody
and Time-Varying Strength Melody

In this experiment, we design CS and TVS melodies and evaluated whether the discrim-

inability of two melodies become higher when using PTR.

6.2.1 Methods

This section describes the details of experiment design.

Apparatus

We used a mock-up cellular phone (LG Electronics; model KH-1000) with a vibration
motor (LG Innotek; MVMF-A345A; 10 mm diameter) that was used in Experiment IV and
V. The details about the cellular phone was explained in 5.2.1.
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Participants

Eleven students (19 — 26 years old with average 22.7; 9 males and 2 females) participated
in this experiment. They were every day experienced users of a mobile device, and reported

no known sensorimotor abnormalities.

vibrotactile Melodies

We designed 8 vibrotactile melodies with the combination of four vibration rhythm and
two vibration strength type, CS and TVS. Each rhythm represents in Fig. 6.2, dotted and
dashed lines represent CS and TVS melodies, respectively. For determining four vibration
rhythm, we used dissimilarity data in Ternes’ research [64]. The rhythms with the highest
dissimilarity rate were chosen and were slightly modified for using them in our research.
Basically, they have high dissimilarity between each other.

Vibration strength for melodies divided into the level of 4. We designed adjacent notes
in TVS melodies to have different level of vibration strength, in contrast, all notes of CS
melodies with equal 4 level strength. Especially, the 1 level vibration strength has been
discarded due to unperceptable intensity when note duration is short. The unperceptable in-
tensity was caused by the hardware limitation of a vibration motor, large transient response

time until generating vibrations with stable intensity.

Procedures

In order to estimate the discriminability of vibrotactile melodies, we used the 3 IFC (3
Interval Forced-Choice) Oddity method. The standard melody is delivered in two inter-
vals, and the test melody in other interval. The location of test melody in three intervals
was determined randomly. The participants were asked to find the location of differently
perceived melody in 3 interval. The standard and test melodies provided in each trial had
same rhythm, but different strength variation type, CS or TVS. The experimental conditions
were 16 (2X2X4) which were two cases of CS melody as standard/test melody, two render-
ing methods (without/with PTR), and four rhythms. Since all conditions were repeated 10

times, each participant was presented with 160 trials and it took about 40 minute. We asked
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Fig. 6.2 CS and TVS melodies with 4 different rhythms.

the participants to take a break for a long time they want in every 32 trials. The order of
trials was randomized per participant.

After discriminability experiment, automatically next experiment for subjective rating of
vibrotactile melodies was conducted. The participants were asked to choose one of two CS
and TVS melodies with same rhythm by a metric of enjoyment, easiness to identify, pref-
erence for alternating the ring-tone and alarm of cellular phone. 8 experimental conditions
that were combination of four rhythm and two rendering method (without/with PTR) were
presented randomly.

Prior to the experiments, every vibrotactile melodies were presented to participants at
one time for training. During the experiment, the participant was asked to hold the phone
comfortably with the right hand while resting the right elbow on a cushion, as shown in
Fig. 5.3a. The participant typed in responses with the left hand using the keyboard. The

participants were a headphone in order to block any auditory interference.

6.2.2 Results

With PTR, the discriminability of CS and TVS melodies was improved. The correct re-
sponse rates of discriminability between the CS melody and TVS melody were 60.45 %
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without PTR, 73.3 % with PTR. The participants could discriminate CS and TVS melodies
with the average correct response rate of two third. Since the CS and TVS melodies have
high discriminability, we can use both CS and TVS melodies in order to deliver different
message. In this case, using the PTR can improve the worth of TVS melodies.

In order to discriminate CS melody and TVS melody, the participants should identify the
relative variation of perceived strength at a moment of strength change. If a TVS melody has
just two adjacent notes with large variation of perceived strength, it is enough to discrimi-
nate CS melody which has no change of perceived strength between adjacent notes. That is,
the higher pairwise discriminability of pure sinusoid could affect the identification of TVS
melody and make the discriminability between CS and TVS melodies to be higher. For
example, there are two adjacent notes with 3 and 4 level strength at 4 stimulation level. In
our previous experiment in Sec. 5.2, the pairwise discriminabilities of pure sinusoids with
3 and 4 level strength at 4-level stimulation level are 75.5 % with PTR and 47.5 % without
PTR. Without PTR, the two adjacent notes can not be discriminated in half of trials, so the
participants feel there are no changes of perceived strength. Since the two adjacent notes are
perceived as equal strength, a TVS melody with the notes would be misidentified as a CS
melody. Due to the misidentification, the correct response rate of discrimination between
CS and TVS melodies could be decreased. Therefore, the improvement of pure sinusoid
discriminability with PTR can improve the discriminabilty of CS and TVS melodies.

Fig. 6.3 shows that the discriminability of vibrotactile melody can be varied via rhythm.
The rhythm 1 and 3 have high discriminability of average 81 %, but the rhythm 2 and 4 have
discriminability of average 54 %. However, the different discriminability among rhythms
would be caused by the relative strength difference of adjacent notes in each rhythm. The
strength level of the rhythm 1 and 3 has been changed as 4-3-2-3-4, 4-2-3, respectively.
As shown results of experiment in Sec. 5.2, the discriminabilities of 2 level and 4 level
were 97.5 % with PTR, 95.5 % without PTR, those of 2 level and 3 level were 86 % with
PTR, 75.5 % without PTR. Those discriminabilities were higher then that of 3 level and
4 level which were composed in rhythm 2 and 4. Since the average discriminabilities of

adjacent notes in rthythm 1 and 3 were higher than that in rhythm 2 and 4, the participants
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Fig. 6.3 The correct response rate of the discriminability between CS and TVS melodies.

could identify well TVS melodies with rhythm 1 and 3. Therefore, to design a TVS melody
which can be discriminate to a CS melody, it is required that the melody has notes which
have high pairwise discriminability between them.

With ANOVA analysis, rendering method (without/with PTR) (F(1,10) = 43.28,p <
0.0001) and rhythm (F(3,30) = 40.51, p < 0.0001) has a significant effect on the dis-
criminability between CS and TVS melodies. There is no significant interaction of two
factors.

By subjective rating, 59 % of all participants rated that TVS melody feels to enjoy it, but
only 27 % of them rated that TVS melody is easy to identify. The participants said that no
change of vibration strength among melody notes can be felt to be clearly identified, but
time-varying strength is felt fresh and fun. Also, only 33 % of them preferred TVS melody
to be alternative to the ring-tone and alarm of a cellular phone. They said that the ring-tone
and alarm must be perceived definitely due to their importance, so the CS melody they can
clearly identify is better to replace the ring-tone and alarm. However, in other applications

for fun, emotion, and user interaction, users would prefer TVS melody.
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6.3 Experiment VII: Pairwise Discrimination of Time-Varying-Strength
Melodies

In this experiment, we design nine TVS melodies and evaluated whether the discriminabil-

ity of melodies become higher when using PTR.

6.3.1 Methods

This section describes the details of experiment design.

Apparatus

We used the same cellular phone used in Experiment VI. The details about the cellular

phone was explained in 5.2.1.

Participants

Ten students (18 — 32 years old with average 23.7) participated in this experiment. They
were every day experienced users of a mobile device, and reported no known sensorimotor

abnormalities.

vibrotactile Melodies

We designed nine TVS melodies which were combination of three different rhythms and
three strength variations for each rhythm. The rhythms were three of 4 rhythms in Fig. 6.2,
they had different number of notes. In pilot tests, we designed four strength variations, such
as gradually increase, gradually decrease, the shape of *V’, and the shape of inverse *V’.
By the results of pilot tests for each rhythm, the three strength variations among them were

determined to have high pairwise discriminability.

Procedures

In order to estimate the pairwise discriminability of vibrotactile melodies, we used the 3
IFC (3 Interval Forced-Choice) Oddity method. The number of trials were 720 (9X8X2X5)
by pairs between nine TVS melodies (9X8), two rendering methods (without/with PTR),
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Fig. 6.4 Nine TVS melodies.
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and 5 repetitions. It took about 3 hours, the participants participated this experiment in two
days, one and half hour per a day. We asked the participants to take a break for a long time

they want in every 36 trials. The detailed procedures were same in Sec. 6.2.1.

6.3.2 Results

The correct response rates of the pairwise discriminability of TVS melodies with same
rhythm were 84.6 % with PTR and 73.4 % without PTR. There was about 11 % improve-
ment of discriminability when using PTR. However, the correct response rates of the pair-
wise discriminability of TVS melodies with different rhythm were 96 % with PTR and
98 % without PTR, so there was no difference of discriminability by PTR. In this case, in
ANOVA analysis, the PTR has a significant effect on the pairwise discriminability of TVS
melodies with same rhythm (F(1,9) = 22.96, p = 0.0010), but no significant effect for TVS
melodies with different rhythm (F(1,9) = 1.77, p = 0.2157).

The improvement of discriminability with PTR would be caused by the high discrim-
inability of adjacent two notes in TVS melody. As discussed in Sec 6.2.2, the higher
correctness of relative strength variation at a moment by using PTR could improve the
identification of TVS melodies. For example, The discriminabilities of TVS melodies of
number 7 and 8 were 84 % with PTR, 60 % without PTR. There is 24 % improvement
of discriminability. The difference between the two melodies of number 7 and 8 was the
different strength of third and fourth notes. The strength flow of third and fourth notes was
3-to-4 of TVS melody 7, 2-to-2 of TVS melody 8. If participants can recognize the slight
increase of 3 to 4 strength of melody 7, they can discriminate no change of two notes with
equal 2 strength of melody 8. Therefore, much more improvement of discriminability of 7
and 8 TVS melodies than other pairs by PTR showed that the correctness of discriminability
between TVS melodies also would be affected by whether users can recognize the relative
strength variation of adjacent notes.

There was also much more improvement of discriminability of TVS melodies of num-
ber 2 and 3 by PTR. The discriminabilities of the two melodies were 88 % with PTR, 66

% without PTR. However, there was no different strength of adjacent two notes like TVS
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melodies of number 7 and 8. The strength flows of two melodies were quite different,
gradual decrease form of melody 2, arbitrary increase form of melody 3. Also, the dura-
tions of every notes of two melodies were 0.125 seconds, it was very short for participants
to perceive the strength of each note exactly. We suspect that the 22 % improvement of
discriminability by PTR would be caused by the clear absolute identification of each note,
even if they have short duration. Based on previous experiment of absolute identification of
pure sinusoids in Sec. 5.3, average absolute identification rates were 90 % with PTR, but
77 % without PTR when stimulation level was 4. Also, participants said that, by PTR, they
could clearly identify the strength of each notes and easily imagine the strength flow via
notes. The reduced ambiguity of perceived strength among melody notes by PTR improves
that users can imagine easily the flow of the strength variation via notes. Therefore, since
they can identify absolutely each TVS melody, the overall discriminability with PTR was
improved.

The rhythm is most important factor for identifying vibrotactile melodies [63, 66]. That
showed identically in our results. The average discriminability of melodies with differ-
ent rhythm was 97 %. In contrast, the discriminability of melodies with same rhythm
was 84.6 % even if using PTR. It showed that the correctness of rhythm identification is
higher than that of strength variation. However, if we design a vibrotactile melody care-
fully, the discriminability of melodies with same rhythm could be improved. The 5 and 6
TVS melodies have same rhythm and different strength variation, but the discriminability
of them was 100 %. Also, 4 and 5 TVS melodies have the discriminability of 94 %. Gen-
erally the rhythm is most influencing factor for vibration identification, however the TVS

melodies with careful design could become more effective .

6.4 General Discussion

As shown in Sec. 6.1, the TVS melody has wide variety of the number of designable
melodies by combination of N-strength level for k-beat. Its wide variety can make tac-
ton/hapticon to be colorful, and they can use effectively in commercial cellular phones.

However, the designer’s creativity should be required to select a vibrotactile melody in very
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Table 6.1 Confusion matrices obtained in the Experiment VII. (The melodies in shaded

cells have same rhythm.)
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large designable pool of melodies. Also, the designed melody would be adaptable to the

purpose of applications and the meaning of sending messages. The enjoyment is one of the

advantages of TVS melody. In previous subjective rating, many users responded that TVS

melodies were felt funny, so that the funny TVS melodies may enhance a user’s emotional

feeling. If it is possible that the TVS melody would be designed to resemble the music, the

designer’s emotion can be sent to listeners.

The correctness of melody identification was improved when using PTR. Most users

could perceived a strength sequence varying with time in some degree, but, using PTR can

make the correctness of perceiving the strength to be higher. We suspected that the im-
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Fig. 6.5 The pairwise discriminability of TVS melodies.

provement is caused by enhancement of perceiving the strength of each notes in melodies
by PTR. That reason was convinced by the results of the pairwise discrimination and ab-
solute identification of pure sinusoid vibrations in Sec. 5.2 and 5.3. The improvement
of melody identification by PTR will advance the usefulness of TVS melodies with wide

variety and enjoyment property.



Chapter

PTR-Embedded Graphical
Vibration Pattern Editor

In this Chapter 7, we present a graphical authoring tool of vibratory patterns for multiple

vibration motors, named “posVibEditor”. The posVibEditor supports

e Graphical editing of vibration patterns,

Drag-and-drop design paradigm,

Systematic management of vibration patterns,

o XML formats in data files for extensibility,

Multichannel vibration pattern design,

Quick test of designed patterns by using a internal player, and

Perceptually transparent rendering [53].

7.1 posVibEditor
7.1.1  Overview of User Interface and Internal Structure

The posVibEditor consists of three major panels for user interface. They are labeled with

(a), (b), and (c) in Fig. 7.1. Panel (a) is named as the vibration pattern manager, and

71
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Fig. 7.1: Screenshot of the posVibEditor.

is workspace for managing and grouping formerly designed vibration patterns. Multiple
groups of vibration patterns can be administrated using the tabs located in the bottom of the
panel, improving the reusability. Panel (b) is the vibration pattern editor in which a vibration
pattern can be designed via drag-and-drop by moving control points overlaid on the pattern.
Several pre-defined pattern templates are also supported. Panel (¢) is the multichannel time-
line interface. A designed pattern can be inserted into this timeline interface for composing
complex multichannel vibration patterns that would be synchronously played via multiple
vibration motors. We note that all of the three panels support drag-and-drop for quick and
easy design of vibration patterns.

The three user interface components interact with five internal functional modules, the
data structure manager module, XML loader, PTR module, player module, and hardware
communication module (Fig. 7.2). Further details on each user interface component and

associated internal modules will be presented in the rest of this chapter.
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Fig. 7.2 Internal structure of the posVibEditor.

7.1.2 Vibration Pattern Management

All files used in the posVibEditor, e.g., for vibration patterns, database for vibration pattern
management, and multichannel configurations, are saved in the XML (eXtensible Markup
Language) formats using MSXML (Microsoft Core XML Service) 6.0 . The XML file
format has three major characteristics — structurability, extensibility, and interoperability [2,
20]. Since the XML format supports a hierarchical deep nested structure, vibration patterns
that have many parameters can be saved in a highly structured form. The XML format
can be easily extended to include new parameters by simply adding new corresponding
tags defined freely by the developer, without changing the file structure or the program for
loading the files. The interoperability of the XML file format also allows designed vibration
patterns to be used in all platforms, such as Windows, Linux, Mac, and even embedded
system.

The XML schema used to represent vibration patterns is shown in Fig. 7.3. A vibra-
tion pattern file should have ‘VIBSEG’ tag as a root node with ‘BASETIME’, ‘NAME’,
‘TYPE’, and ‘CTRPOINT_LIST’ tags as child nodes. The ‘BASETIME’ tag defines the
start time of a vibration pattern and can be ignored if the start time is zero. The ‘NAME’

tag defines the unique name for the vibration pattern. The ‘TYPE’ tag specifies which of
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Fig. 7.3 The XML schema for saving (a) a vibration pattern and (b) a multichannel config-
uration.

the three types of vibration patterns designable in the vibration editor (see Sec. 7.1.3 for
further details) is used for the vibration pattern. For this, the current posVibEditor supports
three strings: ‘curve’, ‘line’, and ‘sine’. The ‘CTRPOINT_LIST’ tag is to store the list of
control points consisting in the vibration pattern and has one more ‘CTRPOINT’ tags. The
‘CTRPOINT’ tag has ‘TIME’ and ‘INTENSITY" attributes to describe the start time and
vibration magnitude of a control point.

Vibration patterns can be administrated using the vibration pattern manager. Vibration
patterns designed using the vibration pattern editor (see Sec. 7.1.3) can be registered in the
database of the vibration pattern manager, grouped for efficient management, and reused
later. To register a vibration pattern into the manager, the designer can select the corre-
sponding tab on the multi-tab panel in the bottom of the vibration pattern editor, and drag
and drop the tab into an adequate location in the vibration pattern manager. The regis-
tered vibration pattern is automatically grouped and sorted as an item in the active vibration
group. The vibration pattern manager enables the structured storage of vibration patterns
and improves the overall reusability of the patterns, in the efficient manner using the fairly
standard GUI.

Among the five internal modules shown in Fig. 7.2, two modules, the data structure
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Fig. 7.4 Three types of vibration pattern supported in the posVibEditor: (a) curve, (b) line,
and (c) sine waveform.

(c) Sine

manager module and the XML loader are responsible for the vibration pattern manager. As
implied in their names, the data structure manager module is in charge of dealing with the
data for vibration patterns and multichannel timeline. The XML loader saves and reads data

in the XML schema to and from an external storage such as a hard disk.

7.1.3 Vibration Pattern Editing and Play

The vibration pattern editor of the posVibEditor (see panel (b) in Fig. 7.1) provides user
interface for designing vibration patterns and playing them on the spot. The designer can
begin pattern design by choosing one of predefined types of vibration patterns. The current
version supports three types: curve, line, and sine waveform (see Fig. 7.4). A segment
in the curve pattern consists of two control points, and the control points are interpolated
using Catmull-Rom spline [10]. The line waveform also uses two control points for each
segment. The sine waveform requires three control points. The time and value of the first
control point defines the start time and DC offset, respectively. The amplitude of the sine
waveform is determined by the difference between the values of the first and second control

points. The last control point determines the finish time.
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To edit a vibration pattern, the designer can move control points overlaid on the pattern
using a mouse. The left button of the mouse is used for mostly moving a control point
to a new position, and the right button for adding and deleting a control point. To add a
new control point, the designer presses the right button on a control point near which s/he
wants to add a new control point. Then a new control point is created beside the selected
control point, and the designer can drag the new control point to a desired position while
keeping the right button pressed. A control point can be deleted by pushing the left or right
button on it and dragging it outside of the editor panel. Multi-tab interface (see the bottom
of the editor) is also provided for simultaneous design of multiple vibration patterns. This
intuitive multi-tab interface with the drag-and-drop leads to high accessibility, convenience,
and efficiency in vibration pattern design, even for novice users.

A designed vibration pattern can be played and tested using the internal player. The
player interface is located in the right of the vibration editor window. When PTR is used, the
internal player converts a desired perceived intensity profile into the corresponding voltage
sequence using the PTR module, and then transmits the voltage command to the vibration
hardware through serial communication. When PTR is not used, a voltage vibration pattern
is directly sent to the hardware. Using the internal player, the designer can repeat the design
and test of vibration patterns quickly and easily, significantly accelerating the whole design
process.

The internal player uses the multimedia timer supported in Microsoft Windows. Since
the multimedia timer has 1 ms resolution for timing update, the maximum sampling rate
for sending a vibration waveform to the hardware is 1 kHz. At present, we set the sampling
rate to 200 Hz considering the computation time for the vibration pattern interpretation,
the communication time with the vibration hardware, and the typical actuation delay of
vibration motors.

Three internal modules, the PTR, internal player, and hardware communication modules,
take care of the user interface for vibration pattern editing and playing. The current com-
munication module uses the serial communication port in a PC, but can be easily extended

to support more communication means if necessary.
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7.1.4 Multichannel Timeline Interface

The multichannel timeline interface (panel (c) in Fig. 7.1) is incorporated in the posVibEd-
itor in order to support the design and test of simultaneously controlled vibration patterns
for multiple vibration motors. Using a number of vibration motors for interesting and ef-
fective vibration feedback is very common in haptics and VR research (see [12] for a recent
example). The multichannel timeline configuration is also saved in the XML format follow-
ing the schema shown in Fig. 7.3b. The root node ‘MULTICHANNEL’ has ‘CHANNEL’
tags. Each of the ‘CHANNEL’ tag has ‘CHAN_NAME’ tag, ‘MOTOR_ID’ tag, and several
‘VIBSEG’ tags, which define a unique channel name, the ID of a vibration motor corre-
sponding to the channel, and vibration patterns to be played in the channel (as defined in
Fig. 7.3a), respectively.

Using the multichannel timeline interface, a designer can create multiple channels each
of which corresponds to a specific vibration motor, and arrange desired vibration patterns on
the timeline corresponding to the channel. This multichannel timeline design is commonly
used in video and audio editing tools. Our multichannel timeline interface for vibration
editing is conceptually the same to that of traditional video and audio editors, in that mul-
tiple vibration “clips” can be organized along the common timeline and that an individual
vibration channel is mapped to a vibration motor similarly to an audio channel mapped
to a speaker in the audio system. The drag-and-drop manipulation is also supported in
the multichannel interface. To our knowledge, this multichannel feature is unique in the
posVibEditor among haptic authoring tools.

For communicating with the vibration hardware, we use serial communication from a
PC to our custom controller for multiple vibration motors. Information for driving multi-
ple vibration motors is encoded in a custom-designed protocol using seven bytes for each
channel in every frame. One byte is used for a starting flag, and three bytes are for device
number, motor number, and vibration level, respectively. The other three bytes duplicate
the data bytes for validation. This protocol can be easily extended to take care of other types

of vibration hardware if necessary.
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7.1.5 Perceptually Transparent Rendering

A much more intuitive design mode supported by the posVibEditor is based on the concept
of Perceptually Transparent Rendering (PTR) previously proposed in Chapter 5. The com-
mon practice prior to PTR was that vibration patterns are designed for a physical variable
(e.g., applied voltage) that will be sent to a vibration display (e.g., a mobile phone with a vi-
bration motor), as shown in Fig. 5.2a. The exerted vibration by the display is then processed
by the human central nervous system. However, the dynamics of the vibration display and
the complex human perception may seriously distort the perceived vibration effect from the
original design intention. For example, when a vibration pattern that increases linearly with
time is transmitted without PTR as is in Fig. 5.2a, a target perceptual attribute, the intensity
of vibration perceived by the user, may grow nonlinearly (see [53] for concrete data). This
makes it difficult for the designer to predict what perceptual effects will be obtained by the
vibration patterns s/he is designing.

In PTR, the forward relation with vibration command as input and target percept as out-
put is modeled, and its inverse relation is used for vibration rendering, as shown in Fig.
5.2b. Thus, the user can design a vibration effect with regards to the target percept, and
the vibration command that will induce the intended percept is autonomously computed in
a rendering program. This strategy minimizes the perceptual distortion of vibration ren-
dering, and was shown to improve the pairwise discriminability of vibratory stimuli in a
mobile phone [51].

The design mode for PTR implemented in the posVibEditor considers vibration voltage
command to a mobile device as input and perceived vibration intensity as output, based
on our previous findings on their relations [53, 54]. A vibration pattern can be authored
for the perceived intensity of vibration that the user would experience. Then, a module
responsible for PTR included in the form of a script in the posVibEditor automatically
converts the pattern into voltage values to be sent to a vibration motor in the mobile device.
This capability for perceptually transparent rendering is one of the features unique to the

posVibEditor.
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Table 7.1: Summary of the functionalities of the Haptic icon prototyper, the VibeTonz,
and the posVibEditor.

Haptic Icon

Prototyper [62] VibeTonz [25] posVibEditor
Authoring stimulus Force Vibration Vibration
Used actuator Rotary knob Vibration motor Vibration motor
Designable pattern type Various Trapezoidal form only Various
Drag-and-drop O O O
Internal player (0] (0] 0]
Multichannel timeline AN X 0]
Multiple actuators X X 0]
Perceptually transparent % X 0

rendering

* Timeline interface for multiple haptic attributes is included for a single channel haptic
knob.

7.2 Comparison with Other Editors

Despite the numerous applications of vibrotaction (see [1] for review), effort for developing
software tools that enable easy and quick authoring of haptic effects has been somewhat
scarce. MacLean et al. presented the “Hapticon Editor” in which haptic icons for a rotary
knob can be graphically designed [15]. This editor was subsequently extended to the haptic
icon prototyper [62]. In this editor, force profiles with respect to time can be designed using
graphical user interface (GUI), and the designed haptic icons can be saved and reused using
a palette. A player of the haptic icons is also included. The editor also supports the import
capability of force profiles captured from a real knob. This editor can also be used for
designing vibration effects, although it is more suited to kinesthetic feedback with a haptic
knob.

Another recent notable authoring tool is the VibeTonz system [25] developed by Im-
mersion Corp. This commercial tool provides GUIs for designing vibrotactile effects to be

used in mobile devices. Drag-and-drop is also supported. The target vibration actuator is
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a vibration motor inside a mobile device, thus vibration patterns are designed in terms of
voltage applied to the motor [53]. A unique feature of the VibeTonz system is autonomous
generation of vibrotactile patterns from a MIDI file containing music, mostly relying on the
rhythm information.

Table 7.1 summarizes the main functionalities of the Hapticon Editor, the VibeTonz, and
our posVibEditor. To the best of our knowledge, we are not aware of vibration editing

software other than the Hapticon Editor and the VibeTonz.



Chapter

Vibration Rendering in Other
Application

As technology advances, more functions have been, and continue to be added to the vehicle,
resulting in increased needs for improved user interfaces. In this article, we investigate
the feasibility of using vibrotactile feedback for in-vehicle information delivery. First, we
measured the spectral characteristics of ambient vibrations in a vehicle, and designed clearly
distinguishable sinusoidal vibrations. We further selected via dissimilarity rating the four
sets of sinusoidal vibrations which had three to six vibrations. Second, we evaluated the
learnability of the vibration sets when associated with common menu items of a Driver
Information System (DIS). We also replaced the two most confused sinusoidal vibrations

with vibrotactile melodies, and assessed the degree of learnability improvement.

8.1 Stimulus Design

Two vibrotactile stimuli that are close in time or space can mask each other, thereby making
one stimulus imperceptible or at least feel significantly weaker [28]. This section describes
how we designed vibrotactile signals free from the masking problem associated with ambi-

ent in-vehicle vibrotactile noise.
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8.1.1 Spectral Characteristics of Ambient Vibration

For vibrotactile signal design, we first measured the internal vibration of a relatively old
sedan (year = 1996; mileage = 270,000 km) using a three-axis accelerometer (Kistler; model
8630C), at three locations (center fascia, gear lever, and steering wheel) under four driving
conditions (stationary/unclutched, stationary/clutched, driving at 60 km/h on a paved city
road, and driving at 100 km/h on a highway). The measured time-domain acceleration data
were transformed into the frequency domain using the FFT (Fast Fourier Transform), and
then the amplitude at each frequency was converted to equivalent displacement. The per-
ceived intensities of the vibrations were assessed as a function of frequency by comparing
the displacement amplitudes to the corresponding absolute detection thresholds (Absolute
Limens; ALSs) of sinusoidal vibrotactile stimuli. The ALs, taken from [27], were for the case
in which vibrotactile signals were transmitted through a ball-type tool held in the hand. The
ball-type tool, out of all tools the ALs of which are available in the literature, is the most
similar to the haptic knob used in our study.

The results clearly demonstrated that the spectral energy of the ambient in-vehicle vibra-
tion concentrated below 60 Hz, and that energy above 60 Hz was barely perceptible to the
driver. The steering wheel was exposed to more intense vibrations than the other two test
locations, due to its direct mechanical connection to the front wheels. The findings suggest
that in order to avoid temporal masking, vibrotactile signals for in-vehicle information de-
livery need to have a principal frequency significantly higher than 60 Hz. Regrettably, in
order to conform to a non-disclosure agreement made with an anonymous funding sponsor,

we cannot provide more detailed results on the spectrum measurements.

8.1.2 Apparatus and Experiment Setup

To produce vibrotactile signals, we used a mini-shaker (Briiel & Kjer; model 4810; see
Fig. 8.1) with high precision and repeatability in a wide bandwidth (DC — 18 kHz). A knob
controller (Griffin Technology; model PowerMate; radius = 53.8 mm, height = 33.4 mm,
weight = 110 g) was mounted on the mini-shaker using a custom-made adapter. A high-

precision accelerometer (Kistler; model 8636C10) was installed inside the adapter. See



8.1. STIMULUS DESIGN 83
(PowerMate)
|

Accelerometer

Fig. 8.1 Mini-shaker system used in all experiments.

[27, 54] for further details about the control and calibration of the apparatus.

During the experiments, participants sat in front of a computer monitor and grasped the
haptic knob with the thumb, index finger, and middle finger of the right hand. They were
instructed to watch the monitor screen that displayed text information necessary for the
progress of experiments. They also wore headphones that played white noise to block audi-
tory noises emanating from the mini-shaker. The apparatus and experimental arrangements

were common to all experiments reported in this chapter.

8.1.3 Selection of Sinusoidal Vibration Parameters

As presented in Sec. 8.1.1, the frequency range of perceptible in-vehicle vibrotactile noise
had the upper bound of 60 Hz. For stimulus design, we determined through experimentation
the lowest frequency of a sinusoidal stimulus that could be reliably discriminated from
a 60 Hz signal. Five volunteers participated in the experiment. The experiment used the
three-interval, forced-choice paradigm, and had 20 trials in total. In ten trials, two randomly
selected intervals contained the 60 Hz reference signal while the other interval contained
the test signal. In the other ten trials, the test signal was presented in two intervals, and the
reference was presented in the other interval. The test stimulus had a frequency higher than
60 Hz. All signals had an amplitude of 30 dB SL (sensation level in decibel; relative to the

ALs of the ball-type tool in [27]), and were 1 s long with an inter-stimulus interval (ISIT) of
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Table 8.1 Single-tone vibrations used in the experiments.

ID 1 2 3 4 5 6 7 8 9

Frequency (Hz) 80 8 8 80 80 80 140 140 140

Amplitude (dB SL) 20 20 20 30 30 30 20 20 20
Duration (s) 05 10 20 05 1.0 20 05 1.0 20

1D 10 11 12 13 14 15 16 17 18
Frequency (Hz) 140 140 140 250 250 250 250 250 250

Amplitude (dB SL) 30 30 30 20 20 20 30 30 30
Duration (s) 05 10 20 05 1.0 20 05 1.0 20

500 ms. The order of trials was randomized per participant. In each trial, the participant
perceived vibrations in the three intervals, and answered which interval presented a different
signal using a keyboard with the left hand.

By increasing the frequency of the test signal and repeating the experiments, we found
that vibrations need to have a frequency higher than 80 Hz in order to be distinguishable
from the 60 Hz signal with average discriminability higher than 95%. Then, we performed
the same experiment with the 80 Hz signal as a reference. The experiment demonstrated that
the lowest signal frequency with average discriminability higher than 95% from the 80 Hz
vibration was 140 Hz. Another repetition with 140 Hz as a reference frequency yielded
250 Hz. As a result, we selected 80, 140, and 250 Hz for the frequencies of sinusoidal
vibrations to be used in the subsequent experiments.

For each signal frequency, two values for amplitude, 20 and 30 dB SL, and three values
for duration, 0.5, 1.0, and 2.0 s, were combined. Vibration amplitudes lower than 20 dB SL
were excluded to ensure clear perception, and those higher than 30 dB SL could not be
properly generated by the mini-shaker system. The difference of 10 dB SL afforded reli-
able discrimination. Duration is a major contributing factor to vibrotactile discrimination
[34, 66], and sinusoidal vibrations with the three durations could be easily distinguished.
Durations shorter than 0.5 s were not used since they can be too short to result in stable
percepts [70]. Durations longer than 2 s seem excessively long for information delivery. By
combining the three frequencies, two amplitudes, and three durations, 18 sinusoidal signals

were determined in a full factorial design, as shown in Table 8.1.
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By design, the 18 sinusoidal signals were salient against in-vehicle ambient vibration
and could be robustly discriminated pair-wise for single parameter changes. Discriminabil-
ity for multi-dimensional variations (e.g., two signals different in both amplitude and fre-
quency) was considered in Exp. VIII by estimating the perceptual distances between all
vibration pairs.

In the stimulus design, we did not consider vibrotactile signals with continuously vary-
ing frequency, even though such a pattern could have been easily induced with the shaker
system. It was because we considered the Linear Resonant Actuator (LRA) as the most
appropriate vibrotactile actuator for implementing a practical system. The LRA is small,
has a much shorter response time than a vibration motor, and has been widely used in mo-
bile phones with a full touch screen. The frequency band of LRA, however, is centered
at its resonance frequency and thus very narrow. As such, the LRA is not effective for
generating signals with continuously varying frequency. Embedding several LRAs with
different resonance frequencies into the haptic knob can be the most practical solution for

our application.

8.1.4 Detection Thresholds for Haptic Knob

To command vibration intensities at a sensation level in the main experiments, we measured
the ALs of sinusoidal vibrotactile stimuli perceived via the haptic knob at the frequencies
of 80, 140, and 250 Hz. The 79.1% correct ALs were obtained using the three-interval,
one-up three-down adaptive staircase method [36]. Three participants, all members of our
research team, took part in the experiment. The procedure used in the experiment follows
that in [27], except for the tool held in the hand.

The measured ALs are shown in Fig. 8.2, along with the ALs for a spherical tool [27].
The ALs of the haptic knob were much larger than those of the ball-type tool. A primary
reason is the difference in contact areas; the contact area of the ball-type tool (= 11 cm? on
average [27]) is much larger than that of the haptic knob grasped by the three fingertips of
the thumb, index finger, and middle finger. The AL values were used to command vibration

intensities in the following experiments.
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Fig. 8.2 Absolute thresholds for the haptic knob.

8.2 Experiment VIII: Perceptual Distance

In Experiment VIII, we measured the perceptual distances between all pairs of the 18 sinu-

soidal vibrotactile signals.

8.2.1 Methods

Ten paid participants (five males and five females; 20 — 27 years old with an average age
of 24.6) participated in Experiment VIII. The performance of tactile perception (e.g., tac-
tile sensitivity) deteriorates with age [70]. We also tend to become more conservative in
accepting new interfaces. Thus, all experiments in this chapter used young participants to
control the age band.

In each trial, the participant was presented with a pair of vibrations selected from the 18
sinusoids (Table 8.1) via the haptic knob. The pair was either one of the 153 (= 18 x 17/2)
pairs of different sinusoids for measuring perceptual distances, or one of the 18 pairs of
same sinusoids for providing the reference of zero perceptual difference. In order to prevent
participant fatigue, the experiment was undertaken in two sessions. In the first session, for
a vibration pair i and j (i < j), vibration i was presented first, and then vibration j with

an ISI of 500 ms. The order was reversed in the second session. Each session involved
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189 (= 153 + 18 x 2) trials using the 18 pairs of same sinusoids twice. The presentation
order of vibration pairs was randomized per participant and session. The results of the two
sessions were pooled for data analysis.

The participants rated the perceptual dissimilarity of vibration pairs on a scale of 0 — 100
using a keyboard. A rating guide was provided to the participants as follows: 0 = the two
vibrations feel identical; 20 = the vibrations are fairly similar and difficult to discriminate;
40 = the vibrations are similar but discriminable in some degree; 60 = the vibrations are
discriminable but with some difficulty; 80 = the vibrations are discernibly different and
easy to discriminate; and 100 = the vibrations are completely different. During training, the
participants experienced the pairs of same vibrations to form the perceptual anchor of score
0.

The measured perceptual distances were averaged across participants, and collectively
summarized in a dissimilarity matrix. From the matrix, we determined the sets of vibrations
that yielded the highest discriminability as follows. The discriminability of a set was defined
as the sum of perceptual distances between all vibration pairs in the set. Specifically, for a

set of vibration signals, Q, the discriminability of Q) is

Q)= 3, d(Gj) (8.1)
i,jEQ,i#]

where d(i, j) is the perceptual distance between vibrations 7 and j. Then, given the num-
ber of vibrations to be used for information delivery, N, we found a set with the highest
discriminability, Q*, such that 4(Q*) > d(Q) for all Q with |QQ] = N, by exhaustively
computing d(Q) for all Q and selecting one with the largest d(Q). This search utilizes the

finite and relatively small search spaces and guarantees a global maximum.
To determine how many vibrations to use, we surveyed the average number of top-level
menu items in commercial DISs and noticed that it did not exceed six. Thus, we obtained

four best vibration sets with three to six elements (N = 3 — 6) via the global search.
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8.2.2 Results

The average perceptual distances between vibration pairs are shown in the dissimilarity
matrix (Table 8.2). Elements with high scores (> 70) are marked in boldface with shaded
background. From the dissimilarity matrix, we determined the sets of sinusoidal vibrations
with the greatest discriminability. For N = 3,4, 5, 6, the sets were {6, 13, 18}, {4, 6, 13,
18}, {4, 6, 13, 15, 18}, and {1, 4, 6, 13, 15, 18}, respectively. The selected vibrations
had a frequency of either 80 or 250 Hz and a duration of either 0.5 or 2 s (Table 8.1); no
vibrations with a 140 Hz frequency or a 1 s duration were chosen. Vibrations 6, 13, and 18
were included in all the best sets.

An optimal set found by d(Q) in (8.1) may include elements that are too close to each
other. Therefore, we further applied MDS on the dissimilarity matrix to map the sinusoids
to points in a 2D perceptual space while preserving their perceptual distances. The MDS
plot in Fig. 8.3 shows that the mapped points form an approximate circle. The six most
discriminative vibrations (1, 4, 6, 13, 15, and 18), which are represented by dark points,
were placed on the boundary of the circle without abnormally close pairs. This adds further
confidence to the discriminability between the selected vibrations. We used the four best
vibration sets in the next experiments.

In comparison to the previous studies, Experiment VIII is unique in that only high-
frequency sinusoidal vibrations were considered to avoid masking by ambient in-vehicle

vibrotactile noise. We also note that all three parameters were treated in a unified manner.

8.3 Experiment IX: Learnability of Single-Tone Vibrations

In Experiment IX, we estimated the learnability of the most discriminative vibration groups
determined in Experiment IX when they were mapped to common menus for secondary

function control in a vehicle.
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Fig. 8.3 2D perceptual space of sinusoidal vibrations estimated in Experiment VIII. The
dark points represent the six most discriminative vibrations.

8.3.1 Methods

The experiment had four experimental conditions differing in the number of vibration-menu
relations used (3 — 6). A total of 80 paid participants (40 males and 40 females; 20 — 32
years old with an average of 24.7) were recruited and randomly assigned to one of four
groups in a between-subjects design. Each group had 20 participants (10 males and 10
females) and was devoted to measuring learnability under one experimental condition. All
male and 25 female participants were students attending the authors’ institution, and the
other 15 female participants were not. In particular, all female participants used for five and
six vibration-menu relations were the students. This was to balance educational background
between genders in the more difficult conditions.

The vibrotactile signals determined in Experiment VIII were associated with the six top-
level menu items common in commercial DISs and navigation systems: radio, MP3 & CD,

air conditioner, navigation, DMB (Digital Multimedia Broadcasting), and DVD player. A
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mapping from the sinusoidal vibrations to the menu items was randomly assigned for each
participant and each experimental condition. Each participant experienced the mapping
once prior to the experiment.

In each trial, a randomly selected vibration signal was presented to the participant via the
shaker system. The participant felt the vibration through the haptic knob, and used a mouse
to select a corresponding graphical menu displayed on a monitor screen. A correct-answer
feedback was given by showing both the participant’s response and the correct answer on
the screen. Trials were repeated until it was judged that the participant had completely
learned the mapping.

Learning completion was declared if a series of correct answers was encountered. In
the series, all mapping relations must be answered correctly at least twice. Any incorrect
answer would reset the series of correct answers. If a series of correct answers was found in
trials between n and m (n < m), learning completion was recorded at trial # — 1. This rule
counts the number of trials needed for complete memorization. It is adequate to the context
of driving applications since complete memorization allows a driver to control secondary
functions more quickly.

For performance evaluation, we counted the number of trials necessary to complete learn-
ing. This number was normalized by the number of vibration-menu relations of the exper-
imental condition, thereby providing the number of whole relation repetitions required for
complete memorization. We also recorded the number of errors made during the learning

process.

8.3.2 Results and Discussion

The results of Experiment IX are summarized in the two plots of Fig. 8.4. Fig. 8.4a shows
the average numbers of repetitions necessary for the complete learning of vibration-menu
relations for each experimental condition, and Fig. 8.4b shows the average numbers of
errors made during the learning process. Data for the male and female participants were
also presented in all plots. The error bars represent standard errors.

The average numbers of repetitions required to learn three and four vibration-menu re-
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lations were quite low: 1.1 and 2.2, respectively. However, the performance of five and six
relations was considerably worse. Five relations seemed usable for the male participants
(average number of repetitions = 4.0), but not for the female (average number of repetitions
=12.5). The average number of repetitions for six relations (= 31.6) was too high to be used
in practice, regardless of the gender. The error numbers shown in Fig. 8.4b also exhibited a
similar trend. One-way ANOVA confirmed that the number of vibration-menu relations had
statistically significant effects on both the number of repetitions (F(3,72) = 30.66,p <
0.0001) and the number of errors (F(3,72) = 29.43, p < 0.0001).

The female participants tended to require more prolonged training than the male to com-
pletely learn five and six vibration-menu relations. The differences were statistically sig-
nificant in both the number of repetitions (F(1,72) = 9.42, p = 0.0030) and the number
of errors (F(1,72) = 8.34,p = 0.0051). In contrast, Experiment VIII did not exhibit
noticeable gender differences in the perceptual distances between vibrations. No statis-
tically significant effects of the gender were found, either in all data of Experiment VIII
(F(1,1528) = 0.78,p = 0.3776) or in the data of the 15 pairs with high perceptual
distances marked in Table 8.2 (F(1,148) = 0.28,p = 0.5946). Therefore, the gender
difference in learnability implies different performances in associating vibrations and menu
items between the male and female participants.

As all menu items were for electronic devices in a vehicle, a subject in which males gen-
erally take a greater interest in, we suspected that this might have caused the learnability
difference. Thus, we conducted another follow-up experiment using the six items that fe-
males are more familiar with: BB (Blemish Balm) cream, lip gloss, eye shadow, leggings,
flat shoes, and high heels. Ten participants (five males and five females) who were students
of the authors’ university participated in this experiment. Prior to the experiment, the par-
ticipants rated the familiarity of the items in a 5 point Likert scale. The average ratings by
the male and female participants were 2.53 and 4.13, respectively. However, the average
number of repetitions needed for learning was still smaller in the male participants (14.8)
than in the female participants (27.9). The ratios of the numbers between genders were also

similar, 2.12 for the DIS menus and 1.88 for the female familiar items. Thus, it is unlikely
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Fig. 8.4 Results of Experiment IX.

that familiarity to menu items affected the learnability difference in Experiment IX.

In neurophysiology, several related studies demonstrated gender differences, such as the
lateralization of brain function of working memory [59] and brain activation by tactile stim-
uli [55]. It was also reported that males prefer the tactile/kinesthetic resource for learning
new information more than females [26, 57]. However, we were unable to find very direct
accounts for the learnability difference observed in Experiment IX; the question seems to
be an open issue.

Learnability degradation became apparent when vibration 15 was included in the five
vibration set, and vibration 1 was included in the six vibration set. According to the exper-

imental record, vibration 15 was confused with vibration 18, and vibration 1 with vibration
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4. The confused pairs were different only in amplitude (see Table 8.1). It appears that
the 10 dB SL amplitude difference is sufficient for discrimination, but not when meaning
association is involved.

This experiment quantified the ability to memorize the meanings of simple sinusoidal
signals associated with common secondary function menus in a vehicle. Our results demon-
strated relatively low capability, with discernible differences observed between the genders,
even though the signals varied in all of the three parameter dimensions with large perceptual
distances. The reported data can also be used as a baseline to evaluate the learnability of

more complex vibrotactile messages. Such data have been relatively rare in the literature.

8.4 Experiment X: Learnability of Vibrotactile Melodies

In Experiment X, we replaced the two sinusoids (vibrations 1 and 15) that significantly
degraded learnability in Experiment IX with vibrotactile patterns, and repeated the same

experiment.

8.4.1 Methods

Two vibrotactile patterns were designed by combining the features of the sinusoidal vibra-
tions. One pattern, denoted by P1, used frequency hopping in a short duration (upper panel
in Fig. 8.5). Each bar in the figure represents a time interval during which the correspond-
ing frequency signal is played. Frequency variation in such a wide range can be effective
for discrimination, as shown in Experiment VIII. The other pattern, P2, changed rhythm
at a fixed frequency (80 Hz) in a longer duration (lower panel in Fig. 8.5). The rhythm
is one of the most distinguishable characteristics of effective vibrotactile patterns [63, 66].
The pattern imitated the rhythm of a song used in a popular TV commercial. All pattern
components had an amplitude of 30 dB SL.

In this experiment, the vibration set consisted of the four sinusoids (vibrations 4, 6, 13,
and 18) and the two patterns. We recruited another 20 paid participants (10 males and 10
females; 20 — 28 years old with an average of 24.8), and measured the learnability of six

vibration-menu relations. The other procedures were identical to those of Experiment IX.
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Fig. 8.5 Two vibrotactile patterns used in Experiment X.

8.4.2 Results and Discussion

The results of Experiment X are summarized in Fig. 8.6. The average number of repetitions
necessary for learning six vibration-menu relations decreased from 31.6 in Experiment IX to
6.9 in Experiment X, and the average number of errors decreased from 51.9 in Experiment
IX to 8.7 in Experiment X. In terms of the number of repetitions, the use of vibrotactile
patterns resulted in a performance improvement of 457%. For statistical analysis, we pooled
the data of Experiment IX for six vibration-menu relations and the data of Experiment
X, and performed two-way ANOVA with experiment number and gender as independent
variables. The use of the vibrotactile patterns in Experiment X had statistically significant
effects in both the number of required repetitions (F(1,36) = 23.73, p < 0.0001) and the
number of errors (F(1,36) = 23.92, p < 0.0001). This proves that the use of vibrotactile
patterns demonstrably aids in the memorization of associated meanings. The gender was
also a statistically significant factor in both metrics (F(1,36) = 6.87, p = 0.0128 and
F(1,36) = 8.68, p = 0.0056, respectively).

To gain further insight, we computed the average rates of correct responses recorded in

trials before learning was completed. These results are shown in Fig. 8.7 for each vibration
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signal. In Experiment IX where only sinusoidal vibrations were used, the average correct
response rates were in 55.3 — 84.5% with a grand mean of 72.8%. In Experiment X, the four
sinusoidal vibrations resulted in similar rates (69.4 — 83.3%; grand mean = 74.4%), but the
two patterned vibrations resulted in much higher rates (86.7 — 92.2%; grand mean = 89.5%).
We also counted the number of participants who did not make any incorrect responses
during learning in Experiment X for each vibration signal. The average numbers were 12.5
(out of 20 participants) for the two patterns and 8.25 for the four sinusoids. This comparison
clearly indicates that including the patterned signals significantly enhances learnability.

We also suspected that the excellent learnability of the two patterned signals may posi-
tively affect the learnability of the other four sinusoidal vibrations, but such interaction was
not observed. The average correct response rate of the four sinusoids in Experiment X (=
74.4%) was slightly less than that in Experiment IX (= 77.8%). On the other hand, this
implies that further improvements in learnability can be achieved if the four sinusoids are
replaced with well-designed vibrotactile patterns.

In Experiment X, the average duration of vibration signals was 1.18 s. Considering
the time needed to enter a response, a trial took about 3 s on average. Since 6.9 average
repetitions were necessary to learn 6 vibration-menu relations, the average time required
to finish the experiment was around 2 minutes (3 s X 6.9 X 6 = 124.2 s). Therefore, the
learnability of the four sinusoids and two patterns used in Experiment X can be regarded as
acceptable. We still expect more improvement if all adequately designed patterns are used
as vibrotactile messages.

In summary, the results of Experiment X provide a quantitative comparison, in terms of
the learnability under the context of driving applications, between using sinusoids only and

including vibrotactile patterns.
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Chapter

Conclusion and Future Work

In this thesis, we first investigated the physical and perceptual characteristics of two minia-
ture vibration actuators and provided guidelines to control them. According to the guide-
line, we recommend that the increasing of the driving voltage above 3.5 V applied to the
vibration motor is not necessary to provide stronger sensations and the voice-coil actuator
should be controlled with narrow bandwidth frequencies around the resonance frequency to
generate desired vibration effects.

Additionally, we measured the perceived intensities at various frequencies and ampli-
tudes for mobile device vibration. The measured perceived intensities of vibrations can be
used to configure the perception model represented with the frequency and amplitude in
sensation level. For the precise prediction of perceived intensities, the computational model
for vibration perception in mobile device has an important role when vibrations have broad-
band frequency. To evaluate its applicability, we compared perceived intensities predicted
by using the model to the perceptual data of two miniature actuators. The high correlation
of comparison results guarantees the feasibility of predicting perceived intensities of mobile
device vibration without any psychophysical experiments.

We also proposed perceptually transparent vibration rendering (PTR) and evaluated the
benefits of it in two experiments using pure tone vibrations and vibrotactile melodies. In

an experiments for pure tone vibrations, pair-wise relative discriminability and absolute

98



929

identification of vibration stimuli were tested. The results favored the use of PTR, that is,
a larger number of vibratory stimuli were reliably discriminated and identified through the
mobile device. With PTR, we can reliably use 5 — 6 upmost vibration levels for information
encoding during maintaining higher correct response, but just 3 — 4 levels without PTR. For
the practical usage of PTR, we evaluated PTR in an experiment using vibrotactile melodies.
The two kinds of vibrotactile melodies, a constant strength (CS) and a time-varying strength
(TVS) vibrotactile melody, were used. A TVS melody has high discriminability competed
to the CS melodies and other TVS melodies, and the discriminability is increased higher
when the melodies were rendered using PTR. The improvement of melody identification
using PTR will advance the usefulness of TVS melodies.

Finally, we developed a vibration pattern authoring tool named ”posVibEditor” for quick
and easy design of multiple vibration patterns. The user interface supports drag-and-drop
to maximize the user’s convenience and multichannel timeline interface in which synchro-
nized multichannel vibration patterns for multiple vibration motors can be designed. Fur-
thermore, the posVibEditor supports perceptually transparent rendering. Consequently, the
novice designer can concentrate on the perceptual effect of a vibration pattern only, which
makes the authoring process more intuitive and convenient.

The present study contributes to enlarging our understanding of the utility of perception-
based vibration rendering in mobile devices.

In the future, it is required to extend our vibration perception model with considering
of user’s age, other grip postures, other body locations, and multiple directional vibrations.
Also we need to evaluate the usefulness of vibrotactile melody with PTR for information
delivery in commercial mobile device and to configure multimodal icons which are combi-
nations of music melodies and vibrotactile melodies. And it is necessary to provide author-
ing methodology on the levels of not only perceived intensity of vibrations, but also their

semantic messages in the vibration editor.



Appendix

A. Grip Force Measurement

Eight participants (25 — 30 years old with an average of 27.1) participated in this experiment
to measure grip force while holding the mock-up cellular phone. A thin aluminum plate
with 10 mm diameter was fastened on the side of the phone which was pressed by the thenar
eminence of the hand. A film-type pressure sensor (Tekscan Inc.; model FlexiForce A201)
was placed between the phone and aluminum plate. This allowed for reliable grip force
sensing despite the small sensing area of the pressure sensor. The attachment position of the
aluminum plate was manually determined for each participant due to individual differences
in hand posture and size. The pressure sensor was calibrated using standard weights prior
to the experiment.

The participants were instructed to hold the phone with a comfortable grip force in two
conditions of grounded and ungrounded. In the grounded condition, the phone was attached
on the mini-shaker. In the ungrounded condition, the participants held the phone in the air
without any mechanical support as they usually do with a mobile device. For each condition,
ten trials were repeated, and the grip forces were measured in each trial. The participants
were asked to release and grasp the phone again between trials.

On average, the grip forces were 1.79 N for the grounded condition and 1.75 N for
the ungrounded condition. Standard deviations were relatively large, 1.13 N and 1.42 N,

respectively, due to large individual differences. We confirmed via ANOVA that the phone-
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supporting condition was not statistically significant for the grip force (F(1,6) = 0.03,
p = 0.8605).
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