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Touchscreens are becoming a more attractive interaction technology in our daily lives and they are
quickly replacing most of the conventional user interface controls. The ability to continuously
modify and reconfigure screen content is a valuable feature in any system, especially in mobile
devices; like smartphones and tablets, where every inch matters. Perhaps the most inviting aspect
of touchscreens is their ability to also detect gestures and recognize human activities beyond the
normal press and click interaction. Unfortunately, these virtual controls do not compliment user
interaction by providing meaningful haptic feedback. In the absence of conventional tactile
feedback to support the distributed visual attention, users run into a number of issues experiencing
difficulties in distinguishing between contact positions and desirable selections. To resolve these
issues, we have been developing a wide array of techniques that can simulate touch feedback on
interactive surfaces. This thesis builds on these techniques by analyzing the current approaches to
haptic feedback in general, and the methods of applying vibrotactile signals to the human skin
contact, specifically. The thesis identifies possible shortcomings of the existing approaches of
generating and transmitting vibration based signals to the skin, and also provides alternative
multimodal interaction, by suggesting a transition from the classical methodology of Von Neumann
Architecture, as interaction with computing systems moves from physical to virtual interaction, and
system outputs require haptics along with visual and auditory modalities.
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Abstract
The goal of this thesis was to understand the issues in providing
vibrotactile signals during interaction with mobile devices and smart
surfaces, and to resolve these challenges by improving methods of
actuation and mediation. Interaction using touch, as with any form of
communication, requires end to end verification. Until now, most haptic
communication systems only focused on signal generation and actuation,
ignoring key issues, such as signal transmission, and the integrity of the
generated signal at the point of contact. In this thesis I focused on
understanding the possible limitations of the current approach in
developing effective vibrotactile environments for mobile devices. By
conducting research in signal transmission and mediation from the source
to the point(s) of contact, I determined the possible degree of attenuation
of the intended signal in current mobile touchscreen devices. By analyzing
the results of these studies, I was able to find possible solutions for
limiting the degradation of haptic signals and developed proof of concept
systems validating my assumptions.
Currently, most traditional systems use haptic feedback as a secondary
support mechanism to auditory and visual modalities. However, it can be
argued that with minor redesigning of current interaction systems, the
role of haptics can be greatly enhanced to unlock the true potential of
haptic communication. One of the methods of achieving this is to provide
a kinesthetic component to the haptic feedback alongside the vibrotactile
signals currently observed in today’s mobile and hand held devices. This
thesis illustrates how it may be possible to generate kinesthetic
afferentation without the need for cumbersome high-powered
manipulators, generating not only confirmation feedback but the ability to
supplement virtual object manipulation in real-time, linkage free, opening
up a wide range of interaction scenarios and implementation techniques.
In essence, this doctoral thesis builds on off-the-shelf computing
technology and the way we interact with it to conceptualize what can be
possible through redeveloping existing interaction systems. Humancomputer interaction has developed considerably in recent years and it
will continue to do so in a wide range of technologies. Most of these
advancements are focused within the auditory and visual realm; however,
haptics can also be used to enhance human-device interaction. This
doctoral contribution paves the way into the re-envisioning of what can be
achieved through haptics and how it can be used to supplement
tomorrow’s multimodal interaction system.
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1 Introduction

Human beings interact with any external object or system using a
combination of their core senses. Utilizing these senses it is possible to
interpolate the components of a given system and develop the most
efficient method of communicating with it. This ability to learn and adapt
creates the basis of interaction that can be extended to other similar
environments and systems. When an external system utilizes commonly
used interaction techniques (i.e. door knob being rotated clockwise or
anticlockwise to open a door), the user of the system is easily able to
transition into the particular interaction paradigm, even if the
environment or its surrounding vary considerably. However, if the system
contains more complex interaction principles (i.e. door knobs that do not
rotate but need to be pushed, to open the door); learnability may limit the
usability of the system. Similarly, to ensure interaction within virtual
environments is not unnecessarily hindered due to excessive learnability,
user interface designers often incorporate real world interaction
techniques, which most users have acquired over time, into their virtual
systems to generate a more natural user experience.
Due to this, most current interaction environments concurrently utilize
visual and auditory interaction techniques (i.e. multimodal interaction).
Although visual interaction is by far the most widely utilized modality in
common systems to date, in the absence of other modalities, its usefulness
is diminished considerably (Ernst and Bülthoff, 2004). Similarly, research
shows (Nordahl, 2006) that the addition of auditory information to an
existing setup (with visual information) can be enhanced to become much
more immersive. Possibly, the most useful element for any virtual or
digital environment would be haptic feedback (haptic information
channel), as in the physical world it compliments auditory and visual
information in a very personal capacity (Lylykangas et al., 2015). This is
……………
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because haptics information transfer often required physical contact,
which essentially opens up neural pathways that remain under stimulated
in interaction systems that only utilize visual or auditory information.
In the last five years, due to the widespread adoption of touchscreen
displays, haptic feedback has evolved from an additive modality to an
essential interaction mechanism for information exchange. This has jumpstarted haptics research and transformed how it is possible to utilize
haptics in general. Conventionally, haptic information channel, along with
other modalities was used to provide a mechanism for human machine
interaction, with the optimal goal of developing more natural ways of
interacting with our systems. During the early 2000s, our visual and
auditory interaction systems were supplemented with vibrotactile cues,
however, this type of haptic information remained limited to a
'conformational accept' of interaction. By the mid-2000s the increase in
computing power helped evolve the role of haptic signals into an active
feedback mechanism. However, it was not till 2007, when mobile
touchscreen devices took over the personal computing space with the
introduction of the iPhone, that designers realized haptic feedback would
need to supplement touchscreen based interaction in order to replace
conventional mechanical systems (i.e. keyboards and mice), bridging the
gap between physical controls and the stiff ridged glass surface of the
touchscreen. Essentially, after then, haptics transitioned from performing a
supplemental role to a distinct communication modality which most
touchscreen based systems consider indispensable, today.
This need, for the use of a haptic information channel through the
simulation of tactile sensation on a touchscreen, led to the development of
a wide array of actuators. These actuators are primarily intended to
stimulate the receptors in human skin to produce tactile sensations
through the generated mechanical, electrical and pneumatic signals.
During the last 10 years, a gamut of actuation technologies have been
developed for skin stimulation through a faucet of physical parameters i.e.
displacement, acceleration, electrical current, pressure, etc. Essentially, all
these techniques try to impart energy from the actuation mechanism to the
skin receptors, to elicit tactile response and induce haptic imagination.
Depending on the system and technology of application, these actuation
mechanisms can be very powerful and portable. However, in mobile
devices, most of the focus in actuation has been towards tactile feedback
only (Dong-Soo and Seung-Chan, 2008), with application of choice being
mechanical transduction (vibrotactile stimulation). Vibrotactile feedback
mechanisms are generally safe, efficient and easily implementable and
controllable, in any mobile device. In fact the first series of mobile devices
to include vibrotactile cues were released back in the early 2000s and
essentially, the mechanism for providing this type of haptic information
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(as a kind of confirmational feedback), has still largely been the same, up
till now.
Current actuation mechanisms are faster, more efficient and respond
much quicker than their predecessors, however, the lack of innovation in
the application of this technology during the last 17 years has created an
underwhelming response from mobile device users. This is because the
actuation mechanisms responsible for providing vibrotactile information
are still single components, placed near the rear of the devices that
generate actuation signals through the entire device at or near their fixed
resonance frequency. Such a setup ensures that a sensible actuation signal
is produced; however, the signal is global and received throughout the
device, with minor integration, phase shifts and dead zones.
Unfortunately, mediation of the haptic signal is not the top priority of the
device designers; therefore transmission of the signal may not be very
efficient nor can it be channeled towards a specific section of the device
(i.e. the touchscreen). It is also not clear what the role of this global
actuation signal is, as certain applications try to employ variations of this
signal (modulated by voltage / current and time period) as touchscreen
interaction feedback while other applications use the global signal as an
alert mechanism for incoming notifications. Because of this reason,
manufacturers try to achieve both goal with the use of a single actuation
mechanism and its driving circuitry, which essentially means that both
applications suffer in efficiency and have an inherent inability to
communicate more complex haptic information (i.e. textures and various
physical properties).

1.1 OBJECTIVE
The purpose of this research was to understand the issues behind
mediating vibrotactile signals during interaction with smart surfaces (i.e.
touchscreens able to simulate content-related tactile sensations) and to
resolve these challenges by developing improved methods of actuation
and mediation. Touch interaction is essentially similar to other
communication channels. A transmission source encodes and relays a
signal while the receiver decodes the transmission and parses the
information. In an ideal scenario both receiver and transmitter should be
able to validate the sent signal to ensure its cogency, however this may not
always be possible, therefore, the transmitting source should be able to
monitor the signal transmission process to ensure signal integrity. Even in
half-duplex communications the transmission source must ensure that the
signal is transcoded in such a way that the transmission process does not
corrupt the embedded information (encoded message) and the delivered
signal is not only received but is properly decodable by the receiver. By
applying this analogy to our vibrotactile communication process, the
actuation mechanism serves as a transmitter of the haptic signal, while the
……………
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specific mechano-receptors within the skin, play the role of the receiver.
The transmission channel contains all the components and material
between the source and the point of contact, therefore, the entire device is
fundamentally part of the transmission process. This means that the
components and materials being used to develop mobile devices affect the
haptic information considerably, and may alter or contaminate the signal,
affecting how the transferred information is interpreted by the skin
analyzer within the sensory-motor cortex of the human brain, essentially,
altering the perceptual effect of the applied signal.
Most of the multimodal devices that provide haptic signals do not design
for, or consider the mediation process from the source (actuation
mechanism) to the destination (skin receptor). In fact these devices do not
even have specific (defined) areas of interaction for haptic signals.
Essentially, because of the structure / materials being used, there may be
multiple signals traveling on the surface of the device with minor phase
shifts and other integrated mechanical signals, cause by environmental
noise. Without a clearly specified area of actuation (i.e. across the surface
of the touchscreen), haptic information may be very varied throughout the
device; this includes possible spikes and dead zones. Furthermore, due to
the fact that human skin receptors have a layered mechanism and each
layer is responsible for sensing different parameters of the tactile signal,
the received signals may not be processed entirely, as parts of it may lies
outside the sensitivity of the receptors. So basically, this means that the
applied signal is most often not the signal being delivered and received by
the receptors. Further complicating this issue is the fact that, while
pressing against a stiff ridged surface (i.e. touchscreen based interaction)
certain layers of mechanoreceptors are already deadened (disengaged),
resulting in inefficient absorption of even the (distorted) applied signal
(Poupyrev and Maruyama, 2003).
Complicating the issue even further, mobile device manufacturers most
often refer to physical parameters of the transferred signal to justify and
validate the haptic feedback (and its perception). These parameters are a
combination of the applied signal and the actuation mechanism’s
efficiency to transcode them. But as mentioned above, these physical
parameters do not provide the complete picture, and more research is
required to understand what signals are being received by the users, and
how can we ensure that a higher percentage of the applied signal reaches
the receptors. To achieve this, the research tries to specifically focus on
developing and adapting new methods of improving the haptic
communication channel for human device interaction, by moving away
from global device actuation signals to generating specifically calibrated
mediated signals, for touchscreen interaction.

……………
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1.2 RESEARCH CONTEXT
The primary research field relevant to this thesis is ‘Human-Computer
Interaction’ (HCI) with emphasis on tactile feedback and human
perception to variations in tactile feedback. Physiological research shows
(Goldstein, 2000) that cutaneous perception along with the skin receptors
themselves, are less efficient at identifying absolute values of physicalactuation parameters (e.g. frequency, acceleration, skin displacement), but
are rather quite apt at sensing variations within these parameters.
Researchers have tried to utilize these factors for identifying and
developing haptic information, in various interactive systems.
Fundamentally, the mechanoreceptors in the cutaneous and subcutaneous layers of the skin are able to sense variations in the physical
parameters of the applied signal and can generate perceptual information
with reference to haptic afferentations through it. The sensory cortex in the
brain utilizes these variations within the input signals, to identify and
characterize tactile cues, inducing haptic imagination, while interaction
with a given systems. Utilizing this mechanism (perceptual variations to
physical signals); it is possible to develop a wide range of techniques for
artificially stimulating the skin and the embedded receptors to induce
tactile sensations, while interacting with virtual textures and shapes
within multimodal environment.
Researchers in HCI have been developing these techniques to simulate
tactile sensations using electrostatic (Bau et al., 2010), temperature (Jones
and Berris, 2002) as well as variations of air pressure against the skin
(Antfolk et. al., 2012). Perhaps the most common and easily reproducible
method of providing tactile stimulation is through low frequency
vibrations, using voice coils and solenoid actuators (Brewster and Brown,
2004). Principally, all these techniques utilize the ability of the
mechanoreceptors in the skin to translate a variation of the physical
parameters of the stimuli, such as a local (normal or tangential) forces
applied against the skin, into tactile sensations, providing the ability to
simulate tactile afferentation, in the absence of physical objects. However,
the perceptual aspect of such simulation hinges on the basis of calibrated
feedback mechanisms, which must remain stable throughout the
interaction. Furthermore, each technique has certain limitations and scope
of possible simulation, which essentially dictate its application. This
research explores such limitations and identifies possible methods of
optimizing tactile stimulation for interaction through intelligent surfaces,
with reference to vibrotactile signals. Therefore, the first section of this
thesis explores the concept of mediating vibrotactile signals from the
source (actuators) to the point of interaction (the touchscreen or any
intelligent surface). The thesis takes a look at the physiological structure of
skin receptors and identifies possible transmission issues, and then
proposes possible solutions by developing and testing alternative and
novel approaches to haptic signal mediation. Furthermore, the thesis also
……………
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identifies possible methods of adapting and controlling novel and
alternative actuation technologies to current mobile systems, which are
void of any haptic information channel, by introducing innovative
techniques of communication and controlling (i.e. Visual Light
Communication).
The following section of this thesis focuses on identifying key parameters
of vibrotactile signals and mechanisms for mobile device interaction. In
the last decade researchers have been able to define and utilize physical
parameters of mechanical actuation (Frequency, Displacement, Amplitude,
Pitch and Period) to encode and communicate information (Brewster and
Brown, 2004). Due to this reason, manufacturers and researchers are
investing a lot of time and energy into developing the perfect and most
efficient actuation sources. Actuators are become faster and more accurate,
in transforming electrical signals to mechanical transduction.
Unfortunately, the outcome of this race for developing the perfect actuator
is measured by comparing their physical parameters (output), with
respect to the perceptual effects that they can elicit. Increasing physical
parameters such as, acceleration, and displacement, while bringing down,
rise and fall times increases actuator’s efficacy but not its ability to
generate precise feedback signals within different environments.
Conversely, some researchers (Ternes and Maclean, 2008) believe
improvements simply in the physical parameters of a vibrotactile
actuation source does not qualify it to be an ideal actuator. They argue that
there still isn’t a universal agreement on which physical parameter(s) the
human skin is more susceptible to, and, hence, developing such
parameters is counterproductive. Furthermore, more research is required
to identify perceptual variances, with reference to the key physical-factors
of actuation parameters (i.e. acceleration, wavelength, displacement, rise /
fall times etc.). Due to this reason, it may be more useful to focus on
physical-actuation parameters known to generate perceptual variance (i.e.
parameters that generate kinesthetic information), instead of simply
developing all the measurable physical parameters (involved in
vibrotactile actuation). For this reason, the second section of this research
focuses on identifying and limiting the role of unnecessary physical
parameters in vibrotactile actuation systems. Furthermore, the thesis
proposes novel (mobile) systems which can generate enhanced human
perceptual effects as compared to simply improving the mechanical
actuation mechanisms.
The latter part of the thesis explores novel methods of multimodal
interaction for mobile devices (Stick- Slip Kinesthetic Display [SKDS]).
With the advent of virtual and mixed reality, the role of haptics as a
fundamental modality of interaction has increased considerably. Haptic
research needs to evolve from a static unidirectional conformation based
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systems to an adaptive real-time input / output mechanism which can be
used for real and virtual physical interaction spaces. So far, haptic
feedback in mobile devices is limited to encoded symbolic information
utilized for notification or confirmation events. Custom devices with
vibrotactile toolkits and proprietary additional touchscreen overlays may
be able to provide rudimentary textural information; however, this is
considerably limited in its functionality and application. Conversely, if we
look at the development with reference to mobile interaction spaces (i.e.
tabletops, intelligent surface etc.) or mobile virtual and mixed reality
devices (e.g. headsets and eye ware), we can see a rapid impetus in
developing an efficient and interactive haptic feedback system. Moreover,
as these technologies immerse the users into complete virtual interaction
spaces, the rudimentary haptic feedback approach, needs to adapt into a
more comprehensive role, as compared to conventional tactile simulation.
In fact, these systems require a more kinesthetic approach, to ensure that
the haptic modality stays afloat alongside the current (advanced) visual
and auditory information visualization techniques. Unfortunately,
traditional kinesthetic feedback mechanisms, even on interactive surfaces
(i.e. touchscreen), require linkage-based high-powered multi-dimensional
manipulators, which are currently not possible to integrate within mobile
devices. To overcome this limitation, the last section of the thesis will
focus on developing novel techniques (SKDS) of providing kinesthetic
afferentations on interactive surfaces using mechanical transduction by
employing currently available vibrotactile actuators / transducers.
The thesis will also streamlines a methodology for developing kinesthetic
support for human-device interaction, which can easily be extended to
create more advanced systems for various application areas. Utilizing this
approach we hope to help kick start research & development of haptic
information-channel, as an extension of the input / output mechanism for
any mobile computing system, as compared to the ‘conformational’ tactile
based simulation, currently being used today.

1.3 RESEARCH METHODOLOGY
The methodology employed in this research is based on both constructive
and empirical research. In the beginning of this research experimental
setups were developed to identify and elaborate the current methods of
providing vibrotactile feedback in mobile devices. During this basic
research, we identified problem areas, and utilizing these results, we then
developed mechanisms of resolving the identified issues. This two set
identification and resolution methodology, which was utilized through
the research, always culminated with user testing and validation. The
analytical methods, being utilized in this research, have been applied in an
integrated manner. In addition to the experimental part of the research,
……………
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analytical work was based on exploratory surveys (IEEE, ACM and Patent
literature database), as well as conceptual modeling and cognitive task
modeling in HCI. The limitations of the proposed techniques and the
supporting systems have been investigated to clarify the range of
applicability of the concepts and requirements.
Specifically, in the first part of this research, we examined current
mechanisms of providing vibrotactile feedback in mobile devices and
identified possible limitations in transmission and mediation. These
results were used to develop novel techniques, resolving the identified
issues. The original prototypes developed of various devices were tested
and validated through applied user experiments. This experimental
portion of the study was done by measuring both objective and subjective
responses to signals and patterns of different prototypes devices and
technologies developed during the number of research projects the author
of thesis have been involved in. Throughout this stage, it was important to
record and thoroughly analyze human responses to the developed
systems and their interaction techniques, therefore pilots were conducted
in controlled setups to ensure the design of the experiments, where
applicable.
The next step in the research was to cultivate methods to adapt these
findings and integrate them into current product lines (today’s mobile
devices). To ensure these additive systems were integratable with existing
products, we developed simple and fast mechanisms (Visual Light
Communication [VLC]) to communicate and control the external haptic
add-ons. Furthermore, we also tested the validity of our VLC approach
through user experiments. In all our studies, we utilized both qualitative
and quantitative research methods to compile and share research results
that could be deliverable as both research contributions (publications) as
well as industrial outputs (patents). We found that close collaboration
with industrial partners (thanks to Fukoku, AAC and Volvo) provided the
necessary focus and impetus for developing and investigating the core
research questions.
In the last part of this research, we shifted our focus from the current
application needs of haptics, to the future challenges of haptic
mechanisms. Essentially, we believe, similar to auditory and visual
modalities, haptics itself can also be used as a sophisticated visualization
instrument in creating an immersive interaction paradigm (similar in
structure to MIT's shape-shifting display InFORM (Follmer et al 2013,
Leithinger et al 2014). Furthermore, it is possible to create a mechanism to
utilize haptics as a separate I/O channel, revolutionizing the interaction
space altogether. For this purpose the last phase of our research was
focused on developing an active kinesthetic system complementing (or
extending functionalities of) touchscreens and other intelligent surfaces.
……………
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This part of the research also followed a similar constructive and empirical
design methodology. We developed systems and devices which utilized
directional forces on top of mobile interactive surfaces and using
qualitative and quantitative measurement techniques we evaluated our
approaches and published our finding in reputable conferences and
journals.

1.4 STRUCTURE
This thesis consists of a summary, and nine different research articles, one
of which was published in a peer review journal and the rest were part of
various IEEE international conference proceedings. In Chapter one of this
thesis I introduce the research in general, identifying the core objectives
and areas of focus, as well as the research methods employed to achieve
the said objectives. In Chapter two, I take a brief look at how human skin
absorbs and decodes vibration signals in general and relay them to the
brain and how the brain analyzes and perceives haptic information. In
Chapter three I focus on understanding the classical methods of providing
vibrotactile feedback in mobile devices and I explore the issues related to
sensing and detecting vibration based haptic signals, using current
actuation components with varied physical parameters.
In the fourth chapter, I elaborate the issues of signal attenuation and
distortion, during the transmission of haptic signals, from the source to the
skin contact. In the chapter I also explore the concept of haptic signal
mediation (or active mediation) in vibrotactile communication by
proposing various techniques for increasing the efficiency of vibrotactile
feedback in tablets and smart surfaces. In Chapter five I discuss the
concept of utilizing multisensory (redundant) haptic feedback techniques
to support vibrotactile actuation in haptically noisy environments (i.e. in
car environments), while in Chapter six I take a look at combining
kinesthetic and vibrotactile feedback to generate complex haptic
afferentation for touchscreen based mobile devices. In this chapter I also
introduce a new concept of providing directional forces on mobile devices
that can be used as a dedicated I/O channel for multifaceted haptics or
multimodal interaction. In Chapter seven I discuss the evolution of this
research by introducing the nine research articles and the five resulting
patent applications. In Chapter eight I summarize the research effort and
discuss future work and challenges in the field, while in Chapter nine I
conclude the thesis and the research in general.
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2

Understanding Touch

2.1 TAPPING INTO TOUCH
Human sense of touch has evolved over millions of years to become a
calibrated instrument of interaction. The system fundamentally consists of
three tiers, the receptors (low level sensors within the skin), the sensory
nervous system (transmission mechanism used to channel & filter
information delivered to the brain) and the thalamus or sensory cortex (in
the brain), which decodes the information into conscious perception of
somatotropic projection of human body and generating a comprehensive
map of the surrounding environment. Utilizing this mapping technique,
human beings can verify and validate other senses (visual and auditory
modalities), creating a complex multilayer interaction mechanism. This
method of physical (haptic) interaction holds the key to how human
beings intimately perceive their environment and the objects around them.
For this reason researchers have been trying to comprehend human
responses to haptic stimuli in a wide range of activities. By utilizing
modern imaging techniques (EEG, fMRI etc.) researchers have now been
able to isolate the functional cortical activity and neural pathways
involved in parsing specific haptic signals. Primarily, this information is
useful in understanding and alleviates certain medical conditions related
to movement disorders (Butterworth et al., 2003). However, recent studies
show that it can also be useful in identifying brain abnormalities in stroke
victims (Enzinger et al, 2008) as well as help researchers understand
neural plasticity during motor rehabilitation.
On the other hand, in the last few decades, the importance of
understanding human perception to haptic signals has shifted from
medical applications to commercial systems. Current computing devices
have opened up virtual interaction, like never before. Communication
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with virtual objects and systems requires users to be completely immersed
into the virtual environments, essentially moving away from physical
controls. With the advent of virtual and augmented reality, physical
controls have disappeared altogether in order to increase intuitiveness and
immersiveness. Therefore, interaction with such systems has become
multimodal, in essence, requiring fundamental amendments to the core
system-interaction techniques. Haptic simulation of the ‘Artificial World’
has become one of the key challenges in providing this more natural
method of interaction. Supported by visual and auditory information,
haptic imagination can increase the immersiveness of these systems,
considerably (Intraub et al., 2015; Lacey, S., and Lawson, R., 2013),
providing far more realistic environments within these virtual spaces. Due
to these reasons, it is crucial to understand how human beings sample and
perceive haptic signals from their surrounding environments and how it
may be possible to induce personalized sensual experience, by artificially
generated signals to simulate virtual objects, environments and conditions
of interaction.
Approaches to generating simulated haptics

Unfortunately, haptics as an interaction technique has not been researched
as extensively as visual and auditory modalities and essentially, most of
our understanding with regards to haptics comes from clinical studies.
According to human anatomy, there are fundamentally three ways of
providing artificial (simulated) haptic information. One approach would
be to go straight to the brain, where all the collected signals are analyzed
and perceived. Unfortunately, this approach (known as Brain Computer
Interface [BCI]) requires detailed understanding of brain chemistry and
neural pathways involved in decoding and perceiving sensory
information, which still remains a challenge (Neuralink Corporation 1 ).
Furthermore, it implies that a bio-mechanical, bio-chemical or electrical
link be established with all the areas of the brain that process and
categorize haptic information, which in turn may be an invasive and risky
approach just to simulate sensory information. Of course the advantage of
such an approach can yield its rewards in many research areas, including
simulated haptics and rehabilitation; however, at this point the risks
greatly exceed the rewards. Having said that, research is underway to
develop uni-directional links from the brain to external systems using
non-invasive setups (i.e. Emotiv’s EPOC device), however, their reliability
and usability for haptic information exchange is non-existential, at this
point (Hairston et al., 2014).

Neuralink Corp. is developing ultra high bandwidth brain-machine interfaces to
connect humans and computers. (Last Accessed on 14.06.2017) https://neuralink.com/

1

……………

12

The second approach would be to overload the somatosensory system
output and generate artificial signals to the dorsal-column-medial
lemniscal system (responsible for touch and proprioception) and the
spinocerebellar system (responsible for proprioception) in the spinal cord.
Unfortunately, this method also requires advance connectivity between
interaction systems and the human nervous system itself, which may be
invasive and essentially dangerous. Although this technique could also be
very useful in creating realistic sensory information in the future,
enhancing interaction to the next level, however, for now medical science
has yet to develop safe and non-invasive tethering mechanisms to
facilitate human interaction. Therefore, at this time a non-invasive
approach, although rudimentary in its ability to generate and simulate
cutaneous information, would be ideal for interaction in virtual
environments. This approach is to externally simulate environmental
conditions to the somatosensory system and the mechanoreceptors
themselves, tricking them into generating the necessary signals to the
dorsal-column and in turn the sensory cortex in the brain. As mentioned,
this approach has its limitations; however, it can be streamlined into
achieving haptic illusions to facilitate delivering haptic information in
simulated environment based interaction. Although this technique is
fundamentally limited, it been used for the last few decades to produce a
rudimentary sense of haptic simulation, with considerable success.
Utilizing sensory information to create tactile illusions

Understanding human responses to various tactile stimuli are useful in
environments where artificial stimulation is needed (Kang et al., 2012).
Basically, by overloading the somatosensory information, the human brain
can be tricked into perceiving a slightly varied form of reality. Much like
other illusions (visual and auditory), tactile illusions can be triggered
through various techniques and can be utilized to create or facilitate
virtual environments and objects (Bean, C. H., 1938). By understanding
and generating specific tactile illusions, it is possible to design interfaces
that simulate various forms of touch sensations (Goldstein, 1999). This
thesis builds on this core principle and tries to identify various techniques
of providing tactile simulation (illusion) using vibration-based stimuli.
This Chapter explores these illusions by summarizing the physiological
fundamentals of tactile sense in general and the biological systems that
sample channel and decode these signals into what humans perceive as
haptic information.

2.2 ANATOMY OF TOUCH
The somatosensory system is responsible for sampling the environment
and relaying information to the brain which is then decoded and
attributed as common sensations (i.e. cold, hot, smooth, and rough,
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pressure, tickle, itch, pain, and vibrations). To understand this mechanism
it is important to understand the structure and layering of the heaviest
organ of the body (skin). The skin is composed of several layers: the
epidermis, the dermis and the subcutaneous. Although, the epidermis is
generally made of dead skin cells, it is waterproof and provides a
shielding affect to the remaining skin layers and the internal organs of the
body. The dermis, on the other hand, mostly consists of hair follicles,
sweat glands, sebaceous (oil) glands, blood vessels, nerve endings, and a
wide range of receptors (Gardner, Martin & Jessell, 2000), which actively
protect the body from various environmental conditions. The last layer
consists of the subcutaneous tissue that mostly consists of fat and
connective tissues and is used as a thermal insulator to helps control body
temperature. The layer also acts as a mechanical shock absorber (damper
or cushion) to protect underlying tissue from damage and is equipped
with sensors or mechanoreceptors that mediate information related to
force and proprioception (relative movement of joints and muscles). Due
largely to the number and distribution of these receptors at various parts
of the body, each part may vary in its sensitivity to tactile and pain stimuli.
It is possible to measure this sensitivity by determining the user’s twopoint discrimination threshold, the distance between two points on the
skin necessary in order for the individual to distinguish two distinct
stimuli from just one (see figure 1 below).

Figure 1. Illustration of the acuity of and spatial sensitivity of human skin, adapted from
Goldstein, 1999. Sensation and Perception (with VirtualLab Manual CD-ROM), 8E. © 2010
South-Western, a part of Cengage Learning, Inc. Reproduced by permission.
www.cengage.com/permissions; and Charles C Thomas Publishers, Ltd., Springfield Illinois.
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Somatosensory System: The Ability to Sense Touch

The human somatosensory system is a complex mechanism which consists
of cutaneous (contact based) senses that are supplemented by sensory
receptors embedded in various layers of the skin. Essentially, there are
four key types of receptors (figure 2): mechanoreceptors, thermoreceptors,
pain receptors, and proprioceptors (Goldstein, 1999).
Mechanoreceptors: The mechanoreceptors sample sensations similar to
force, torque, pressure, vibrations, and texture. There are primarily four
kinds of mechanoreceptors which perceive indentions and vibrations of
the skin to generate feedback regarding force, vibrations and textures at
the point of contact: Merkel's disks, Meissner's corpuscles, Ruffini's
corpuscles, and Pacinian corpuscles.

(a)

(b)
Figure 2. Structure and placement of various mechanoreceptors in hairy (a) and glabrous (b)
parts of the skin, adapted from Goldstein, 1999. Sensation and Perception (with VirtualLab
Manual CD-ROM), 8E. © 2010 South-Western, a part of Cengage Learning, Inc. Reproduced
by permission. www.cengage.com/permissions.
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The highest sensitive in mechanoreceptors can be seen in the Merkel's
disks and Meissner's corpuscles, as they can be found in the outer layers of
the dermis and epidermis and are generally found in non-hairy skin such
as the palms, lips, tongue, soles of feet, fingertips, eyelids, and the face.
Merkel's disks are slowly adapting receptors (SA I, SA II) while Meissner's
corpuscles are rapidly adapting receptors (RA I, RA II). Utilizing both
receptors simultaneously generates the ability to sample information
regarding both texture and shape of objects (Swenson 2006, see figure 2).
The ridge based structure of the fingertips further enhances the ability to
sense textural variation while rapid sampling (moving the hand over a
textured object or surface).
Subsequently, the Ruffini's corpuscles and Pacinian corpuscles are located
lower down in the dermis and along joints, tendons, and muscles. These
mechanoreceptors sample external vibration migrating down bones and
tendons as well as collect information regarding rotational movements of
limbs, and the stretching of the overlaying skin. These receptors are
ideally suited to sample environments with sub-textural information, such
as orientation structure and balance. The receptors provide supporting or
secondary information to the already available signals sampled via the
Merkel’s disks and Meissner’s corpuscles, essentially, enhancing motor
functions in complex tasks (Gardner et al., 2000).
Thermoreceptors: The thermoreceptors perceive sensations regarding
variations in temperature sampled by the skin. They are situated within
the dermis and can be activated through contact. Fundamentally, two
different types of thermoreceptors are used to distinguish between hot
and cold. The ‘Cold receptors’ start to sample sensations of cold once the
skin temperature drops below ~35° C and are most sensitive near ~25° C.
However, their sensitivity is greatly reduced below ~5° C (Gardner et al.,
2000, Swenson 2006). The ‘Hot receptors’, on the other hand can sample
environmental conditions once the skin temperature rises above ~30° C
and can be most sensitive around 45° C. However, as with ‘Cold receptor’,
beyond this stage, their efficiency is greatly reduced and over ~55° C pain
receptors are activated to limit harm to the skin and underlying tissues.
Although, both types of thermoreceptors can be found throughout the
body, the density of cold receptors is much higher than heat receptors. The
highest concentration of thermoreceptors can be found in the face and ears
(Gardner et al., 2000).
Pain receptors or nociceptors: "Noci-" in Latin means "injurious" or "hurt"
and these receptors are responsible for sampling pain or stimuli which
may cause damage to the skin or the underlying tissue. There are over
three million pain receptors throughout the body, which are situated in
skin, muscles, bones, blood vessels, and some organs (Swenson 2006).
These receptors can sense pain caused through mechanical stimuli (cuts or
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scrapes), thermal stimuli (burns), or chemical stimuli (poison from an
insect sting etc.). Some of these receptors are decoded to yield feelings of
sharp pain to encourage avoiding harmful stimulus, such as broken pieces
of glass or a hot stove. Other receptors yield dull pain in infected or
injured areas of the body to discourage contact and ensure proper healing.
Although most of these receptors react to either thermal, chemical or
mechanical stimuli specifically, some of them may be activated by more
than one mode of stimuli and these are classified as polymodal. Typically,
each nociceptor may have different threshold levels, and may be triggered
by chemical, thermal or mechanical stimuli. However, some nociceptors,
also known as “sleeping nociceptors” may actually respond to none of
these stimuli but may only be triggered due to injury / inflammation to
the surrounding tissue.
Proprioceptors: These receptors sense the position and orientation of the
various segments of the human body. The receptors achieve this by corelating positional information amongst each other within various parts of
the body and the surrounding environment. Proprioceptors are found in
tendons, muscles, and joint capsules. Due to their various locations, the
receptors are also able to perceive variations within muscles such as
muscle length and tension to generate a comprehensive understanding of
any physical interaction. Therefore, proprioceptors play an essential role
in providing real-time feedback to the brain during interaction with the
surrounding environment.
Although many of the receptors mentioned above have predefined
functions to assist the body in sensing environmental information, they
generally sample a wide ranging of information concurrently. For example,
when drinking a beverage from a cold glass bottle, the hand may sense a
number of dissimilar sensations simply by picking up the bottle.
Thermoreceptors in the fingers may sample information regarding the
temperature of the bottle and compare it to surrounding temperature
variations. Similarly, the mechanoreceptors in your hand may sample the
texture and contours of the bottle itself, and possibly also perceive the tiny
vibrations within the bottle produced by the bubbles rising to the surface
of the beverage. Mechanoreceptors located deeper in the hand may sense
muscular state, i.e. hand is stretching around the can, as well as the
pressure being exerted to hold the can in place. Furthermore,
proprioceptors may also sample the movement and stretching of the
fingers and the palm in order to grasp the bottle.
This huge volume of information is continuously being relayed to the
brain to provide a real-time information feedback loop, ensuring
appropriate actions are undertaken to support the specific interaction.
Therefore, ideally, to simulate the exact perception of ‘holding a metal can
full of soda’ all the mentioned receptors need to be activated during the
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artificial stimulation. Though, even partial stimulation of the
mechanoreceptors and proprioceptors can trick the brain into perceiving
the illusion of the said environment, as the brain can superimpose the
partial receptor information onto previous somatosensory experience,
inducing ‘haptic imagination’. Nevertheless to engage haptic imagination,
it is important to stimulate as much of the needed receptors as possible
and supplement this information with supporting sensory (visual and
auditory) information.

2.3 TRANSMISSION OF NERVE SIGNALS
Of course, none of the signals sampled by the somatosensory system and
the various networks of receptors may be useful if they are not decoded
properly and forwarded to the brain. The nervous system of the body
performs this crucial task. Neurons (which are specialized nerve cells that
are the smallest unit of the nervous system) receive and transmit messages
with other neurons so that messages can be sent to and from the brain
(Swenson 2006). Essentially, using this mechanism the brain is able to
regulate and control the body. As discussed in the example of drinking a
clod beverage (above), once the hand comes in contact with an object, the
mechanoreceptors in the skin are activated, and they start a chain of
events by signaling to the nearest neuron. Essentially, all sensory
information gathered by the receptors is transmitted to the brain through
either one of the three systems: (1) anterolateral system (pain and
temperature), (2) dorsal-column-medial lemniscal system (touch and
proprioception), and (3) spinocerebellar system (proprioception) towards
the dorsal columns (spinal cord). From there, the input is transferred to
the thalamus, which then relays the information to the primary
somatosensory cortex for further processing.
Anterolateral system

The ‘Spinothalmic’ tract or the ‘Anterolateral’ system (figure 3) consists of
thinly myelinated and unmyelinated nerve fibers that convey pain;
temperature and light touch modalities from the periphery through the
spinal cord to the thalamus or sensory cortex (Swenson 2006).
Dorsal columns/medial lemniscus system

Well-localized touch, pressure, vibration and joint position sense follow a
different pathway as compared to the pain and temperature stimuli (see
figure 3). Large, myelinated sensory nerve fibers that conduct these
modalities are located in the medial aspect of the dorsal root as it enters
the spinal cord. Some of these sensory fibers terminate directly at the level
of the spinal cord where they participate in reflex responses to touch and
also are involved in inhibiting pain transmission. However, most signals
are transmitted to the thalamus or the somatosensory "association cortex".
Damage to this area produces an inability to interpret a sensory signal,
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even though it can be detected, a condition commonly known as
somatosensory agnosia (Swenson 2006).
Spinocerebellar tract

The spinocerebellar is an important pain pathway in some species,
although its role in humans is less well understood. This tract relays
sensory information to the thalamus or sensory cortex. It provides sensory
input to areas of the nervous system involved in controlling autonomic,
endocrine and emotional responses, however, some research shows that it
may also carry information related to proprioception.

2.4 PERCEPTUAL UNDERSTANDING OF SENSORY INFORMATION
The human brain is an intricate and complex system, consisting of the
cerebrum, cerebellum, and brainstem. The cerebrum itself can further be
divided into four lobes: frontal, temporal, parietal, and occipital lobe. The
signals forwarded by the somatosensory system are collected at the
sensory cortex, in the parietal lobe. Here, this new sensory information is
analyzed and assimilated with preexisting sensory experiences, to
facilitate basic movement and environmental interaction (Swenson 2006).
Most of the information related to localized touch, force, pressure,
vibration and joint positions, collected from the Dorsal Medial Lemniscus
system is analyzed in the sensory cortex. This area also receives pain,
temperature and poorly localized touch information from the
Anterolateral system to develop a comprehensive structure of tactile and
force based physical contact. Utilizing this information, human beings
receive haptic afferentation - the bases for further physical interaction.

Figure 3. The pathway from receptors in the skin to the somatosensory receiving area of
the cortex. The fiber carrying signals from a receptor in the finger enters the spinal cord
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through the dorsal root and then travels up the spinal cord along two pathways: the medial
lemniscus and the spinothalamic tract, adapted from Goldstein, 1999. Sensation and
Perception (with VirtualLab Manual CD-ROM), 8E. © 2010 South-Western, a part of Cengage
Learning, Inc. Reproduced by permission. www.cengage.com/permissions.

The sensory information related to physical contact and manipulation,
collected and analyzed by the sensory cortex is known as haptic
information. According to “Biological Basics of Haptic Perception”
(Thorsten A. K., 2009) haptic sense is the most important function of the
sensory cortex. Utilizing the sensory information provided by the
somatosensory system, the sensory cortex is able to develop haptic
perceptions and utilize them during various physical interactions.
According to Kern, the human somatosensory system has a substantially
high bandwidth of haptic sense (~1Mio. Bit/s)2, second only to the visual
sense (~10 Mio. Bits/s) and much higher than the auditory sense (~100
kbits/s) [see Engineering Haptic Devices, Thorsten A. K., 2009, Section 3.1,
page 36]. All this sensory information is analyzed by the cortex as haptic
afferentation, inducing the corresponding imaginations (tactile, kinesthetic
and proprioceptive) and associations. Essentially, the brain builds on these
afferentations over time and develops relative understanding and
anticipation of future sensory haptic signals, with reference to its previous
experiences and associations.
Moreover, this haptic sensory information is rarely received in isolation,
and the brain, while perceiving sensory information in general, may
intertwine this information over a number of various sources and possible
scenarios of human activity. In fact, research into sensory illusions (Bean,
1938) show that the perceptual filter of sensory information can trick the
brain into misrepresenting environmental information regardless of the
underlying modality (visual, auditory or haptic). Due to this key fact,
haptic signals specifically, although generic (in nature of stimuli), once
decoded by the brain, create subjective and personalized responses. These
responses can widely range from person to person, therefore, classifying a
haptic signal as a unique and generic entity may be physically accurate,
however, and it may induce completely different responses according to
the receiver’s heuristic background and experiences. To overcome issues
related to these perceptual variations, researchers have been trying to
understand how haptic signals are sampled by the receptors in the skin in
a multitude of environments and at a wide range of interaction paradigms.

2

Octet Computing Terminology https://en.wikipedia.org/wiki/Octet_(computing)
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Figure 4. Pathways from Skin to Cortex, adapted from adapted from Goldstein, 1999.
Sensation and Perception (with VirtualLab Manual CD-ROM), 8E. © 2010 South-Western, a
part of Cengage Learning, Inc. Reproduced by permission. www.cengage.com/permissions.

2.5 HAPTICS: PHYSICAL RENDERING OF ARTIFICIAL SIGNALS
As discussed earlier, natural haptic interactions involve activation of
numerous receptors, distributed over wide areas of the body. Therefore,
touch sense invariably arise through the integration of input from a
variety of submodalities (Saal and Bensmaia, 2014). Having said this,
classical methodology of designing and generating artificial signals for
haptic simulation specifies that only localized receptors engage in
identifying these signals, and often enumerate their ability to sense
artificially designed haptic input. Although the author understands that
this type of over simplified classification (see Table 1) is not the most
accurate representation of the human sense of touch, it serves as
shorthand for understanding the basis of touch sensation in important
anatomical and functional specializations in the periphery of the body.
This section tries to accomplish this task by remaining as accurate and
concise as possible.
Essentially, there are four main types of mechanoreceptors in the glabrous
skin that sample most of the environmental haptic cues. Researchers
(Gardner et al., 2000 and Goldstein, 1999) believe that these
mechanoreceptors (Merkel receptors, Meissner corpuscles Ruffini endings
& Pacinian corpuscles) hold the key for simulated haptics as well. Due to
their specific location in the skin and their grouping as well as their
relative sensitivity to forces, pressure, and other factors, these
mechanoreceptors generate a complimentary imagining mechanism of the
surrounding environment (see section 2.2). As with the case of any
effective communication structure, the sending and receiving mechanisms
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should have predefined protocols for information exchange. This structure
holds true for haptic communication as well.
Therefore, to generate
artificial haptic information, it is important to stimulate these receptors
(receivers of haptic information) with appropriate mechanical or electrical
signals which they are able to process. Signals that are beyond their
receptive thresholds, will either be filtered out or may cause distortion in
the communication process, therefore it is crucial to ensure that only the
correct stimulation signals are being generated and transferred to the
receptors through the intermediary contact surface (material between the
actuation source and the skin contact). Due to this limitation, we need to
specifically understand how a complex physical signal is de-multiplexed
by the various receptors and what limitation (if any) exists within this
process (see Table. 1).
Receptor Types and Somatosensory Sensations
Receptors

Location

Receptive
Field

Type

Sensation

Pacinian
Corpuscle

Hairy &
Glabrous skin

Large

RA

Vibration (200-300 Hz)

Meissner’s
Corpuscle

Glabrous Skin

Small

RA

Touch-skin indentation,
tap flutter (30-40 Hz)

Hair Follicle
Receptors

Hairy Skin

Small

RA

Hair deflection (direction
and velocity detection)

Ruffini
Endings

Hairy &
Glabrous Skin

Large

SA

Skin displacementstretch

Merkel’s
Disc

Hairy &
Glabrous Skin

Small

SA

Skin displacement
vertical

Free Nerve
Endings

Hairy &
Glabrous Skin

Large

SA

Touch, Pressure,
Temperature, & Pain

Table 1. Receptor Types and Somatosensory sensations (adapted from Swenson 2006, ©
Review Of Clinical And Functional Neuroscience, Sawenson, 2006).

Research by Goldstein (1999) shows that each mechanoreceptor has
different type of fibers. This essentially means that some receptors are
slow adapting (SA I and SA II) while others are fast / rapid adapting (RA I
and RA II). Due to this, the slow adapting receptors sample kinesthetic
information of the applied signals or the afferentation flow (such as
pressure and contour and shapes of objects), whilst fast adapting receptors
are ideally suited to sample discrete information, such as vibration and
pressure waves. Sensibility to frequency threshold is also varied for each
type of mechanoreceptors. While the Pacinian corpuscles respond to
higher frequencies with optimum sensitivity close to 250Hz, Meissner
corpuscles are apt at identifying lower frequency, ~3-40Hz. The later are
perhaps more useful in sensing artificial haptic signals, such as taps and
discrete surface deformations. The Merkel receptors, on the other hand,
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respond to very low frequencies (i.e. ~0.3Hz), sensing cues similar to
sharp or pointy edges and abrasions, over flat surfaces. And lastly, the
Ruffini endings generally respond to stretching or displacement of the
skin and movement or rotation of the joints.
If we consider the mechanoreceptors in the fingertip, we see that the
intermediate ridges, along with the epidermal-dermal stiffness differential,
helps produce a highly, local stress concentration to optimally collect
tactile information (Gescheider et al., 2002). This mechanism is ideal as it
amplifies the receptor field even when contact area and force is limited. In
fact, due to the layered structure of the skin and the embedded receptors,
the sampled sensory information is continuously adjusted relative to the
area and force of contact. Essentially, this means that the receptors within
the epidermal-dermal layer have a higher allocated bandwidth to sample
and transmit sensory information, when skin contact has limited force.
Similarly, when the fingertip interacts with a surface through higher
pressure, the bandwidth is reallocated to the receptors in the dermalsubcutaneous layer, thereby limiting the sensory signals from the
epidermal-dermal layer. This discrete mechanism ensures that nervous
system is not overloaded with unnecessary signals and the sensory cortex
receives the most relevant signals. Having said this, the somatosensory
system’s ability to sense the surrounding environment is not simply a
collection of each receptor’s individual sensitivity, in fact different
receptors in the skin complement one another in such a way that together
they function as a sort-of differential amplifier, increasing the overall
sensitivity threshold considerably. However, as mentioned earlier, this
mechanism is still not capable of sampling the entire spectrum of
environmental (tactile) signal.
Due to the structure and ability to sample various tactile information, we
can conclude that the receptors within the skin, responsible for sampling
haptic information from their surroundings, function like a discrete filter
segregating environmental information. To simulate haptic imagination,
artificially applied physical signals need to be calibrated and optimized in
such a way that they can be effectively absorbed by the receiving
mechanism (the mechanoreceptors). Furthermore, it is important to keep
the physical parameters of the applied haptic signals, within the
bandwidth of absorption of the target receptors, ensuring that the
communication of the desired stimuli retains its integrity and efficacy and
the environmental noise does not alter user perception to the intended
signal. This thesis builds on this core principle and tries to identify various
techniques of providing tactile simulation (illusion) using vibration-based
stimuli. In Chapter 3, the thesis explores the vibrotactile illusion in mobile
devices by understanding various stimuli employed for its generations.
The Chapter also identifies the bandwidth and signal of the core stimuli
and investigates how the stimulus is transmitted to the users and how
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effective the tactile illusion can be for users interacting with haptic-based
mobile devices.
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3 Mechanism for Creating and
Transferring vibrotactile
Signals in mobile device

3.1 VIBRATION COMMUNICATION SIGNALS IN MOBILE DEVICES
These days’ portable and smart devices have increased in functionality,
and it is becoming more difficult for manufacturers to provide a dynamic
user interface (UI) that can be adaptive to the various functions of each
device. In an attempt to provide more functionality and control, many
electronic devices are being equipped with touch sensitive inputs
mechanisms over conventional mechanical controls, creating a versatile
visual UI experience, which can be adapted to the various device
properties. This transition, although useful for visual interfaces, inherently
reduces the tactile freedom enjoyed by users in the presence of physical
controls (mechanical buttons, sliders and switches). Although attempts
have been made to provide simulated haptic feedback to these systems by
generating both tactile sensations and haptic cues for confirmation
feedback, neither approach has yet been able to provide the appropriate
haptic feedback that mimics native and intuitive components present in
mechanical controls.
Furthermore, due to the changes in the design of visual interfaces to focus
more on natural (direct) interaction and virtualizations of physical objects
and environments, instead of creating digital metaphoric substitutes,
supporting modalities (haptic and audio) also need to be adapt
accordingly (Choi and Tan, 2005). Unfortunately, the haptic information
channel utilized in these devices, instead of evolving, has been further
limited by not only the removal of mechanical controls but also due to the
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lack of innovation for creating and delivering (propagating) tactile signals.
Although there are multiple techniques in providing tactile signals on
touchscreen devices (electrotactile, compressed or pressurized air
feedback, pneumatic actuation and temperature based variation),
vibration based actuation is perhaps the most simplest and stable one.
Unlike other techniques (electrostatic sense of vibration generated by
Senseg to produce tactile screens), vibrotactile signals can be generated
through mechanical actuation, and do not interfere with existing electronic
components. Similarly, this type of actuation can also be more efficient as
compared to electrostatic or electrotactile sense (Zhang and Harrison,
2015), and is much more stable and secure to generate in conventional
mobile devices. Perhaps, the most convincing argument for vibrotactile
actuation over other techniques is the fact that it can be applied by most
low powered mechanical actuators without the need for complicated
controlling and driving circuitry, which keeps the setup simple, cost
effective and portable, all at the same time.
Since the late 70s vibrotactile feedback has been researched (Rothenberg et
al., 1977; Sherrick, 1985) as a viable method of simulating encoded
information. However, its application in mobile devices was not very
popular until the early 2000s. Essentially, mobile device manufacturers
(Jyrinki, 2004) employed vibrotactile signals as a rudimentary feedback or
signaling mechanism for engaging user’s visual attention. However, as
mobile devices transitioned into smaller and much more powerful hand
held computing systems, their core purpose shifted from making phone
calls into becoming versatile pocket PCs. Due to this, the input and output
mechanism employed by the original devices needed to be altered into a
much more generic setup, which was the reason touchscreens replaced the
mechanical keypads and number pads. In recent time this shift, to an all
touchscreen layout, can be seen in most mobile devices (phones, tablets,
PCs etc.). Nevertheless, there has not been a substantial change in the
method or application of vibrotactile actuation.
In reality, even today, most mobile devices still utilize similar actuation
structure seen within the first generation of vibrotactile devices. This
includes a solitary actuation source, installed close to the rear of the device,
which can only create rudimentary tactile signal (vibration propagating
across the entire device). This mechanism does not account for the users
interaction technique (hand placement & the type of software
environment), in fact, the single actuation mechanism does not even focus
its haptic information to any point of the device (touchscreen) nor does it
consider the materials through which haptic signals are mediated to the
skin contact. Essentially the haptic signals that reach the skin contact are
rarely the signals being applied due to inefficiency of the actuators and the
lack of mediating materials between the source of the vibration signal
(actuator) and the point of contact. Due to these reasons, it is important to
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redevelop the haptic information channel, focusing on creating specific
vibrotactile signals that are targeted towards particular areas of the mobile
device (areas of direct skin contact). Moreover, the vibrotactile signals
themselves should be designed and delivered with reference to the
particular interaction scheme being utilized, ensuring that the resultant
haptic feedback is intuitive and compliments other modalities of
interaction (audio and visual).

3.2 TACTILE SIGNALS FOR TOUCHSCREEN INTERACTION
The use of vibration based tactile signals for communication has been
explored in ‘Alternative Augmented Communication (AAC). Individuals
with disabilities (deafness, blindness, deaf blindness and hearing impaired)
often have problems using auditory and visual systems. Therefore, to
ensure that the disabilities of these individuals do not restrict their access
to such systems, researchers (Bach-y-Rita et al., 1970, Tan et al., 1997; Ford
et al., 1999; Evreinova, 2005, Choi and Ryu, 2008) have been employing
various techniques to supplement user interaction by including vibration
based communication. In the mid-90s, vibration based communication
was introduced to the general public through pager devices. These devices
were equipped with tiny voice-coil vibrators and vibration motors that
utilized the same principle researched by AAC to generate vibration for
communicating short encoded messages. Due to the usefulness of the
technique, vibration based encoded communication became a subject of
interest for many researchers, especially in the field of human-computer
interaction.
Following their own results whilst experimenting with vibration based
encoded signals (earcons) in 2004, Brewster and Brown (2004) suggested
that vibration patterns could be used to encode and provide
representations of short encoded messages. Previous research by Sherrick
(1953) suggested that any basic information could be encoded into
physical signals, and applied to the skin. Brewster and Brown postulate
that as long as a systematic signal-encoding guideline is followed, and the
skin receptors are able to sense the transferred signals (see chapter 2 for
details), the encoded tactile signals could be used to transfer information
through the haptic channel. Having said this, the complexity and
granularity of the sense of the signal, plays an important role in the user’s
ability to effectively decode and understand the signal and gauge the
amount of information being transferred (Brown, 2007; Hong et al., 2010).
When the complexity remains low and the users receiving these signals
decode them easily, a relatively high information transfer rate can be
achieved quite reliably, thereby, providing an effective and highly
personalized communication channel.
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According to Mathias Nordvall (2013), designing haptic signals is similar
to designing audio signals, except for a few unique parameters. As with
audio signals, physical parameters such as frequency, amplitude,
waveform, duration, and rhythm (pace) can all be varied to encoding a
signals, however, haptic signals also require attributes such as body
location and spatiotemporal patterns to be considered for effective
transmission (Brewster, 1994; Gescheider, Bolanowski, Pope and Verrillo,
2002). This is because physiological research demonstrated that people
eventually habituate to haptic signals therefore, sensation of a vibration
signal decreases with prolonged exposure (Sherrick, 1953). Depending on
the haptic signal and area or location of actuation, this can greatly affect
the signal’s ability to stimulate the mechanoreceptors in the skin. In fact,
some studies show that the recovery period varies from seconds to
minutes depending on signal intensity and duration (Gunther et al., 2002).
Keeping this in mind, it is important to design an actuation signal specific
to its purpose. Signals, which need to be provided frequently, should be
lower in intensity and generally be in the mid to lower frequency
bandwidth (with respect to the skin receptor threshold) (Goldstein, 1999).
On the other hand, signals that are used to represent infrequent
information or critical information should be encoded with physical
parameters that generate a similarly appropriate response. To achieve this,
the designers must consider the fundamental physical parameters of an
actuation signal, its propagation, and how the signal is expected to be
perceived. This information will also be useful in identifying the actuation
technology (and components) necessary in generating as well as
propagating the designed signals.

3.3 DIFFERENT APPROACHES OF PROVIDING TACTILE FEEDBACK
There has been a lot of research into encoding and generating haptic
signals for multimodal interaction. Over the years, researchers have
employed two key approaches for providing haptic information. The first
and most common approach has been to design a group of unique
vibration patterns, which are within human skin sensitivity and are welldistinguished from one another. These patterns are then assigned to
specific information values and once the receiver is able to detect, and
identify the specific patterns, he/she is able to decode the vibration
patterns to complete the information exchange. This approach,
rudimentary in its structure, can be very useful for information transfer
(Tan et al., 2010) in application areas where the encoded information is
simple and the user is not performing multiple tasks, simultaneously.
However, in a multimodal setup where other sensory information also
needs to be analyzed, or within environments, where the users is engaged
in multiple tasks, this non-intuitive approach adds complexity and
increases cognitive load (please refer to section 2.4).
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Another recent approach of providing haptic information has been
developed due to the introduction of virtual environments. This approach
tries to induce haptic imagination (Loomis and Lederman, 1986), through
skin stimulation providing similar tactile signals and force feedback,
which would actually be felt while interacting with real world physical
objects. Essentially, the haptic system compliments other modalities by
providing similar conditions (as close as possible) to the actual physical
environments being experienced by the user. As the user is already being
stimulated by signals from other modalities (audio and visual), even
partial tactile information related to the environment, can induce powerful
haptic imagination (Intraub, 2015; Lacey and Lawson, 2013). Moreover, as
discussed in Chapter 2, mental images can appear in the absence of
observed events, physical objects and natural scenes; as the result of
subjective experiences and the cognitive strategy employed by the brain
(consciousness) that helps human beings deal with their day to day task,
situation and issue. Similarly, mental images of visual and non-visual
modalities can also be induced and manipulated using appropriate
afferent information and sensory stimulation techniques (Fig. 5).

Figure 5. Analytical sense making of data, and forming mental images.

To achieve this, researchers have been trying to modulate friction and
textural information using various techniques, including vibration based
actuation. Furthermore, researchers have also been trying to generate
kinesthetic information to supplement shapes and contours of virtual
objects (Evreinova et al. 2014). Although generating these types of haptic
signals is more challenging, their usefulness in current touchscreen based
computing systems far outweighs the cost. This is primarily due to the
way how the signal is decoded. The human brain already catalogs textures
and contours of object and materials experiences through sensory input.
Therefore, the afferentation resulting from such haptic signals require little
to no active cognitive load, thus minimizing the decoding process.
Furthermore, researchers have now proven that recalling experiences and
memories alters them and their relative associations with reference to how
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they were induced. This essentially provides the opportunity to associate
sensory information to interaction techniques or even specific (virtual)
interaction environments, simply by inducing haptic imagination through
appropriate afferent information.
Unfortunately, this approach and its benefits have not been extended to
mobile devices, as often, such systems require heavy computation and far
more energy to generate and impart the necessary and precise signals.
Having said this, in recent times, manufacturers have tried to simulate
friction variations on touchscreen by introducing high frequency signals to
replicate textural information. In essence, while the finger travels over the
hard glass touchscreen these signals are not perceived as discrete
waveforms but are sampled and decoded as contact information (friction
based information). The proprioceptive receptors perceive the motion of
the finger and the friction (or the lack there-of) resulting through this
motion, in the presence and absence of these signals and assimilates the
textual properties of the visible object on the screen, thereby generating
the illusion of the virtual object being perceived as real. However, this
type of research is still in its infancy and requires further development.
Therefore, it is important to continue research in this field to develop
novel methods and techniques of providing more realistic and natural
haptic signals, not only as a feedback mechanism but perhaps a real-time
input/ output (I/O) supporting technology.

3.4 DEVELOPING TRADITIONAL VIBROTACTILE SIGNALS
DEVICES

FOR

MOBILE

In Chapter 2 we discussed the physiological structure of the skin and
embedded receptors, along with how various physical parameters are
sampled and processed by the human body, however, it is also important
to understand the specific physical parameters that can be altered to create
a vibrotactile signal, in the first place. If we consider the frequency of a
signal, we know that it is the number of occurrences of a repeating event
or physical parameter generated (i.e. force, torque, pressure etc.) over a
unit of time (Hertz). Although human skin is able perceive frequencies
between 20 Hz and 1000 Hz, not all values are equally distinguishable,
with core sensitivity observable from 2-500Hz, while the receptors in the
fingertip as most sensitive to frequencies around 250 Hz (Gunther et al.,
2002). Humans perform better at comparing relative differences between
haptic signals rather than identifying absolute frequencies (Brewster et al.,
1994). Although there is not much consensus on human being’s ability to
distinguish between different frequency signals, Gill (2003) stated that
human skin can differentiate between 7 to 9 frequency levels at most. An
earlier research by Rothenberg et al., (Rothenberg, Verrillo, Zahorian,
Brachman and Bolanowski, 1977) suggested that this number could be up
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to 10, for the fingertips. However, research by Sherrick (1985) illustrated a
more conservative estimate of 3-5 levels, which probably would be the
most practical, in designing actuation signals.

Figure 6. Illustration of Amplitude, Waveform, Frequency and Cadence of a square wave,
adapted from Engineering Haptic Devices by Thorsten A. Kern, 2009 © Published by Springer
June 2009.

Similarly, while encoding and developing haptic signals, ‘amplitude
modulation’ is extremely important (Craig and Sherrick, 1982).
‘Amplitude’ is the maximum displacement or deviation from a neutral
zero value during an oscillation. Variation in amplitude affects the
perceived perceptual strength or loudness of a signal. According to
Verrillo and Gescheider (1975), the pain threshold for haptic signals is
close to 55 dB and there are about 15 distinguishable amplitude levels
(with a variance of about 16%) perceivable by the skin below this pain
threshold (Geldard, 1957). On the other end of the spectrum, haptic signals
start to show signal leakage above 28 dB (Sherrick, 1985, pp. 78- 83).
Although this provides signal designers the ability to vary amplitude
levels creating many relative points, Geldard et al., (1960) suggested that a
designer should only use two different amplitude strengths for haptic
signals if they require humans to be able to identify them absolutely.
Depending on the application of use, amplitude variation within haptic
signals can be a very useful technique of modulating and encoding
vibrotactile information signals. Moreover, using this approach it is
possible to modulate tactile roughness of an object, by generating
amplitude modulated sinusoidal waves. These waves can be created by
multiplying a sine wave of a given frequency by a sine wave of another
frequency. The roughness levels used most commonly are an
unmodulated 250Hz sine wave (smooth), the same sine wave modulated
by 50Hz (rough), and by 30Hz (very rough).
Another important part of a haptic signal is the ‘waveform’, being
modulated, which can alter the coarseness of the haptic signals. Research
shows that human beings can differentiate between three absolute

……………

31

waveforms (Hoggan and Brewster, 2007). Some of the common
waveforms are the sine, square and triangle or saw tooth waveforms.
Similarly, duration of the application of the signal also plays a crucial role
in how the haptic signal is perceived. Duration is the length of a haptic
signal applied to the skin contact (measured in seconds or milliseconds).
According to Gunther (2001), if the actuation signal has medium to low
frequency and is applied for less than 0.1 seconds, users tend to perceive it
as discrete tap events on the skin. Similarly, increasing the duration and
the frequency makes the signal appear as a single cohesive block (Gunther,
2001, p.59). Nevertheless, Geldard (1960) suggested that haptic signals
should not exceed 2 seconds in duration, and also designers should use 5
or less absolute durations within a specific interaction system.
And lastly, ‘Rhythm’ constituting of pace (a single step of velocity) and
cadences (modulation) of a haptic signal is generated by changing the
frequency, amplitude, or waveform of the signal over its duration.
However, the most common technique of adjusting cadence of a
vibrotactile signals is to introduce pauses within the signal. In fact, by
altering amplitude and introducing pauses to the signal, researchers have
been able to perceivably transform the signal altogether. This technique is
extremely useful in fixed system environments (where physical
parameters cannot be varied), where the actuation source has a limited
efficiency (close to its resonance frequency) or in environments where
variation in frequency or waveform may cause unwanted transmission
issues (composite materials between the actuator and skin contact may
drastically alter the transmitted signal or create (audio / haptic) noise).
This technique is perhaps the most widely employed method of creating
unique vibration signals in mobile devices.
Having said this, defining exact signals for actuation is useless if they do
not reach the intended skin contact or are distorted during the
transmission process. Essentially, devices that employ these types of
signals require skin contact for a longer period of time, as compared to the
100-300ms contact time required for basic touchscreen interaction
(onscreen taps). Therefore, hand held devices or mobile devices that
contact more than just the fingertip, utilize signals which are much longer
than the input event, limited to about 300ms. However, due to the fact
that most mobile touchscreen devices are also handheld, interaction with
haptic signals is not merely limited to touchscreen contact. This means
that either the secondary contact points (of the non-dominant hand
holding the device) would be the main receiver of the applied vibrotactile
signal or the signal would be shared between the dominant hand
(fingertip in direct contact with the touchscreen) and non-dominant hand.
This creates a fundamental problem, as the haptic signal being encoded
and generated through the entire device, has variable. The ambiguity is
further extenuated by the fact that one of these targets is actively involved
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in system interaction, while the other is not, essentially overloading the
entire human sensory input mechanism with unnecessary and irrelevant
information.

3.5 DELIVERING VIBROTACTILE SIGNALS TO SKIN CONTACT
Due to the fact that this research focuses on touchscreen-based interaction
and develops methods of enhancing the delivery of vibrotactile signals for
touchscreen-based systems, the main area of skin contact discussed in this
research will be specific to the fingertips. Haptic signals designed to
stimulate skin contact, travel from the actuation source (usually mounted
on a circuit board behind the display and actually located closer to the rear
of the device), through various (density) materials of the devices in
question to the touchscreen, through which it is relayed to the skin contact
(fingertip). Although the modulated vibrotactile signal is present
throughout the mobile device, the discrete points of (skin) contact are
presumed to be on the touchscreen. Moreover, due to the variable density
materials relaying the vibration signal from the source to the touchscreen,
the integrity of the original signal may be altered before it achieves skin
contact (fingertip).
Furthermore, once the signal reaches the fingertips through the
touchscreen surface it may not be absorbed properly due to various
reasons. It is well known (see also Chapter 2), that the receptors in the skin
are supported on a deformable system of soft connective tissues such as
muscles, vessels and fat. The mechanoreceptors, which are located in all
the three skin layers, help collect tactile information from the surrounding
environment (touchscreen) and relay it to the sensory cortex, in the brain
(Goldstein, 1999). However, this gentle and sophisticated tactile
mechanism becomes useless when fingertips act with pressure against a
flat rigid surface of touchscreen. Older touchscreens mechanisms, which
employed resistive technology to register contact points, required users to
apply substantially higher amount of pressure for accurate operation. Due
to this reason, while pressing against the hard glass surface of these
touchscreens, the receptors embedded in external layer(s) of the skin were
deadened / deactivated. In fact, numbness in fingertips was a common
side effect of long-term use of typing on touchscreen keyboard.
This meant that, to provide tactile information (especially vibrotactile
signals) while interacting with a stiff surface, actuation needed to be
delivered deep into the dermis, and subcutaneous tissues of the
hypodermis (Goldstein, 1999; Gunther, 2001). To create such type of
signals within the dermis, and subcutaneous tissues, it would be
reasonable to increase energy or magnitude of the vibrotactile signals
delivered to the skin contact. Having said this, even by increasing the
amount of energy delivered to the skin receptors, the lost sensitivity
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caused due to interaction with a stiff glass surface could not be corrected,
due to which the vibrotactile information channel suffered considerably.
With the advent of capacitive touchscreens, contact points and the
pressure needed to generate them changed considerably. Force is no
longer necessary to generate accurate screen contact; therefore, it is
possible to stimulate a wider array of receptors which remained
inaccessible while using resistive touchscreens. Conversely, current
touchscreen technologies are able to register multiple contact points even
before the actual contact takes place, in effect reducing screen interaction
to a fraction of the time as was needed with the resistive technology
screens. This creates a new challenge of actuating and delivering the
haptics signal within the time it take the user to tap the touchscreen (~150300ms [Roudaut et al., 2008]). Furthermore, with the introduction of ‘Force
Touch’, ‘3D Touch’ and ‘Clear Force’ (Apple or Synaptics technology), many
systems require varied pressure contact on the touchscreen, to interact
with software components of the interface in different ways (i.e. menu
selection, text entry etc.). With the introduction of these technologies and
interaction techniques, touchscreen interaction has evolved considerably;
therefore, supporting modalities (audio and haptics) must also be
redefined.
Regrettably, the mechanism for tactile feedback in capacitive screens has
not changed greatly in the last 5 years which means that the actuation
signal transferred to the skin contact is either too weak or simply a fraction
of the signal being generated. Furthermore, as mobile devices become
thinner and lighter, the manufacturing material used to develop them
have also changed, thereby, altering the efficiency and ability to convey
vibration signals from the actuation source to the point of contact. And
lastly, it may no longer be practical to randomly generate actuation signals
throughout the entire device, but to channel and target precise signals to a
specified contact or interaction area, yielding maximum information
transfer (Hong et al., 1997). Furthermore, it may be best to structure and
understand how the applied or generated signals would be mediated from
the source (actuator) to the (predefined) point of contact.
Mediation of Vibrotactile Signals within Mobile devices

As discussed in Sections 1.1 and 2.5, haptic information exchange is
similar to any communication structure. The source and receiver must be
in sync to ensure effective end-to-end communication. As highlighted in
Section 2.5, the actuation source (actuators) must provide signals which
can be detected and perceived by the receptors and distinguished by the
sensory cortex. This means that signals which are outside this threshold
will either not be detected or may create a negative impact on the
information being delivered. Although this principle is universal for all
types of communication, it holds explicitly true for sensitive information
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(being transferred) that may be contaminated or altered during the
transmission process. Studies conducted during this research (Farooq et al.,
2014a; Farooq et al., 2015a; Farooq et al., 2016b), demonstrated that
vibrotactile information encoded for mobile devices, experiences
attenuation and distortion even when the device in question is within
ideal operating conditions.
Although it is common for vibration signals being transferred to degrade
over distance and time, the integrity of vibrotactile information is closely
linked to the transfer medium, itself. Unfortunately, most if not all cases of
vibrotactile information propagation within mobile devices do not define
or even account for signal mediation, in the haptic communication
paradigm. Research showed (Farooq et al., 2014a and Farooq et al., 2016b)
that the original signal being generated by the various actuation
technologies degrades substantially within the mobile device (its
transmission medium) and mutates to cause unwanted signal components.
In fact, the research tried to quantify this attenuation process by
comparing the original signal (generated by the actuation source) to the
signal sampled via the receptor in the skin for various vibrotactile
actuation technologies (piezoelectric and electromagnetic) across a range
of frequencies (60-240Hz) for different applications. This was done by
embedding special sensors into an artificial finger-probe and sampling the
resultant vibrotactile signals at the point of skin contact (the touchscreen),
as illustrated by Fig. 7.

Figure 7. Detailed structure of the finger-probe embedded with a vertically mounted
unidirectional piezoelectric sensor for measuring skin micro-displacements. “Using Skin
Micro-Displacements to Create Vibrotactile Signals for Mobile Touchscreen Displays” Farooq
et al., 2016b © Published by IEEE eXplorer Sept 2016.

Results of these studies demonstrated that not only was there signal
differentiation and loss, but the component of the forces anticipated to
produce linear actuation varied considerably across actuators over
different frequencies in the same mobile device (Nokia Lumia 710). This
variation in the actuation signal before it was sampled at the fingertip
contact point (by the artificial finger-probe); was attributed to the
interference of the mediating materials (which had varied mechanical
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impedance), on the mobile device. Essentially, this means that the
mediation of vibrotactile signals can play a crucial role in conveying the
necessary signal to the point of skin contact. Furthermore, if this is not
done properly, signal can mutate and deform uncontrollably and the
particular information to be transferred can be lost or greatly affected, as
seen in Figure 8.

(a)

(b)

Figure 8. Correlation between Applied Signal (a) and Recorded Signal (b) for all the four
actuators at 80Hz. Adapted from “Using Skin Micro-Displacements to Create Vibrotactile
Signals for Mobile Touchscreen Displays” Farooq et al., 2016b © Published by IEEE eXplorer
Sept 2016.

Mediation of Vibrotactile Information to Skin Contact

To effectively deliver the vibrotactile information from the source to the
point of skin contact, it is crucial to define and monitor the transmission
and propagation of these signals. As illustrated by Figure 8, attenuation of
the original signal may not be predictable or controllable if the mechanical
impedance of the intermediator materials is not taken into account while
designing the haptic interface. Therefore it may be best to define a specific
mediation path or similar mechanism to ensure that the information
encoded into a (precise) vibration signal, reaches the receptors without
attenuating or being distorted. However, most mobile devices still do not
have a specific destination for providing vibrotactile signals (i.e.
touchscreen). As discussed in the previous section, current mobile devices
provide actuation signals to the entire device hoping to achieve skin
contact at any location. Using this technique it may not even be possible to
develop and monitor vibration mediation mechanisms to channel the
vibrotactile signal from the source to the point of contact.
Furthermore, as pointed out in Section 3.3, modern mobile devices have
yet to adopt a standardized approach to vibrotactile simulation. If the said
signals are to be generated to compliment rudimentary notifications or to
be employed as confirmation signals for various events, an entire device
specific signal may perhaps be satisfactory. However, if the haptic signals
are intended for supplementing touchscreen interaction or for providing
multimodal interaction (sharing textural information to induce haptic
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imagination), the entire device actuation is not an ideal technique. Hence,
to ensure the correct information is received by the receptors within the
fingertips at the point of contact during touchscreen interaction, it is
important to: firstly, define which approach may be best suited for the
specific interaction scenario and, secondly, determine how it would be
possible to ensure that the intended vibrotactile signals reach the point of
interaction with minimum attenuation or distortion. This research tries to
define different techniques for achieving the latter by refining how current
mobile devices generate and transfer vibrotactile signals.

3.6 CREATING PERCEPTUAL VARIATION THROUGH COMPLEX VIBROTACTILE
SIGNALS

As discussed in Section 3.4, it is important to understand the basic
building blocks of vibration signals in general, to ensure proper encoding
and signal modulation techniques which can be utilized to generate
precise signals, targeted at specific receptors in the skin. At the same time,
once an actuation system or device encodes vibration signals, there needs
to be a method of evaluating the effect of the created signal. Similarly,
there must be a technique to gauge the performance of a particular
vibrotactile system by evaluating the specific information being encoded
and delivered to the user. Furthermore, there needs to be a method of
comparing the efficiency of similar systems in order to rate and classify
them.
Although vibration-based haptic signals, along with the components that
produce them, have been used in mobile devices since the early 2000s, the
haptics community (IEEE Technical Committee on Haptics (TCH)) as well as
the component manufacturers have yet to identify specific guidelines in
rating and isolating the key physical parameters of an actuated vibrotactile
signal. Information encoded through these signals; such as warnings,
feedbacks, and simulated physical qualities of the contact surfaces
(textures and shapes), remains non-standardized varying drastically
between systems and devices. Furthermore, due to this non-standardized
approach to encoding and generating haptic information, it is rarely
possible to objectively evaluate or compare similar systems or devices.
There are many reasons for this lack of initiative for standardization,
ranging from minimum interest in haptic information transfer, to the
limitation of actuation technologies suitable for mobile usage. However, in
the last few years the industry has reached a saturation point for
innovation within the traditional mobile device components (processing
speed, display technology, increased power of autonomic sources) and
more focus is being exerted towards the haptic information channel.
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Research and development companies (e.g. Texas Instruments, Immersion
Inc., Apple) are developing guidelines and standards for haptic signal
communication, especially focusing on vibrotactile actuation signals.
Nevertheless, the community in general is divided on the technology used
to generate these signals and the physical parameters which may or may
not be perceivable for this type of user centric haptic stimulation. As we
already know, sensitivity of skin receptors dictate the bandwidth of
vibrotactile signals, therefore, one method of evaluating a vibration signal
could be to understand its perceptual effects. This type of perceptual user
testing has become very important in the recent years. Most researchers
evaluate a haptic system (and its corresponding haptic information
techniques) by cataloging users’ perceptual variance to the applied
signal(s). In fact, the popularity of the approach in recent times has
completely over shadowed the need for standardizing the physical aspect
of signals itself, simply focusing on the effects of the signal. Unfortunately,
this type of evaluation technique is very subjective and dependent on the
testing environment. Therefore, outside the scope of the users groups or
environments used to evaluate vibrotactile systems, the results may be
quite unpredictable. Therefore, there is a need to combine the subjective
evaluation of perceptual variance to the physical parameters of actuation
by combining the testing methodology to generate objective results which
can be applied in various environmental conditions and across multiple
user groups.

3.7 STANDARDS
SYSTEMS

FOR

EVALUATING

THE

QUALITY

OF

VIBROTACTILE

One of the reasons for unpredictability and variation in vibrotactile
stimulation across different mobile devices and systems is due to the
fundamental fact that there is no global standard for evaluating the quality
of vibrotactile signals. Although many guidelines and standards exist for
individual systems or components, the lack of a universal mechanism to
rate and evaluate haptic information delivery (similar to the ones for
defined audio communication), has limited the evolution of haptics in
mobile devices. In this section we look at some of the more prominent
standards and guidelines available for designers.
ISO Standards

There are multiple ISO standards and frameworks for developing Haptic
Feedback in various application areas. However, evaluation standards that
contain both physical and perceptual parameters are not available.
According to ISO 9241-940 (IEEE, 2009), requirements for the parameters
should be assigned after the consideration of the application and area of
use. ISO 9241-910 (IEEE, 2009) and ISO 9241-920 (IEEE, 2009) provide
guidelines for setting requirements for tactile/haptic systems, while ISO
……………

38

9241-960 (IEEE, 2009) provides guidance on the use of gestures as a
specific type of tactile/haptic interaction. Annexes A to G of this standard
(ISO 9241) lists requirements and recommendations derived from existing
international standards for developing haptic devices and system (Kapper
et al., 2010). Some of the most common guidelines are listed below:
•
•
•
•

ISO 9241-900 - Introduction to tactile and haptic interactions
ISO 9241-910 - Framework for tactile / haptic interactions
ISO 9241-920 - Guidance on tactile and haptic interactions
ISO 9241-930 - Haptic / tactile interactions in multimodal
environments
• ISO 9241-940 - Evaluation of tactile / haptic interactions
• ISO 9241-971 - Tactile / haptic interfaces to publicly available
devices
In relation to vibrotactile systems ISO 9241-910 (IEEE, 2009 provides
details for working with and developing haptic signals. Essentially, these
standards focus on physical parameters (Acceleration, Displacement and
Frequency wavelength), as key signal specifications that can be used to
stimulate the user and generate effective feedback. However, the
standards are specific to the application area and require other modalities
to be used to support haptic feedback. Furthermore, the standard
documentation provides detailed specifications and guidelines on
performing user testing and evaluation of vibrotactile feedback systems.
The ISO 9241-910, document provides a detailed explanation of the
evaluation model, which is also discussed and used in the ISO 900 series
(Kapper et al., 2010). This model identifies the various dimensions and
properties of vibrotactile and other haptic interactions, based on in the
GOTHI model (Guidelines on Tactile and Haptic Interactions, October 2005).
The document also describes in more detail how this model can be used to
analyze, design, and evaluate haptic interfaces that make use of
vibrotactile interactions. Although, some researchers (Nesbitt, and Carter,
2006) have tried to implement these guidelines and standards,
unfortunately, due to various reasons; including the complexity of
adoption, most of these guidelines and standards have not been widely
utilized in recent haptic devices and system. Due to this reason, the
current ISO standards still remain as an idealistic framework and not
specific guidelines to follow while developing most haptic systems.
Texas Instruments Guidelines & Driver specification for designing haptic signals

Texas Instruments is another player in developing and designing haptic
feedback components, devices, and microcontrollers for constructing
vibrotactile signals. The company designs various technologies for haptic
applications including signal specifications (vibratones) and drivers to
actuate various off-the-shelf components. The company has been involved
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in multiple research collaborations to investigate and develop new haptic
signals for a number of actuation technologies (ERMs, Piezoelectric
actuators and LRAs). The company has developed a Haptic Toolkit for
developing and utilizing their actuation signal across multiple handheld
and mobile devices as well as across different platform. The company has
also issued specific guidelines and application notes for utilizing the
components and defined haptic signals, as well as evaluating their skin
stimulation effects in a multimodal environment.
These guidelines do not specifically provide exact ideal physical
parameters for vibrotactile feedback; though, the haptic toolkit is a good
reference point for generating and testing physical parameter of haptic
actuation. One such example of this platform is the source DRV2605
driving chipset supplied along with the vibrotactile signal generation
toolkit and library. Utilizing the open source SDK, it is possible to develop
and utilize a wide range of standardized (by the company) haptic signals
(around 123 sequences of actuation) that combine a series of haptic effects
constituted by various physical parameters. However, as mentioned
earlier, these parameters have physical values and have very little to no
research regarding their user perception. Furthermore, as these patterns
have been designed to be utilized by various actuation components and
technologies (ERMs, Piezoelectric actuators and LRAs); it is not always
possible to predict the user’s perceptual response to these signals, within
specific context / scenarios, without conducting extensive user studies.
Immersion Corporation Guidelines

Immersion Corporation is another key contributor to the haptics
community and has been developing tools and methodologies for
generating and standardizing haptic feedback since 1993. Their focus is
mainly towards augmenting vibrotactile feedback cues to current
interaction modalities for consumer electronics. The company has
published many white papers and guidelines for generating and
developing feedback mechanisms for various touch-based interaction
systems and input devices. Utilizing these guidelines (“Enhancing Your
Device Design through Tactile Feedback, 2011” and “Haptics in Touch Screen
Hand-Held Devices - 2012”) we can also see that the company focuses on
generating and evaluating feedback techniques for mobile and handheld
devices, such as acceleration and waveform. Having said this, Immersion
research shows that variations of these parameters are specific to their
applications, and the company has yet to develop a globally verified
testing or evaluation guideline.
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3.8 METHODS OF EVALUATING PHYSICAL
COMPONENTS

SIGNALS

OF

ACTUATION

Having established the fact that haptic devices and signals are mostly
evaluated using subjective testing within specific environments and that
there is no all-encompassing evaluation mechanism that rates a haptic
signal itself, it would be best to consider how other manufacturing and
engineering industries rate and test vibration signals and extend or utilize
the most relevant parameters for haptic system evaluation.
If we look at other industry specific standards for measuring and rating
vibration signals, we can see that both the civil and heavy mechanical
engineering industries have developed specific standards. In most cases,
vibration measurement is done to evaluate the state of an inertial system
(i.e. a building structure or a mechanical system with moving parts) and
its wear-and-tear. The Classic method of measuring physical effects of
vibration in any system utilizes five key parameters, from which other
measurements can be inferred (state, efficiency or durability / faults of a
given system). These primarily include Frequency, Impedance
(mechanical), Acceleration, Displacement, Amplitude / Magnitude (RMS,
Pk-Pk value etc.), caused by the movement of the system.
Essentially, once the core vibration signal is identified, the methodology
recommends that a frequency analysis should be performed to identify the
type of signal(s) to gauge the forces exerted within a closed system. For
most mechanical systems this type of vibration analysis is sufficient to
identify the stresses and strains and hence, develop accompanying
mechanisms to adjust the resultant feedback accordingly. Extending the
scope of these measurement parameters to evaluate a haptic device or
signals, we need to understand the role of each parameter within a haptic
system and evaluate the specific role the particular parameter may play
within a haptic device. Utilizing this technique, it is possible to identify
standardized physical parameters which can be perceptually significant
for haptic systems and devices. Furthermore, as human factors (perceptual
component of a given signal) not considered in measurement and analysis
of vibration signals in other industries (civil, mechanical and electrical
engineering as well as mechatronics), there may be a need to include
addition parameter(s) which can depict perceptual variance between
different vibrotactile signals or systems. For this reason, in this section we
take a look at the above mentioned five physical parameters (along with
other possible parameter(s)) that may affect user perception, with respect
to any given vibrotactile signal and the component (actuator or transducer)
generating tactile signals.
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Frequency

Unlike mechanical systems, the human receptors have a layered structure,
where every layer contains unique types of receptors and their
corresponding location or position affect the mechanical impedance of
surrounding tissues. Due to this we cannot consider the properties of
receptors in isolation. Skin receptors (as discussed in Chapter 2) have
various sensitivity thresholds and a wide dynamic range of input signals.
This essentially means that frequency bandwidth of an actuation signal
within a vibrotactile system needs to be very specific, and to ensure
minimum environmental-noise interference, the actuation signal needs to
be generally close to the upper range of human perceptual threshold.
Having said this, although frequency plays an important role in sensitivity,
once it is within a dynamic range, its minute variance is often not
perceivable by most users.
Nevertheless, variation in segments of the frequency within this
bandwidth (2-500Hz for the fingertip) are perceivable and hence are used
to generate specific vibratone (tactone, similar to ringtone for audio
stimulation) with reference to application areas (i.e. button presses,
notifications, game environments all having slightly different actuation
signals). Guidelines developed by researchers (similar to the immersion
toolkit), help guide and evaluate these signals and their decay (attenuation)
throughout the transfer medium. In any case, frequency and frequency
modulation plays an important role in evaluating a given vibrotactile
system or signals, especially if the frequency values of a signal is outside
the sensible range (2-500Hz for the fingertip).
Magnitude / Amplitude

On the other hand, magnitude or amplitude of the vibration signal plays
an important role in conveying and propagating the signal across various
mediums before reaching the contact location and skin receptors.
Mechanically these parameters are critical in identifying the tendency in
signal degradation which includes attenuation, differentiation as well as
integration of parasitic components within the signal. Haptic research
shows that human perception is also affected by the change in magnitude,
and this change mostly affects the pleasantness and sensitivity to the
feedback, however, it has little consequence on the usability and overall
perception once it’s within a certain (dynamic) range (28-55 dB) of values
(Verrillo and Gescheider, 1975). Haptic researchers utilize magnitude of
variations to encode warnings and alerts in most multimodal systems as
they tend to generate sensory overload, in higher values. Furthermore, the
human somatosensory system recognizes variations in magnitude at a
digital level (close to a variation of about 16%) and is not developed to
gauge the relative values for these parameters. Having said this we must
also accommodate for Weber-Fechner law which states:
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42

“Simple differential sensitivity is inversely proportional to the size of the
components of the difference; relative differential sensitivity remains the same
regardless of size”.
Therefore, measuring the Amplitude of a vibrotactile signal can play an
important role in evaluating the system or signals, however, its absolute
values needs to be analyzed according to the signal intensity, application
scenario and the encoded information as well as the prior signal
(including environmental noise) being applied.
Acceleration

Acceleration measurement for a haptic component or system is the three
dimensional representation of vibration generated by the device in
question, with respect to time. Most actuator manufacturers measure the
efficiency and versatility of their components by utilizing acceleration
values. This single meta-measurement is linked with a range of factors
(parameters), which can be described by derivation of magnitude,
direction and force or energy. Acceleration can also be used to measure
displacement, and velocity; however, the latter is generally not too often
used in rating actuation components. Research shows that although
acceleration is a good measure of efficiency (Blankenship, 2011) of the
mechanical system (actuator + test bench) it can only approximate the
energy transfer from the component to the human receptors. Additionally,
acceleration measurements are susceptible to density variation within the
measurable apparatus and there can be a large variation in its
measurement with respect to the source and just a few millimeters away.
For this reason many researchers (Farooq et al., 2016b) are now utilizing
additional measurements to identify energy transfer, such as displacement.
Two dimensional displacement measurements in the actuation component
can resolve the issues of degradation of signal as well as provide more
comprehensive understanding of total energy transfer to skin receptors.
Displacement

Another way of measuring energy transfer is to monitor displacement
values. In classical systems, displacement measurements, within either
loaded or unloaded environments are done by recording the oscillations of
the moving mass or the entire actuation component. Displacement can be
used as an (in-) efficiency measurement parameter within the haptic
apparatus (testing device). Although, displacement values do not provide
the entire energy transfer numbers while evaluation an actuation
component, they do generate crucial operating information. Power to
displacement ratios can be used to define actuation with respect to various
plane (in the x, y or z axis).
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Moreover, in some haptic systems (Farooq et at., 2014a), there can be
multi-dimensional displacement measurements. Essentially, vertical or
normal displacement can be associated with indentation or depression
(movement of the figure in / out of a deformable surface), while
horizontal or tangential displacement can be associated with angular
translation (movement of the object in various directions on the screen).
Furthermore, low frequency micro-displacements with emphasis on force,
torque, or pressure can be utilized as skin displacements or skin stretch,
generating a wide range of actuation sensations. As physiological research
(Sherrick, 1953; Brewster et al., 1994) illustrates even limited microdisplacements can be registered by the various skin receptors, therefore,
measuring displacement as a physical (and perceptual) parameter may be
a useful technique of evaluating the particular component or actuation
signals.
Impedance

Although mechanical Impedance, of any inertial system, is a critical
measure of understanding the transfer of vibration signals, most haptic
systems and actuation components ignore it altogether. Mechanical
impedance is a measure of how much a structure resists (impedes) to
movement when subjected to a harmonic force (the vibrotactile signal).
Due to the fact that impedance is related to the forces by which velocities
act on a mechanical system, different materials generally have different
impedance values. Moreover, in any haptic system or device, each
component is constructed using various composite materials, resulting in
varied impedance values. It is possible to calculate the mechanical
impedance of any point on a structure by simply creating the ratio of the
force applied (the vibration signal), versus the resulting velocity measured
at that point (see equation 1).
F(w) = Z(w) . v(w)

(1)

Adapting equation 1, (where, ‘F’ is the force vector, ‘v’ is the velocity
vector, ‘Z’ is the impedance matrix and Omega ‘w’, is the angular
frequency) it is possible to calculate impedance at any given point in a
haptic device or system and evaluate how the original (tactile) signal may
be affected while traveling through the intermediator materials. For this
reason, measuring impedance in a haptic system can be greatly beneficial
in evaluating the core actuation signal and its attenuation at various points
on the device.
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Duration

Duration of vibration may not be a technical measurement criterion but it
plays an important role in the perception (detection, recognition,
identification and interpretation) of an actuation signal (please refer to
chapter 2 for more details with respect to perceptual of sensory
information and physiology of various receptors). Duration can also be
important for encoding specific information while designing actuation
signals. In haptics, a signal is perceived as an independent (unique event
or tap-related case, occurrence or phenomenon) if the gap in its sequence
is less than 0.1 seconds. Similarly, the signal is observed as a continuous
(or) complex pattern if the intervals between occurrences (events) in a
sequence are longer (Gunther, p.59, 2001). Still, Geldard (1960) suggested
that haptic signals should not exceed 2 seconds in duration, and also to
use five or less absolute values (magnitudes, frequencies and durations in
total) in interface design. This would mean that the actuating components
should be fast enough to communicate information (signals and patterns)
within this resolution. Nevertheless, once the minimum threshold is
achieved, minor variations in amplitude-temporal parameters (rise /
attack and fall / decay times) of the signal or the components ability to be
perceived (recognized and interpreted) are not meaningful in afferent flow
for creating specific tactile sensations.
Additional Measurements

Further measurements such as actuator’s ‘rise’ and ‘fall’ times, may be
useful in knowing the minimum or maximum capabilities of the
component in question; however, they may not always correlate to the
ability of the human receptors perceiving the signal as well as to cognitive
processes to parse these features even being presented in afferent flow. To
measure these parameters, researchers generally utilize the Time to
Observer (TTO) principle to identify user’s perception of delay, to the
onset of actuation.
Kinetic Energy as a skin stimulus factor

As most of the parameters mentioned above relate to vibration and convey
mechanical energy to the skin contact, it would be rational to measure the
force or energy transferred by the actuation source to the skin. As it was
explained above, most manufacturers of actuation components consider
energy required for generating the necessary parameters of actuation
(Force, Displacement, Acceleration, Amplitude, or Frequency); however,
they do not measure the actual energy being delivered to the skin. This is
interesting because energy transfer would be a holistic measurement tool
to identify and objectively classify any actuation source or system to rate
its efficiency (mechanical, electrical, pneumatic with respect to perceivable
efficiency of the applied stimuli). However, as energy transfer is not an
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element of the vibrotactile component or system, being calculated or
measured, there is no defined method calculating it. This research
proposes a simple method of achieving this by measuring and calculating
fundamental physical parameter of actuation to approximate the net
energy transferred.
Basically, a value of force (F) transferred to the user by any haptic system
can be calculated using Newton’s second law of motion at the point of
contact by the help of mass (m) and acceleration (a).
F = ma;
However, simple force applied may not be a useful parameter without a
reference to action time (t). And we know that acceleration is a second
derivation of displacement (D) over time. Similarly, we must also
accommodate for displacement during actuation. Therefore, a basic
measurement criterion of actuation (AC), which finally leads to skin
stimulation and arousal, could be the following:
AC => F * D /t
Therefore, if the actuation parameter is proportional to Energy Transfer
over time (ET), then:
ET ≈ maD/t
Now, if we consider other losses at the point of contact, we must also
consider the physical properties of the said “intermediate material”,
between the actuator and the contact point. Therefore, we need to include
a measure of the mediation properties of the material in question, that will
transfer the necessary actuation signal to the fingertip or skin contact. This
can be done by calculating the variation in the Transmission Medium (TTM)
through Net Impedance (TI) and Variation in Transmission (TV), using
Transmission Gain (TG) and Transmission Loss (TL) of the said signal,
through this material.
Then:

ET = maD/t (TTM)
Where:
TTM = TV/ TI
Or
TTM = (TG - TL)/ TI
Consolidating the previous equations we get actuation parameter (AC)
that is proportional to Total Energy Transferred (ET), applied to the skin
contact (in action time t) as
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AC ~ f(ET)
Where:

ET = maD/t (TG - TL)/TI)

(2)

The advantage of using this method of Energy Transfer (ET) calculation is
that in a system with one dimensional actuation we can utilize Simple
Harmonic Oscillator Equations3 to account for Frequency of actuation as
well as actuation displacement.
As seen from the above equation (2), ‘Energy Transfer’ is a much more
holistic approach to perceptual actuation because it considers both the
physical parameter of any signal and the overall translation of their forces
to the human contact. The team at UTA has been working on this problem
alongside its commercial and research partners (AAC and Fukoku) and
they believe that it is possible to identify and measure the approximated
transfer of energy from a haptic actuation source to the skin contact by
considering physical properties of the signal, the transmission
environment and their role in delivering vibrotactile signals (as indicated
by Equation 2).
Using this approach, is may be possible to calculate the energy transferred
to the skin contact by measuring the mass of actuation (moving mass),
Displacement (per unit time), and Transmission Loss or Gains, respective
to the mediator’s mechanical impedance dependent, of course, on density
of the material (impulse response) and system resonance frequency. This
approach takes into account a wider scope of forces involved within
actuation rather than simply relying on actuator specification (Acc, FRes,
Signal intensity, displacement etc.). As this approach is still under
development, it may not always be simple to utilize while designing
actuators, however, according to initial testing the approach may be useful
for defining user perception to actuation signals and components without
the need for detailed (subjective) user testing. It may also be an important
component in achieving a unification of subjective user perceptual
assessment and the physical component evaluation done by
manufacturers of actuation components.

3.9 SUMMARY
This Chapter introduced the concept of actuation and the specific
vibrotactile signals, which can be used to encode and relay information
through physical contact. Due to the innate structure and composition of

Simple Harmonic Oscillator Equation:
http://farside.ph.utexas.edu/teaching/315/Waves/node4.html
3
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the human skin, vibration based encoded signals must be precisely
designed and calibrated to ensure they generate the necessary perceptual
outcome. There are fundamentally two key approaches for developing
vibrotactile signals. One approach is to encode a variety of sensible signals
by varying specific parameters (i.e. frequency, Magnitude, Cadence,
Waveforms etc.) and has the user, receive and decode them to complete
the information transfer. The other approach is to induce haptic
imagination through the artificial stimulation of tactile properties,
pertaining to physical object or environments that the user may be
interacting with in the virtual space. Depending on the use case scenario,
both approaches may be very productive and might be able to attain
significantly high information transfer rate (Tan et. al., 1997; Tan et al.,
2010). However, to achieve this, the necessary vibrotactile signals, need to
be specifically designed and delivered to the skin contact without
attenuation or signal degradation. Furthermore, the signals must create
specific physical conditions (e.g. displacement, acceleration, frequency,
Magnitude etc.) to induce user perception. Unfortunately, there are
limited standards or guidelines for developing signals for both physical
and perceivable actuation. Nevertheless, it is possible to specify all
parameters and explicitly focus on the ones perceivable by the skin. The
following table illustrates these conditions with respect to the sensitivity
of the human skin and the embedded receptors (of the fingertip).

Parameter

Description

Frequency

Number
of
occurrences of a
repeating event
or
physical
parameter (force,
torque, pressure)
generated over a
unit of time (in
Hertz)
Magnitude is the
maximum
displacement or
indentation from
a neutral zero
value during an
oscillation
The
structure
and composition
of a signals (sine,
square, triangle
or saw tooth
waveforms)
The time (in ms)
used to apply a
signals
or
actuation

Magnitude

Waveforms

Duration
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Parameter
For
Creating
Both Signal
&
Actuation

Modulated
to Achieve

Perceivable
Actuation
Levels
Max: 7-9
Ideal: 3-5

Optimum
Value

Min
Value

Max
Value

250Hz

2Hz

500
Hz

Both Signal
&
Actuation

Intensity of
force,
torque or
pressure

Max: 15
Ideal: 2-3

Applicati
on
&
Noise
dependen
t

28 dB

55 dB

Mostly
Signal but
can also be
used
to
create
actuation
Both Signal
&
Actuation

Can
alter
coarseness
of
the
signals

Max: 3
Ideal: 1

Single
Wavefor
m

N/A

N/A

To
create
discrete
sensations
(taps <100

Max: 5
Min: 2

Applicati
on
&
Environm
ent

3-5 ms

2000
ms

Friction &
Texture at
higher Freq
while clicks
& taps at
lower Freq

Cadence
Pace

&

Acceleration

Displacemen
t

Impedance

Rise / Fall
times
of
Actuation
Signal

Energy
Transfer to
Skin Contact

(vibratones)
or
their components
Cadence is the
modulation
of
pauses within a
signal while pace
is the single step
of
velocity
achieved by the
applied
Magnitude
The
3-D
representation of
vibration
generated by the
device
in
question,
with
respect to time
(in, G)
The amount of
oscillation from a
central position
of the moving
mass
or
the
entire actuation
component
/
device (this can
by in x or y or
both planes)
A measure of
how much a
structure resists
or
impedes
motion
when
subjected to a
harmonic force
A measure of
how fast / slow
an
actuation
source
can
achieve 90% of
the
signal
parameters
(magnitude,
frequency
waveform)
The measure of
energy
being
propagated
through
the
actuation source
or device to the
skin contact for
generating tactile
sensations.

ms )
Both Signal
&
Actuation

Mostly
Signal but
can also be
used
to
create
actuation

Used
to
create
Rhythm or
shape the
resultant
signal
/
actuation
(vibratones
)
Used
to
create
sharp and
precise
signal
/
actuation

Can
practically
have
hundreds
of levels

dependen
t
Applicati
on
&
Environm
ent
dependen
t

Max & Min
values
dependent on
other
parameters

Max: 10-15
Min: 2
(Still being
researched)

~2.4Grms
(Still
being
researche
d)

0.5
Grms

4
Grms

Both Signal
&
Actuation

Shear force
to
create
Indentation
depression
or
object
angular
translation

Max:
3-5
Min: 2
(Still being
researched)

Tangentia
l
(X):550u
m
Vertical
(Y):
2500um

X:120u
m
Y:550u
m

X:2.2
mm
Y:5m
m

Only used
for signal
design
&
delivery

Used
to
limit
or
reduce
signal
attenuation

Dependent
on
the
signal and
material of
actuation
device

N/A

N/A

Only used
for signal
design
&
evaluating
actuation
source

Used
to
limit
and
reduce
signal
delay,
signal
integration
(Time
To
Observer)

Dependent
on
the
signal and
parameters
needed to
create
actuation in
the mobile
device

Depende
nt on the
signal
and
material
of
actuation
device
Depende
nt on the
signal
and
paramete
rs needed
to create
actuation

N/A

N/A

A
composite
measureme
nt of all
parameter
of
an
actuation
signal

Used
to
measure
the effects
of
the
physical
and
perceivable
parameter
of
an
actuation
signal

(Still being
researched)

Depende
nt on the
signal
and
paramete
rs needed
to create
actuation

N/A

N/A

Table 2. Summary of the various signal parameters (perceivable and non-perceivable),
which can be modulated to develop haptic feedback.
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4 Actuation and Mediation of
Vibrotactile Actuation Signals

Once the various parameters of an actuation signal have been defined,
there needs to be an efficient mechanism of generating and relaying the
information to the fingertip. To achieve this, different configurations of
vibrotactile actuators have been proposed and developed converting
electric-to-mechanical energy to generate vibration signals. As the
diversity of tactile output techniques (encoded information to be
transferred through haptic/tactile channel) is somewhat dependent on the
physical parameters of the signal (see Chapter 2), it is often important to
identify the key parameters of the stimulation signal (cadence,
displacement, force / pressure, energy transfer etc.) and focus on
delivering this encoded information, effectively to the skin. Once a specific
type of perceptual stimulation is identified, it is then possible to select the
most efficient actuation technology which can be used to generate the
necessary signal parameters (acceleration, waveform, magnitude,
frequency and so on). This Chapter explores the different technologies of
vibrotactile actuators and how they have been utilized in common haptic
devices or systems. The Chapter also looks into the concept of mediation
of these signals to the point of interaction (touchscreen) by discussing
novel methods of actively optimizing signal transfer through potential
mediation techniques and various conducting materials (having low
mechanical impedance). Using these novel techniques of delivering
vibrotactile information, it is possible to keep signal attenuation and
environmental noise in-check, and ensure that the applied signal retains
its integrity during the transmission process, giving it a higher probability
of inducing the desired perceptual effect.
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4.1 ACTUATION TECHNOLOGIES FOR VIBROTACTILE SIGNAL GENERATION
In the last five years, vibrotactile feedback has become a promising output
channel for non-visual information imaging (Bach-y-Rita, 1970; Loomis
and Lederman, 1986). As most of today’s smart and wearable devices
demand greater visual attention for even basic interaction (directional,
confirmatory), employing the haptic channel is becoming a feasible
alternative and hence strong area of research. There are many companies
which produce actuators for mechanical stimulation of the human skin
through friction and micro-displacements of the contact surface,
perceivable by the fingertips contact. Although the concept for these
techniques is simple, to vary the tactile sense in a place of contact (force,
pressure, torque, friction or displacement) over time, the technology
utilized for achieving this effect can vary considerably. Furthermore,
depending on the type of actuation signal, these technologies can be very
efficient in simulating a certain range of information signals within
common mobile or handheld devices. Therefore, encoding the information
signal usually defines the type of technology most efficient to perform it.
Most commonly, there are two main types of actuation technologies
(electromagnetic and piezoelectric), which are used to generate
vibrotactile signals in most mobile devices. Electromagnetic actuators,
such as Eccentric Rotating Mass actuators (ERMs), Voice coil actuators,
Solenoids, and other resonance actuators, generate mechanical disturbance
that is transported through energy transfer within various mediums.
Similarly, piezoelectric actuators such as, piezo-bender and extenders,
employ the piezo electric effect to create mechanical vibration. Each
technology has specific advantages and disadvantages; therefore, it is
important keep in mind the key application conditions of tactile feedback;
such as the type of actuation signal, the environment of application as well
as the efficiency of the transmission of the signal, while preferring one
technology over another. Utilizing this approach, designers can manage
the trade-offs that need to be made while selecting one technology over
the other. In this section we briefly discuss these technologies and how
they have been utilized in mobile devices.
Piezoelectric Actuation

Piezoelectric actuators utilize the piezoelectric effect to convert electrical
energy directly into linear extension or displacement of piezoelectric
element. The direct piezoelectric effect was discovered by Pierre and
Jacques Curie in 1880. By applying a mechanical pressure on specific
crystals, such as Quartz or Rochelle salts, Pierre noted that it was possible
to generate electric charges. Furthermore, this effect was also observed in
the opposite direction as applying current to these crystals altered their
physical properties. Utilizing this basic principle, actuators are constructed
using thin ceramic materials which change structure in reference to the
applied electric field (strong potential difference). By modulating voltage
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and charge, it is possible to control the mechanical deformation in the
crystals (actuation parameter) of a piezoelectric element such as extension
and actuation frequency, thereby creating a highly controllable actuator.
Other parameters such as force, rotation and even displacement, are
derivative of the design and assembly of the piezoelectric element (and its
installed or encased structure. Although the variance in the actuation
parameters is most evident close a specific voltage or frequency range;
however, it is possible to create virtually any one-dimensional haptic
stimuli (Fig. 9), with relatively large dynamic range. Even rise and fall
times of individual stimuli can be adjusted (usually from 1 to 10ms).
Therefore, by modulation the charging and discharging cycles it is
possible to generate very specific actuation signals (Laitinen, and Maenpaa,
2006).

Figure 9. Example of the various types of signals that can be created using common
piezoelectric actuators. Adapted from “Mobile Haptic Design”, Laitinen, and Maenpaa, 2006
© Published by IEEE eXplorer Jan 2007.

Other than having granular control over the applied signal, piezoelectric
actuators generally have a small form factor and can easily be
accommodated in most modern mobile devices. Conversely, these types of
actuators have some specific limitations as well. Firstly, most piezoelectric
actuators have very limited extension (usually less than 0.5% of their
length) thereby producing very short stroke (actuation displacement). This
means that to achieve 1 mm displacement, a 1 meter of piezoelectric
material needs to be used. Furthermore, most piezoelectric materials
require a high voltage polarization field, applied in a specific direction
(with reference to the crystal), to achieve any significant extension of the
piezoelectric element (or multilayered assembly of actuators). Thereby, a
high voltage converter is needed within the device to generate the
necessary electrical signals for the needed actuation. Furthermore, specific
security measures need to be taken to prevent damage to other circuitry or
injury to the user, in case of any faults within the system. Additionally,
within a loaded environment the efficiency of a piezoelectric actuator may
drop substantially, therefore, a mechanical transduction mechanism is
generally employed to reduce environmental load (to increase the
blocking force) and mediate vibration-based actuation. Moreover, due to
limited extension as well as the restricted performance under load, most
piezoelectric actuators have a very narrow frequency at which they are
most efficient. Due to this, some piezoelectric actuators may not be able to
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achieve specific signal parameters, such as producing low frequency and
high displacement mechanical actuation.
To resolve issues related to blocking force, manufacturers (PI Ceramics
and Cedrat) have introduced ‘Stack’ actuators. Unlike single ‘Strip’
actuators, which use two thin layers of piezoelectric ceramics trips,
bonded together to maximize the generated stroke, stack actuators are
composite structures made by stacking separate piezoelectric ceramics
(strips, discs or rings) and metal electrode foils to create a single actuator.
Stack actuators offer lower stroke but a higher blocking force and can
either be discrete or co-fired. Discrete Stack Actuators or ‘DSA’ (highvoltage stack actuators) are composite structures made by stacking
separately finished piezoelectric ceramic discs or rings and metal electrode
foils with an adhesive (Fig. 10). This technique ensures the actuator
assembly can operate efficiently within a loaded environment (in the
presence of block force) without limiting the stroke. However, such
actuators require high voltages (500-1,000V) to generate the necessary
mechanical deformation of the piezocrystals in a stressed environment.

Figure 10. Various types piezoelectric actuators by PI Ceramics® (from top left to bottom
right) Benders, Stack Actuators, Multi-Axis Shear Actuators, Multi-Axis Linear Actuators and
Radial / Axial Tube Actuators.

A slightly different configuration of the stack actuator is the ‘Co-fired
multilayer actuator’ (cMLA). These actuators (also known as monolithic
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stacks) do no employ adhesive to bond various layers, but rather use high
temperature sintering of the complete ceramic and electrode pile. Similar
to the DSA, these actuators perform better in loaded conditions and
generally require lower voltages to operate (20-200V). Furthermore, both
the discrete and co-fired stacks can be insulated with a coating material
(stainless steel) as this can protect them from mechanical stresses and
other unfavorable environmental. Similarly, amplified piezoelectric
actuators (developed by Cedrat Technologies), are mechanically
magnified preloaded stacks of low voltage piezoelectric ceramics (MLA),
which have blocking force of up to 1600N and create up to 1960um of
stroke. However, these MLAs operate at higher frequencies (300-5000Hz)
and have substantial power requirements. The construction of these
actuators are such that the mechanical amplification is obtained using an
external elliptical shell (developed from stainless steel), which magnifies
the actuator along the short axis while the mechanical deformation occurs
along the main axis (Fig. 11). Similar to other actuators the elliptical frame
also protects the MLA against tensile force.

Figure 11. Example of the various types of piezoelectric Cedrat actuators, (left to right)
Cedrat Amplified APA120s, and Pre-Stressed PPA 40 actuator

In recent years manufacturers such as Cedrat© Technologies have
developed even more powerful types of stacked actuators for industrial
use. These parallel pre-stressed actuators (PPA) utilize a similar MLA
structures along with an external spring frame made of stainless steel,
which also protects the MLA against tensile force. The actuator is able to
provide mechanical interfaces for withstanding very large forces up to
7KN). The pre-stressed frame utilized by the PPA actuators, applies
preloading force to the MLA, which generates the higher forces. However
these forces require far higher resonance frequencies (up to 6.8 kHz) and
the actuators also compromise stroke to achieve these forces (10um max).
Although current generation of pre-stressed and amplified (PPA and APA)
stacked piezoelectric actuators resolve some of the known issues with
piezoelectric actuators, such as load management and force generation
through novel poling techniques (Jantunen et al., 2005), the inadequate
stroke and resultant displacement, limits the technology from being
utilized in high displacement applications, especially in mobile and hand
held devices. Furthermore, application areas that cannot accommodate
complex driving mechanism and high voltage transformers may also not
consider piezoelectric actuation technology an efficient approach.
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Inertial Mass Based Actuation

The most common inertial mass based actuators are the ‘Eccentric
Rotating Mass’ vibration motors, or ERMs. These actuators are also known
as a pager motor and use any rotation motor (AC, DC, Piezoelectric or
Pneumatic) with an offset (non-symmetric or unbalanced) mass attached
to the shaft to create 2-dimensional actuation. As the ERM rotates, the
centripetal force of the offset mass, which is asymmetric, creates a net
centrifugal force, causing displacements of the motor shaft in the (2D)
plane orthogonal to the main axis of rotation. With a higher number of
revolutions per minute, the motor is constantly being displaced and
moved by these asymmetric forces. This periodic displacement is
perceived as a vibration and is used as one of the most common
vibrotactile signals in most haptic devices.

Figure 12. ERM Model with One Degree of Freedom creating a simple sinusoidal wave form.

Essentially, in the ERM model, the excitation input is not the (DC or AC)
voltage applied to the motor, but the rotation of the mass around the
central motor shaft. The mass movement can be modelled as various
signal waveforms (close to a sinusoidal wave as shown above) or even a
more complex form (Ichikawa, 1974; Grant et al 2013; Moore et al 2013),
depending on the use case scenario. Although ERMs are very efficient at
converting electrical energy to magnetic and then mechanical energy, they
have some fundamental issues. The biggest issue while using ERMs as
actuators is that it is not possible to vary amplitude and frequency
independently. Additionally, most ERMs generally create 2D actuation,
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whereas limit them to a single dimension can greatly reduce their
efficiency. Furthermore, as discussed earlier ERM's excitation comes from
the rotation (torque force) of the eccentric mass, not from the (rated)
power or gear ratio of the motor. This means that until the motor shaft can
attain to the optimal RPM (revolutions per minute) the intended actuation
signal cannot be achieved. And lastly, due to the nature of the eccentric
mass, ERMs cannot generate sharp or precise signals, and have relatively
long rise and fall times.
Current generation ERMs try to resolve some of these issues by
incorporating technologies such as ‘Active Braking’ and utilizing
‘Dynamic Eccentric Mass’. In traditional ERMs when power is cut to the
motor, rotation of the eccentric mass slows down before it come to a
complete stop. Depending on the size and amplitude range of the circuit,
the typical stop time of the eccentric mass can vary considerably (from 65
to 150 ms). An active braking circuit can be added to the ERM driver so
that the polarity can be momentarily reversed to create a brake force
(torque) for the momentum of the eccentric mass, ensuring the time it
takes for the mass to stop is greatly reduced. This technique can effectively
reduce typical ERM stopping times in half, ensuring less signal decay and
sharper actuation signals.

Figure 13. Illustration of possible signals generated through current generation of ERMs,
adapted from Grant et al 2013, US 8,427,286B2.
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Another technique of creating specific actuation signals is to utilize
dynamic eccentric mass. In a conventional ERM motors, the eccentric mass
attached to the motor is a solid block which is stiffly attached to the motor
shaft. However, if this attachment is altered to be more elastic (Bailey, 2007)
or the structure of the mass is dynamically changed during rotation,
complex actuation signals can be achieved without altering the driving
controls4. However, this process is complex and mass adoption is limited
due to production costs. For these reasons, most ERMs motors are
generally used as generic vibration sources to create strong but nonprecise actuation signals throughout the entire interaction device.
Electromagnetic Actuation

Electromagnetic Actuators work using the electromagnetic induction or
electromotive force principle, converting electrical energy into mechanical
motion. There are various embodiments of this technology which have
been developed into common actuation sources. Some of the most ones
are Solenoid Actuators and Voice Coil Actuators, as discussed below.
Solenoids are one of the simplest and most common electromagnetic
actuators that convert the energy from an electromagnetic field into linear
or rotational motion. There are many different configurations of solenoids
but most commonly a solenoid consists of a soft iron core (having a high
permeability) enclosed within a current carrying coil and a ferromagnetic
plunger or armature in the center of the coil (Fig. 14). When the current
coil is energized, a magnetic field is induced in the coil and the magnetic
field pulls the armature or plunger to the center of the coil by closing the
air gap between stationary frame and plunger.

Figure 14. Model of a (pull type) Linear Solenoid and a Rotatory Solenoid.

Solenoid actuators can be linear or rotary. Linear solenoids utilize linear
directional movements or action of the plunger. Depending on how the
plunger is configured they can be push and pull type linear solenoids. In
pull type solenoid, when the coil is energized it pulls the connected load
(or plunger) towards itself whereas in push type it push the connected

4 Haptic Driver with Auto Resonance Tracking for LRA and Optimized Drive for ERM.
Available at: http://www.ti.com/lit/ds/symlink/drv2603.pdf)
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load away from it. The construction of both these types of solenoids is
essentially similar except for the design of the plunger and the location of
the return spring. As both these types of solenoids surround the coil with
a frame, basically forming a D-type structure, these solenoids are known
as D-type solenoids. Similarly, solenoids that only surround three sides of
the coil with a frame (forming a C-type structure) are known as C-type
solenoids. Other types of solenoids, such as rotatory solenoids (such as
Ledex Solenoids, MiniAct Proportional Magnetic Actuator and others) are
also useful in providing haptic signals, however, their use is not as wide
spread as the push and pull type solenoids.
Voice Coil Actuators (VCAs) are another type of electromagnetic actuation
mechanisms which have recently gained popularity for providing haptic
feedback in mobile devices. These actuators move along a single line
actuation similar to solenoids. However, in a voice coil actuator the coil is
sometimes enclosed in a magnetic housing while excitation current is
passed through this coil. Based on the Lorenz force principle (Woltjer,
1958); the current produces the magnetic flux from the coil windings to
generate the actuation force. This force is proportional to the product of
magnetic field density and the current applied.

Figure 15. Various types’ sizes of voice coil actuators from Tectonic Elements (previously
HiWave Technologies). (From Left to right), TEAX11C005-32/LP 11mm; TEAX14C02-8 19mm
and TEAX09C005-8 voice coil actuators.

Basically there are two main types of Voice Coil Actuators: VCAs with a
moving coil and VCAs with a moving magnet. Both types of VCAs
function similarly. By applying voltage across to the VCAs’ the moving
part (either the magnet or the coil) moves in the direction of actuation.
Similarly, changing the polarity will amend the direction of actuation.
Typically, the force by which the actuation occurs is directly proportional
to the flux (of the coil or magnet) and current that flows through it. Most
VCAs are designed to create a specific type of actuation (high
displacement at low frequency or vice versa). Commonly, linear VCAs are
used for haptic application. These types of actuators come in two shapes
namely cylindrical and rectangular and can have gears in their design,
which makes for simplicity of construction. Depending on the design and
current provided, VCAs are very efficient at creating large forces (2 – 50N)
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with relatively high acceleration. VCAs come in many shapes and sizes
and can generate sustainably low frequency displacements, even with
relatively high blocking force. However, the actuation force is
proportional to the electrical current, and hence they require many times
more power than ERMs or piezoelectric actuators.
Other Types of Common Vibrotactile Actuators

Nowadays, manufacturers are developing new types of custom actuators
which try to bridge the gaps seen between ERMs, Voice coils, and
piezoelectric actuators. Essentially, the manufacturing community is
trying to create actuators which can be fast reliable and provide strong
forces, without compromising on efficiency or the need for complicated
driving controls. In the previous few years, custom Linear Resonance
Actuators have been developed that promise to provide overall balanced
actuation parameters, especially within range of human receptive fields.

Figure 16. Precision MicrodrivesTM Y-axis LRA Linear Vibrator Motor.

Companies such as Precision Microdrives (Fig. 16), AAC, Fukoku Motors
and Physik Instrumente (PI) have all developed custom linear actuators
for vibrotactile feedback in mobile devices. Using various composite
materials manufacturers are improving linear actuators, making them
more power efficient, increasing displacement values and bringing down
operating voltages necessary to create meaningful (sensible) actuation
parameters.
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Figure 17. Various types and sizes of LRA from AAC Technologies. (From Left to right).
Copyright AAC Technologies, Inc.

Companies like AAC Technologies have introduced their custom LRA
based line-up to compliment piezoelectric actuators. Similar in form factor,
these LRAs require a fraction of the voltages (min 2V) to generate similar
physical parameter for mobile device actuator. These custom actuators
also provide twofold to threefold greater displacement, as compared to
their piezoelectric counter-parts, while having much lower power
consumption than most VCAs; and yet are able to generate substantial
actuation forces (1-15N), mitigating blocking force within loaded
conditions. Perhaps the most appealing aspect of these custom actuators is
that they have been custom designed to work most efficiently at or near
frequencies ideal for skin stimulation of the fingertip (180-250Hz).
Furthermore, as these and other similar actuation technologies develop
further, the haptics community will have access to multiple choices of
components which can provide more precise and effective signals, which
may increase the perceptual effect of the encoded vibrotactile information
signal. However, at this stage, vibrotactile, or haptic signal designers need
to ensure that they select specific actuation technologies what can
effectively create the proper tactile signal over a variety of environments
and conditions, sustaining signal integrity and stability throughout the
various interaction scenarios.

4.2 VIBROTACTILE FEEDBACK IN MOBILE DEVICES
In the last five years, vibrotactile feedback has become an important
output channel for non-visual information transfer. With most of today’s
mobile and wearable devices demanding greater visual attention for even
basic interaction, multimodal interaction (augmented with haptics), is
becoming a strong area of research. Due to this, there are a number of
companies which are developing various techniques of providing
vibrotactile actuation mechanisms for mobile device use. As discussed in
the previous section, not all technologies used to create vibrotactile signals
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are equally efficient in doing so, in various environments and across
different interaction scenarios. Depending on the environment and
conditions as well as the physical parameters of the actuator, some
actuation mechanisms may perform better than others. In this section we
discuss the tradeoff that need to be taken into account, while considering
different vibrotactile technologies (adapted from Farooq et al., (2016b)).
Selecting Actuation Technologies

Until recently, piezoelectric actuators had been used as the most popular
method of generating tactile feedback on touchscreen surfaces in mobile
devices. Essentially, this was because piezoelectric actuators can generally
be utilized in a wide scope of application scenarios and they can be far
more efficient than other similarly employed technologies. However, in
the last few years, the rapid improvement in Eccentric Rotating Mass
(ERMs) actuators has given designers more granular control in providing
specific actuation signals over a wider bandwidth. Having said this, ERMs
efficiency in providing the necessary actuation signals is still debatable as
essentially, the torque generated by such actuators is difficult to control
and may be distributed in two dimensions, which may not be ideal for
most applications.
Similarly, perceptual efficiency of piezoelectric actuators, as defined by
Tim Blankenship (2011), also remains a concern due to the narrow
resonance frequency and higher voltage requirements. This is especially
critical, as the current and future mobile touchscreen devices employ a
varied interaction paradigm related to screen contact properties (i.e. space,
time and pressure etc.), which may greatly affect transfer of tactile
information signals. Therefore, actuators which have higher mechanical
efficiency (directionality of force moments, stroke and bandwidth such as
LRAs) may be desired over lesser controllable, 2-dimensional rotating
mass (ERM) vibration motors or high voltage low displacement
piezoelectric actuators. Having said this, the delay in generating necessary
force-moments is also a crucial aspect in designing tactile feedback, as
contact time is often less than 200-300ms for most common touchscreen
interactions. Therefore, currently there is no one technology that can be
utilized in all environments and use case scenarios, which means that
designer need to accommodate for this while developing haptic
information signals in mobile devices.
Available Technology and its Distributors

As discussed in the previous section, there are a number of technologies
available for generating the desired haptic actuation signals. This section
takes a look at the various distributors and manufacturers developing
these technologies (the section is adapted from Farooq et al., (2016b)). Different
types of electromagnetic actuators have been designed for mobile devices,
and specifically for touch-based interaction to enhance visual interfaces
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and improve the user experience. ERM vibration motors and
electromagnetic actuators are generally presented as linear resonance
actuators (LRA), and specific modifications of the voice coils and solenoid
type actuators. So far PrecizeMicrodrivesTM supplies wide range of ERMs
which are able to generate magnitudes of vibration signals from 0.5G to
about 150G. However, the maximum vector of torque can vary from a
normal to tangential direction and cannot exactly be specified. Among
Voice Coil Actuators (VCAs), HiWave/Tectonic Ltd, and Redux Labs
produce a variety of highly efficient one-directional electromagnetic
transducers that support generating oscillations in the entire audio
frequency range, while the vibrations below 500Hz can also be used for
tactile stimulation. The inertia of the magnet mass enables the moving coil
to impart bending waves into the interaction environment. Other
technologies, like piezoelectric actuators, allow developers to create
bending actuators, enhanced with inertial mass, which can be used for
tactile stimulation. At a minimum deflection of 100 μm, these types of
actuators are able to exert forces of about ~0.3N and higher that can be
properly assembled into the specific design-configuration to generate
bending waves in the screen overlay.
AAC Technologies Inc. has developed piezoelectric vibrotactile actuators
for haptic applications. These are comparatively powerful and efficient in
converting inertial mass moments into vibrotactile feedback for mobile
devices. However, their force and displacement are function of the electric
field and voltages applied to the piezoelectric elements to generate wellperceivable haptic signals (generally, the applied voltage varies from 30V
to 180V and higher). Furthermore, amplified piezoelectric actuators can
mechanically be magnified. The mechanical amplification is obtained due
to an external elliptical spring frame made of stainless steel that magnifies
vibrations along the short axis when piezoelectric actuator extends along
the long axis. The pre-stressed and magnified flextensional frames have
better performances than traditional mechanical amplifiers based on lever
arms and flexure pivots, but require higher voltages and greater power,
preventing their use for mobile application. Furthermore, recent LRAs
developed by AAC, utilize composite materials instead of piezoelectric
ceramics, and perform better at generating low frequency haptic signals.
However, force-moment response delay can be an issue in such actuators,
as they need to balance generated forces with acceleration. Thus, these
types of actuators may not be ideal for providing short precise information
signals.

4.3 VIBROTACTILE FEEDBACK DESIGN ISSUES IN MOBILE DEVICES
Essentially, there are two key issues to consider while designing
vibrotactile feedback for mobile and handheld devices. Firstly, it is
important to define and target a specific stimulation, and outline the
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physical signal parameters that can provide this perceptual stimulation for
most users. Once this process is completed it is crucial to select the correct
actuator or actuation technology which can, in most environments,
reliably and repeatedly generate the intended signal through the device.
And secondly, designers must account for and mitigate the environmental
factors which may hinder or alter the physical signal reaching the skin
contact (at the desired area of interaction on the mobile device). This
includes, but is not limited to signal mediation, ensuring signal integrity,
and reducing signal attenuation or signal to noise ratio. In this section, we
discuss these issues and other limitations which need to be considered
while designing vibrotactile feedback in mobile devices (adapted from
Farooq et al., (2016a) and Farooq et al., (2016b)).
Limitation in Current Actuators

If we consider actuators with eccentric or inertial mass, they generally do
not have a direct link for the transition of generated force-moments and
torques via the movable mass or the shaft from which the force is exerted
to the surface of interaction. Therefore, only a minor portion of the force’s
component produced can be delivered to the specific location of the
human finger. Due to this key drawback, eccentric or inertial mass
rotating motors can only be utilized for raw vibration feedback associated
with the shaking of the entire device and not delivering localized haptic
content or events at the point of interaction. Such actuators lack the ability
to generate complex vibrotactile signals and patterns such as normal
(vertical) or tangential (horizontal, lateral and longitudinal) screen microdisplacements localized to a desired location on the screen at the point of
contact.
Similarly, the energy transformation of piezoelectric actuators into
mechanical movements is often subject to friction between movable
components of actuators and inertia of their moving mass. Therefore, part
of the energy that was not transformed into movement will be converted
into heat which has to be dissipated with a heat sink that should also be
considered in designing of haptic transducers.
Self-locking linear
actuators like PIShift Piezo Motors (inertia based drives), which are
powerful linear actuators (holding force of 10N), resolve the heat
generation issue but cannot compare well, as they are slow in providing
maximum velocity (5mm/s at 15watts consumption), needed for desired
long-stoke actuation.
In essence, each type of actuator utilized for haptic signal generation has
its unique advantages and disadvantages which need to be considered
when designing perceivable haptic parameters and the entire system.
Because most systems do not employ these actuators directly to the
actuation surface it is also important to mitigate side effects which may
hamper or interfere in signal propagation. During this research, we have
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been able to closely work with manufacturers of actuators (FUKOKU Co.,
Ltd, and AAC Technologies Holdings Inc.) to test and evaluate the latest
prototypes of piezoelectric exciters. Voice coil transducers are also able to
generate powerful vibration signals and micro-displacements (HiWave
technologies PLC) in a wide range of frequencies and magnitudes (see
Table 1). As speculated by Fröjd and Ulriksen (2015), voice coil
transducers can be a more efficient alternative to piezoelectric transducers
in generating mechanical waves within a low frequency range.
Need for the Mediation of Vibrotactile Signals

Looking at the tactile signal being developed for touchscreen interaction, it
is obvious that the signal being generated is greatly attenuated or altered
before it reaches the touchscreen itself. Considering the tactile signals as
haptic energy being transferred to the skin contact via the touchscreen,
neglecting the decay in mechanical energy propagation from the actuator
to specific receptors in the skin, means we are ignoring the mutation of the
actuation signal (see section 3.8). This transmission mutation largely
attenuates the magnitude of the tactile signal, interferes with noise,
renders it weak and it becomes less informative (Mortimer et al., 2007) as
it reaches the main interaction area (touchscreen). There are two key
factors adversely affecting signal integrity, as discussed in Chapter 3.
Firstly, mechanical impedance of each component involved in the
mechano-transduction process (by transferring the tactile information
signals from the actuator to the point of contact) is largely inconsistent.
With the concept of direct touch (Poupyrev et al., 2002), as different
materials having different physical properties (density and mechanical
impedance), modulate energy of stimuli differently, efficiency of the
transmitted signal becomes very poor.
And secondly, investigations into the mechanical impedance of the skin at
the fingertip have shown a nonlinear increase in stiffness when pressure is
produced against the contact surface until a maximum skin indentation of
approximately 3 mm (Gerling, 2010; Gennisson et al., 2004), which mean
that the skin receptors (in the fingertip) are greatly dampened with
interacting with the hard glass surface. This happens because the skin is
depressed against the hard glass surface, dampening not only the
mechanoreceptors in the skin but also changing the mechanical impedance
of the touchscreen surface (i.e. point of contact) (Evreinov et al, 2016c).
Putting the two issues together would suggest that primarily the applied
signal is greatly contaminated during transmission from the source to the
area of the touch contact, and once the information signal does reach the
point of contact (on the touchscreen surface), fingertip receptors are
unable to detect and recognize the entire signal as they are considerably
deadened in interaction with a ridged glass surface. Essentially this means
that not even a fraction of the original generated signal reaches the user or
receiver, hampering any possibility of effective information feedback.
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4.4 DELIVERING SIGNALS TO THE POINT OF CONTACT
The need for the use of tactile information channel and simulation of the
tactile feelings led to the development of tactile actuators (thermal/infrared, pneumatic, ultrasonic, electromagnetic, hydraulic, electrical and
mechanical). However, since there are intermediate components between
the source (actuator) and the specific receptors in the skin, a signal
traveling from the source to the specific receptors may be lowered in terms
of magnitude, and may be changed in terms of phase due to impedance of
each intermediary component. Such distorted signal may be easily
affected by external noise. These factors affect signal transmission or
propagation of tactile stimuli through different materials and substances
having different structure and physical properties that can alter or
dissipate energy of stimuli by making tactile signals weak and less
informative (see Chapter 3, section 3.6). In this section we take a look at
some of the techniques that can be utilized to enhance signal delivery and
reduce signal attenuation, thereby increasing the possibility of inducing
haptic imagination through tactile stimulation.
Techniques for Improving Delivery of Information Signals

To account for noise and other disturbances, various approaches have
been put forward by recent studies (Mortimer et al., 2007). One approach
is to change the conditions for propagation of mechanical energy of tactile
stimuli to skin receptors (Carpi F. and De Rossi D, 2005; De Rossi D., et al.,
2006; Uikyum et al 2013). This is done by placing actuators in direct
contact with human skin (smart fabrics/e-textiles and coverings), and by
measuring and suppressing external noise or surrounding vibrations.
Using this technique researchers are able to generate exact (easily
distinguishable) waveforms (of the stimulus) in a specific location, due to
detection of tactile stimuli propagation to a destination field of contact
(Pance, 2013), or by observing the result of skin deformation (variations in
skin strain) in the field of contact and adapting the applied magnitude of
tactile stimuli (Hayward, 2003). However, when the skin deformation
occurs and fingertips act against a rigid surface, the skin receptors may be
blocked even for higher level energy transfer (exceeding 24 dB above the
skin sensitivity threshold), thereby making the proposed solutions
inefficient in certain circumstances.
Another way of improving the response of the human skin is by altering
sensitivity of skin receptors themselves (Collins, 1998). This is done by
locating a receptive area where the function of receptors should be
enhanced and applying a bias signal to the (skin) area before the
informative (tactile) signals are presented. The bias signals may have
similar or even different physical parameters to the original vibrotactile
informative signal and may utilize similar or different technique for
creating it (i.e. non-specific electrical, mechanical, or pneumatic (gas/air
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flow). Using this approach of engaging the user with a precursor signal to
activate the specific receptor field, for the incoming information signal,
can be very efficient. However, the signal needs to be optimized for this
use and specific parameters have to be calibrated in advance. Moreover,
parameters of the skin from person to person may also vary significantly,
and can even be affected by many different physical, physiological
(humoral), and psychological factors. Therefore, it is difficult to predict
whether any sensitivity change may occur or not, across different skin
types and physical and physiological states of various users.
Recent patent (Eldering, 2012) suggest a tactile interface that includes a
number of individually controllable piezoelectric drivers and actuators,
positioned around a perimeter of a highly tensioned elastomeric material
such as silicone rubber, polybutadiene, nitrile rubber. Using the driving
circuitry, the researchers were able to apply control information to each of
the individually controllable actuators to produce a wave pattern in the
tensioned elastomeric material. The researchers claimed that using this
approach, signal loss or attenuation can be limited and integrity of the
applied signal largely remains intact over various surfaces and materials
that may have different mechanical impedance. However, interaction
through elastomeric material covering a stiff surface (with varied
impedance) and having a density higher than human skin will compress
the skin and increase the perceptual threshold by damping the response of
skin receptors to tactile stimuli (see Chapter 2 section 2.5). Furthermore,
depending on the loss modulus (Eldering, 2012), elastomeric materials
may absorb the exerted energy, thereby altering the value and sense of the
applied original stimuli.
An alternative (technical) solution has been overlays and coverings, which
not only allow adjusting the density of surface of interaction but can also,
be useful in mediating the information signal from one to another section
of the device. Specifically, deformable overlays were initially designed to
detect the pressure and position of the fingertip on (non-touch) displays.
However, they can also (Evreinov, 2016a; Evreinov, 2016b) be used to
improve different strength and force envelops on the fingertip when
pressing virtual keys on touch sensitive surfaces (Evreinov, 2016c; And
Arai et al., 2004). The overlays and coverings can be filled in with various
materials (liquid or gel-like substances), which have densities similar to
the density of the hypodermis in the human skin that is typically of about
1100 kg/m3 (Gennisson et al., 2004). However, these solutions have fixed
or static parameters and do not allow real-time changes to control the
result and efficiency of the tactile stimulation.
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Creating an Active Mediation Mechanism

Unfortunately, in mobile devices it is not always possible to ensure the
proper mediation of haptic signals through mechanical impedance as
current devices utilize a wide range of mechanical and electrical
components with contrasting mechanical properties. Although some of the
techniques mentioned above may help in delivering specific information
signals to the point of contact, their implementation within a mobile
device may not be very practical. Therefore, during the last five year
research efforts at UTA (University of Tampere) have been focused
towards creating novel techniques to enhance the signal-noise ratio,
ensuring that haptic feedback is properly delivered to the point of skin
contact.
For this reason, we developed a radical new technique 5 of actively
providing and monitoring vibrotactile signals from the actuation
mechanism to the point of contact using (the patented) ‘Tactile Imaging
System’ (TIS). The system contains a ‘Receptive Field Tactile Array’
(RFTA), a ‘Liquid Screen Overlay’ (LSO) with an embedded actuation
array and a ‘Host Interface Processing Unit’ (HIPU), wirelessly tethered to
the mobile device (Fig. 18). Essentially, the system actively collects
information about the skin contact status and conditions for propagation
of the vibrotactile signals (stimuli), being generated. Based on the collected
information, TIS actively amends the tactile stimuli ensuring the resultant
signal parameters are appropriate for efficient transfer of the intended
information signal and is being delivered (Fig. 18) according to the host’s
(tethered mobile device) specific needs (personal preferences,
scenario/behavior or the context of use).
HIPU

Mobile Device

Figure 18. Illustrates the structure and flow of the HIPU. Adapted from “TIS Patent”,
Evreinov et al., 2015, 20160012689-B1 - Tactile Imaging System © Fukoku Inc. and University
of Tampere, 2015

5 Evreinov, G., Farooq, A., Raisamo, R., Hippula, A., Takahata, D. (2016c). Tactile imaging
system. US patent US 20160012689 A1, copyright University of Tampere and Fukoku Co.,
Ltd.
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The basic component of the TIS is the Liquid screen overlay (LSO). The
overlay consists of a thin resilient and deformable structure (e.g.,
polyamide film of 100 mkm) covering a layer of the liquid substance (filled
with e.g., distilled water, silicone gel, mineral oil or other materials having
similar mechanical and optical properties as seen in Fig. 19). This material
provides the necessary indentation (of about 0-3 mm) that improves the
contact surface conformance to the receptive field and non-uniform
distribution of forces and stresses from the contact area to skin receptors
(Fig. 17). Embedded within the LSO, is the ‘Receptive Field Tactile Array’
(RFTA). The RFTA is a network of sensors and actuators which are able to
monitor and provide a wide range of physical signals through the LSO.
The actuator and sensor array may be embedded into the body of the
(electrically inert) tactile mediator along with fiber sensors (e.g., force and
pressure, strain and temperature sensors based on polymer or silica fiber
Bragg gratings as discussed by Evreinov et al., (2016c)).

A – Actuator
B – Actuation Signal
C – Liquid Screen Covering
D – TS Display
E – Liquid / Gel
F – Finger position & depression of overlay
Figure 19. Illustrates the Liquid Screen Overlay with surface based actuation using a
generic actuation source. Adapted from “TIS Patent”, Evreinov et al., 2016c, 20160012689A1 - Tactile Imaging System © Fukoku Inc. and University of Tampere, 2016.

The sensory information collected from the array is channeled to the Host
Interface Processing Unit, which is wirelessly tethered to the mobile
device. The HIPU evaluates various aspects of skin contact (impedance,
force, pressure variation, indentation [through the liquid medium],
environmental noise etc.) and adjusts the actuation signal accordingly. The
HIPU also contains preset values of actuation parameters (which are
updated using Texas Instrument standard vibratones designed for mobile
devices) that can be generated in real-time. The HIPU is tethered to the
mobile device (with the LSO attached touchscreen) and can easily utilize
the onboard haptic engine (or signal driving mechanism) to control the
actuation array within the RFTA accordingly. Using this mechanism, the
HIPU can monitor both skin status and propagation of tactile signals in
real-time and adjust parameters of the actuation signal to provide the
necessary physical signal, effectively, to the point of contact for the entire
duration of interaction (Fig. 20). Furthermore, all actuation sources
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(actuators) are embedded within the LSO, the audio noise is also
substantially limited, thereby, decreasing the signal to noise ratio for the
vibrotactile signal, yet ensuring the haptic stimulus remains within the
necessary threshold.

Figure 20. Illustrates how the HIPU evaluates the sensory information and environmental
noise to modify actuation signal. Adapted from “TIS Patent”, Evreinov et al., 2016c,
20160012689-A1 - Tactile Imaging System © Fukoku Inc. and University of Tampere, 2016.

4.5 DEVELOPING AND TESTING EMBODIMENTS OF TIS
Once the specifications of an active mediation mechanism were defined,
researchers at UTA developed demonstration samples of various
embodiments to test the improvement in performance and signal to noise
ratio. One such embodiment (called simply the Liquid Screen Overlay was
created to test the active mediation mechanism and was a custom
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transparent overlay for an ExoPC Slate (tablet device), running Meego 1.2.
This overlay was created by using 0.1mm thin flexible plastic sheet fitting
to the size of the ExoPC Slate display (270 by 165 mm). The plastic sheet
was glued (using adhesive silicone tape) to the Plexiglas frame of 1 mm
thickness creating a hollow pouch from the middle, approximately the
size of the ExoPC Slate display.
The researcher then shaped two 0.5mm holes on the frame through the
sheet and used them to inject a non-conductive low viscosity oil mixture
into the pouch. The oil was injected, directly filling in the space between
the display glass and the thermoplastic covering with ~160mg of oil along
with the embedded actuators. Once a substantial bulge was apparent in
the pouch, any remaining air bubbles were evacuated and the two holes
were hermetically sealed with proper miniature screws. The researchers
then affixed various actuators on top of the liquid overlay (Fig. 19 (a)) and
compared both, the embedded and externally mounted actuators, with
reference to signal actuation and noise to signal ratio. The results showed
greatly increase efficiency of the all the actuators and suggested that the
signal remained intact throughout the touchscreen.

(a)

(b)

Figure 21. (a) Shows the structure of the LSO and embedded actuators and (b) illustrates
the external and internally mounted actuators. Adapted from Farooq et al. Evaluating
Transparent Liquid Screen Overlay as a Haptic Conductor. In Proceedings of IEEE SENSORS
Conference. © IEEE eXplorer, 2015a.

Evaluating Efficiency of the LSO Tactile Information System

To gauge the efficiency of the liquid overlay in providing haptic signals,
the team at UTA created two identical setups containing four actuators
using two sets of ExoPC tablets. One of the tablets was affixed with the
transparent liquid screen overlay, while the other tablet was used without
any covering. Both setups were affixed with AAC PV4042A-02 and AAC
PV35-3L-01 piezoelectric actuators along with the HiWave HIHX09C005-8
voice coil exciters. For the tablet with the liquid screen overlay, these
actuators were attached to the screen overlay, whereas for the other setup,
these actuators were directly attached to the glass touchscreen. Placement
of the actuators was identical in both setups, as all the actuators were
directly attached just outside the touch sensitive areas of the screen (Fig.
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20 (a) and 20 (b)) using similar silicone based adhesives. For added
measure, the setup with liquid screen overlay was also equipped with
another AAC PV35-3L-01 piezoelectric actuator which was embedded
inside the liquid overlay. The reason for selecting these particular
actuators was that they each had different resonance frequencies as well as
forces, which would be idea in gauging any distortion caused by the
viscosity of the oil being used in the liquid overlay.
To simulate the force of a light fingertip touch, an artificial finger was
used with embedded extra weight (steel core covered with multilayered
rubber having a density (of about 1100 kg/m3 [Maeno et al., 1998] and
friction similar to a human skin) producing a continuous static load of
100gF (see section 3.8 for more details). The artificial finger-probe also
measured the vertical and horizontal components of vibration signals
delivered to the point of the fingertip contact (the touchscreen). A
MicroSense displacement sensor (5810) and 5622-LR, 20 kHz probe were
also used to record vertical displacement. Moreover, a standard Sound
Level Meter 2250 (Brüel & Kjær) was used to measure the Audio Decibel
levels (dBA) generated by all the actuators in both setups across the 3
measured frequencies (Fig. 21).

(a)

(b)

Figure 22. Studies to evaluate various actuators and their performance increase in LSO
based mobile (below) and tablet (above) setups. Adapted from Farooq et al. Evaluating
Different Types of Actuators for Liquid Screen Overlays (LSO). In Proceedings of IEEE Design
Test Integration and Packaging of MEMS / MOEMS, 2016a, 97- 102. © IEEE eXplorer, 2016.

Results showed that all four actuators operated far more efficiently in the
setup containing the haptic mediator (LSO), across the measured
frequencies, as compared to the condition in its absence (Fig 21). The
haptic mediator was able to transfer the vibrotactile signals to the fingertip
contact, ensuring minimum noise to signal ratio and maximum
conductance of informative tactile vibrations between the actuator and the
point of contact. This was visible for all actuators though out the range of
inspected frequencies (120-280 Hz), excluding the PV4042A-02
piezoelectric actuator, which due to its specific design and attachment
produced more acoustic noise at 280Hz as it caused bending waves to
travel over the plastic surface of the overlay, rather than exciting the liquid
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within a pouch. Yet, the actuator’s vibration component was 2-3 times
stronger than its acoustic components below 200Hz.

Figure 23. Shows the attenuation of the acoustic components (noise) in the presence of
(left) and without (right) the use of LSO, mediating vibrotactile signals from actuators.
Adapted from Farooq et al. Using Skin Micro-Displacements to Create Vibrotactile Signals for
Mobile Touchscreen Displays, Sensors Journal IEEE, vol. 16, pp. 6908-6919, 2016, ISSN 1530437X. © IEEE eXplorer, 2016.

Future research in Active Mediation

Other studies (similar to the one discussed in section 4.5) were conducted
in both mobile [unpublished research] (Fig.20 (b)) and tablet (Farooq et al.,
2016a) (Fig 20 (a)) form factor devices and the results in general were
found to be very similar. During these studies, actuators were also tested
for their efficiency to work within and on top of LSOs which illustrated
how current available technology could be used with possible future
Liquid screen overlays. Due to the increase in signal integrity throughout
the touchscreen device as well as the decrease in signal to noise ratio, it is
clear that active mediation is the way forward for developing precise and
accurate vibrotactile feedback.
Utilizing these results and lessons learnt from exploring LSO in its
different embodiments, the team at UTA filed another patent application
(Evreinov, 2016d) which provided further details on how different
methods of attaching and utilizing actuation mechanisms alongside and
TIS based system, could be used. These approaches can become even more
useful with current flexible display technologies (AMOLED), ensuring
that the combination of the display and the LSO remain as thin as possible
without compromising the deformable indentation present in the current
generation of TIS. Furthermore, UTA researchers are currently working
with the development team at Fukoku Motors (Japan) to bring this
technology to the general public, improving multimodal interaction in
mobile and handheld touchscreen devices.
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On top Within
or under the
Liquid Screen
Overlay
On top Within
or under the
Touch Screen
Display
Within or
remote
attachment of
Actuator

A – Actuator
B – Actuation Signal
C – Liquid Screen Covering
D – TS Display
E – Liquid / Gel
F – Liquid / Gel in external Reservoir
Figure 24. Possible variation of future TIS based system and Actuator configurations.
Adapted from “Haptic Device”, Evreinov et al., 2015, US20160011666-B1 © Fukoku Inc. and
University of Tampere, 2015
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5 Vibrotactile Feedback in
Touchscreen Interaction

5.1 TOUCHSCREEN AND VIBROTACTILE FEEDBACK
In the past decade touchscreens devices have become more and more
popular in our daily lives and are more rapidly substituting traditional
user interface controls. The shear capability of randomly altering and
redefining the content on the screen according to usage and application
requirement not only enhances usability but also create immersiveness. To
be able to achieve this on mobile and wearable devices such as
smartphones, tablets and smartwatches has opened up a new and exciting
interaction paradigm.
One of the more appealing aspect of having a touchscreens as a personal
interaction medium is that it is now possible to detect gestures and
recognize human activities beyond the point-and-click model. This
provides intuitive means for interaction traditionally was only possible
though lengthy, complicated input sequences. Therefore, due to the
potential for enhanced usability of touchscreens, even operating systems
for larger computing devices have started adopting more touch friendly
interfaces (e.g. Windows 10, Sierra 10, etc.).
However, touchscreens inherently have significant disadvantages.
Primarily, most touchscreen based devices lack effective haptic feedback
which makes their usage in less-than-ideal conditions, quite challenging
(Levin, M and Woo, 2009; Banter, 2010). Previous research illustrates that
user attention to visual and audio feedback is also weakened during
multimodal interaction when haptic component associated with physical
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controls—such as buttons, switches, and knobs—are absent (Buxton et al.,
1985). Moreover, user performance also tends to degrade, as users can no
longer depend on the haptic information collected during interaction with
such computer systems (Hoggan et al., 2008; Hoggan and Brewster, 2010).
This is due to the fact that the passive haptic feedback collected is
generally from interaction with a smooth glass surface (capacitive
touchscreen)
To resolve this issue, various studies have been conducted to activate
haptic imagination (Lacey and Lawson, 2013) and the resulting afferent
information based on the user’s heuristic experience and simulation while
exploring the physical world (Yohanan and MacLean, 2009; Brewster et al.,
2007). Though some research have utilized advance mechanisms of
triggering haptic percepts, unfortunately a large number of existing
commercially available devices still employ a single generic vibration
signal transmitted throughout the entire device, irrespective of the point of
interaction.
In most cases this low-resolution uncalibrated haptic feedback signal also
does not account for possible attenuation during signal propagation, nor
does it consider the type of interaction (finger or stylus-based interaction).
Consequently, tactile information delivered to the point of contact is
usually inconsistent, with reference to the originally expected
afferentation (Farooq at al., 2015a). Hence, the perceived signal may not be
properly associated with the specific component of interaction (onscreen
controls, virtual textures or shapes etc.) thereby limiting and in some cases
completely corrupting user’s imagination. At best, this type of haptic
information exchange can only be classified as a “primitive feedback of
physical contact”, and does not provide enough meaningful response to
interact with and control complex virtual objects. Essentially, humancomputer interaction is based on information exchange. However, this
interaction is often an active rather than passive process and requires
specific interaction that cannot be supported by the aforementioned
“primitive feedback of physical contact”.

5.2 VARIOUS APPROACHES
TOUCHSCREEN DEVICES

FOR

PROVIDING VIBROTACTILE CUES

ON

The lack of tactile feedback while interacting with touchscreens has been a
key issue, especially in mobile devices. To resolve this issue,
manufacturers have tried to supplement the interaction by introducing
artificial haptic signals. Depending on the type of device (handheld or
tabletop), various techniques of augmenting tactile signals have been
incorporated in current mobile devices. In most current multimodal
interaction devices, surface / subsurface vibrotactile signals are used to
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convey a wide range of interaction parameters (conformational and trigger
events). These vibrotactile signals may by local (bound to a specific
location or area on the device) or may be generated throughout the entire
device. Using this technique, manufacturers can ensure users perceive the
vibration signal, irrespective of how they are interacting with their device
(holding the device with the entire hand or interacting with a single
finger). However, depending on how the users grip while interacting with
the device they may perceive the actuation signal differently. Furthermore,
as this technique is mainly focuses on raw sensibility (ability of the mobile
device to generate a strong perceivable signal); the vibrotactile signal in
question is also limited in its perception. This generally translates to
limitations in creating specific signal parameters (vibratones) for specific
events / notifications. Conversely, this approach is robust across multiple
devices and environments and does not require signal calibration or even
the need for generating a precise signal. Additionally, actuation
components (usually a single component) and mediation mechanisms
utilized for generating such signals also do not require specific calibration,
which ensures application costs remain low.
Another approach of providing vibrotactile feedback to touchscreen
devices is to create micro-displacements to the area of interaction
(touchscreen). Using rear mounted actuation mechanisms to the
touchscreen itself, or a transparent overlay on top of the touchscreen, it is
possible to convey micro-displacements to the fingertip contact (with the
touchscreen surface or the attached transparent overlay), thereby
generating lateral or tangential forces. The technique is very useful in area
or devices where the user only interacts with the touchscreen surface and
cannot hold / touch the rear of the device. Additionally, this approach
does not require actuation of unnecessary components of the devices,
thereby, improving efficiency and limiting audio noise. Furthermore, the
approach also has the added advantage of creating multidirectional
displacement, increasing sensitivity and perceptual effect of the provided
actuation.
However, this approach also has some limitations. Firstly, it requires the
touchscreen or the overlay on top of the touchscreen to be able generate
micro-displacements, which inherently complicate the design of the
mobile device. As current mobile devices are moving towards a hermetic
design (IP67 or IP68 certified), flexible or movable displays may be
challenging to incorporate. Secondly, the design may need to
accommodate the screen (or the transparent overlay) to displace in more
than one direction. This would mean that the structure and Degree of
Freedom (DOF) of the touchscreen (or its attached overlay) might limit the
structural integrity of the mobile device. Furthermore, this approach
requires the use of linear displacement actuators specifically designed to
generate linear displacements (in one or more directions) in loaded
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environments (against the minimum static load exerted by a fingertip
[100gF]). Unlike cheaper and more efficient vibrotactile actuators (ERM,
LRA), linear displacement actuators need to function in a dynamically
loaded environment, and yet still maintaining minimum microdisplacement levels.
An alternative approach, generally utilized for desktop and tabletop
devices with touchscreen input, is to deform parts or the entire
touchscreen or display area to create kinetic forces. This is done either by
utilizing a flexible design structure or simply be fitting the touchscreen
surface with an elastic or deformable transparent overlay. Using actuation
mechanisms based on electrically controllable mechanical materials (SMAs
or Ferromagnetic) attached to the overlays, it is possible to deform the
structure or even the contour of the overlay to relay tactile or kinesthetic
information to the user. This technique has the added advantage of
physical deformation along with user’s perceptual response to the
multimodal experience of kinetic forces, as well as visual transform of the
object of the screen. Although this technique can induce haptic
imagination, its implementation is limited to large stationary touchscreen
based devices. Furthermore, the technique requires substantial energy to
generate the necessary forces to transform the touchscreen or attached
screen overlay within the necessary timeframe of interaction (usually 150300ms).

5.3 GENERATING VIBROTACTILE FEEDBACK USING DIRECTIONAL FORCES
The use of overlays moving across a touchscreen in both mobile as well as
table top displays is been research considerably. Actuating various
textural overlays longitudinally or tangentially on the screen can generate
a wide range of feedback sensation, including friction variations. This
section explores some of the existing research in creating directional forces
on touchscreens and its viability for generating feedback on mobile device
(adapted from Farooq et al., 2016b).
In recent years, transmitting directional lateral forces accompanying user’s
onscreen activity has been a key techniques of creating haptic feedback
(McHugh, 2015; Roudaut, 2013; Saga and Raskar, 2013, Saga and Deguchi,
2012; Dandekar et al., 2003). Many studies have been done to characterize
the user sensitivity of skin micro-displacements at the fingertip. Most
researchers agree that applying shear force to produce in-plane tangential
micro-displacements of the skin can be very practical and efficient in
providing tactile informative signals in a wide area of applications.
For lateral displacement, Drewing et al., (2005) observed angular
resolution thresholds of up to 14-34 degrees, whereas, Vitello et al., (2006)
measured thresholds of 30-40 degrees. Placencia et al., (2009) also
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observed direction-dependent sensitivity and found angular thresholds to
be around 14 degrees; however, this was done for tangential haptic
stimulation. Perhaps, what is interesting is that the above studies revealed
different thresholds in different directions, which would suggest that the
fingertip is more sensitive to stimuli in the distal direction than in the
proximal direction. Either way, the sensitivity of skin micro-displacements
at the fingertip, irrespective of the direction, can be utilized to deliver
localized and comprehensive tactile information on the touchscreen,
which is not possible by shaking the entire device (Dai et al., 2012).
Perceiving Tangential Micro-displacements

Shear force and tangential micro-displacements of the skin are perceived
by several types of mechanoreceptors. Birznieks et al., (2001) applied
directional forces to the finger pad and recorded that Merkel cells (SA-I),
Ruffini corpuscles (SA-II), and Pacini corpuscles (FA-I) afferents, all
responded to and encoded directional information (Vallbo and Johansson,
1978). This finding is supported by Vallbo and Johansson’s earlier work,
who identified Meissner corpuscles (SA-II) as the primary receptor for
skin stretch though other receptor types might also be involved in
processing cutaneous sensory input (Olausson et al., 2000; Norrsell et al.,
1992).
Similarly, Srinivasan et al., (1990) also identified Meissner corpuscles (SAII) as the main source of encoding tangential skin micro-displacements.
Additionally, Olausson et al., (1998) also concluded that lateral skin stretch
is primarily encoded by Meissner corpuscles (SA-II) afferents while
Merkel cells (SA-I) afferents were more sensitive to spatiotemporal stimuli.
Furthermore, research in defining the role of directional stimuli while
detecting skin stretch has also been analyzed. Wang and Hayward, (2007),
Maeno et al., (1998) and Gleeson et al., (2010) have all tried to categorize
and understand tangential skin deformation through measuring and
modeling the properties of the human finger pad. Although, researchers
may still argue over the resolution of directional spatial stimuli with
reference to SA-I and SA-II afferents, they unanimously agree regarding
the sensitivity of skin to micro-displacements as well its ability to deliver
tactile information.
Directional Forces and Friction Modulation

Until now, the only way of creating a strong sense of directional forces on
an interactive surface—in the absence of the mechanical linkages with
respect to a reference ground plane—was by modulating the friction
coefficient (Muller et al., 2010). When the friction is artificially raised,
moving an input device, such as a stylus or a fingertip, over the interactive
surface requires a greater force from the user to move the manipulandum.
On the other hand, if the friction coefficient is artificially lowered, moving
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the manipulandum over the interactive surface becomes much easier. By
switching between both states, a perception of virtual surface structures
(surface edges, virtual fixtures, and textures) can be controllable with
respect to the interaction scenario (Daud, 2011; Abbott et al., 2007).
Friction modulation can be achieved in multiple ways. One approach was
described by Müller et al. (2010). The researchers developed a stylus
containing a steel ball tip and an electromagnetic coil. When moving the
stylus over the display surface, the steel ball tip rotates with a minimum
amount of friction. By using an electromagnetic brake, the friction force
can be modified dramatically. Thus, the force required to move the stylus
over the display surface can be modulated.
Another approach was presented by Levesque et al., (2011). Using 26 kHz
vibrations produced by a piezoelectric actuator, the authors were able to
create a “squeezed air film” that reduces the friction on an interactive
display surface. By using this technique, just noticeable difference in
friction of approximately 30–40% has been recorded. The presented
approach allowed for the simulation of multiple friction levels that could
be used for the tactile presentation of different object properties and welldistinguishable levels of the virtual surface.
An alternative approach could allow creating lateral forces in order to
simulate virtual edges and surface structures. This concept is based on
research done by Robles-De-La-Torre (2002), who described the
importance of lateral forces in perceiving, recognizing, and identifying
planar shapes. Based on his research, the T-Pad (Tactile Pattern Display
through Variable Friction Reduction) was developed by Winfield et al.,
(2007) and presented at EuroHaptics. The authors utilized piezoelectric
actuators to alter the friction coefficient and simulate lateral forces under
the fingertip. On the other hand, Kaye (2012) also utilized the slightly
different approach of designing an active computer response (output) to
the user’s touchscreen inputs. He introduced the possibilities of using
saw-tooth-shaped vibrational patterns to create a well-perceived force that
could be applied to the user’s fingertip. This allowed the generation of a
richer set of sensations when interacting through the mobile touchscreen.
Although the concept discussed by Kaye (2012) is useful in providing
tactile signals to the skin, none of the approaches discussed above
produced forces strong enough to change the direction of stylus or
fingertip movements. The differences in friction force could only be
experienced by the user and perceived when s/he initiated the actual
movement of the input device (manipulandum). Essentially, most of the
solutions discussed can be described as “passive” because they only react
to the user’s onscreen activity, instead of actively affecting the user’s input
behavior.

……………

80

5.4 CURRENT TOUCHSCREEN BASED INTERACTION SYSTEMS
In the last few years technological advancements in the field of haptic
actuators have enabled more efficient and affordable solutions for
developing complex touchscreens actuation (Farooq at al., 2014b),
especially for portable haptic touchscreen devices. Utilizing novel
actuation mechanisms (piezo, and MEMs (Micro Electro Mechanical
Systems) components, voice coil and solenoid-based actuators, electroactive polymers, skin stretch, and ultrasonic transducers), it is possible to
provide a wide array of actuation signals to the touchscreen surface,
which was not possible just a few years ago. Myles and Binseel (2007)
suggest that by utilizing these actuation technologies we can create
diverse and more comprehensible haptic signals, unlike the tactile
primitives (receptor-specific events which can only toggle focus of haptic
attention), commonly used in commercial mobile devices. These
technologies have the ability to concurrently convey multiple haptic
information parameters simultaneously (conformational feedback tangible
interaction, and even virtual object manipulation) on a mobile touchscreen,
bridging the gap between mechanical and virtual controls.
Mixed Haptic Feedback for Mobile Touchscreen Displays

Companies and researchers are now designing complex systems to take
advantage of new actuation technologies by defining precise actuation
signals needed to induce haptic imagination. Although this research is not
specifically focused towards vibrotactile actuation, it is important to note
that researchers are utilizing other actuation technologies in combination
with vibrotactile signals to create mixed haptic feedback systems. In
particularly, Tactus Technology6 utilizes micro-pumps to channel liquid
into grooves within the screen overlay, to create squeezable touchscreens
areas, simulating mechanical buttons and switches. Senseg, on the other
hand, utilized Coloumb’s forces, by passing high-voltage current pulses
into the insulated conductive layer of transparent electrodes integrated
into the screen, which can create an attractive or repulsive force on the
finger skin. Modulating the Coloumb’s forces, it is possible to simulate a
variety of sensations (through friction modulation to create textured
surfaces, primitive geometrical shapes and edges).
Kuchenbecker and colleagues (2011) at the GRASP Lab have taken friction
modulation to the next level by developing ‘Haptography’. Furthermore,
in collaboration with Max Plank Institute (Germany), Kuchenbecker and
colleagues have streamlined friction modulation for a wide range of
applications. Using this technique Kuchenbecker’s team is able to record

US-8199124 B2 Patent. User interface system, Application number US 12/652,708, held
by Tactus Technology, Published on Jun 12, 2012.
6
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and then replicate physical surface parameters on touchscreens, moving
away from ‘Command – Execution’ level of interaction to a real-time
feedback system.
Additionally researchers at HIRL try to take into account a more userperception based approach while designing haptic systems. They evaluate
force perception (Tan et al., 1995) and information transfer rate (Tan et al.,
2010) to identify actuation systems and parameters for touchscreen based
interaction. On the other hand, Disney researchers (Kim et al., 2013) have
been trying to introduce 3D haptic features to 2D touchscreens by
developing tactile rendering algorithms for modulating friction on
touchscreens. They achieve this by establishing and encoding a custom
model of perceived friction forces experienced by the users. Using this
algorithm researchers from Disney Research Labs and KAIST University
(Korea), were able to create perceptual renderings of 3D effects by
modulating lateral friction forces on touchscreen surfaces. Other research,
such as Project FEELEX (Iwata et al., 2001), Touch Engine Actuator
(Poupyrev and Maruyama, 2003), Haptic Creature (Chang et al., 2010), UI
with semantic tactile feedback (Yatani and Truong, 2009) and (Ryu et al.,
2010) with a mechanism for in-vehicle information delivery, all try to
create a more comprehensive multimodal interaction experience moving
away from visual dominated communication with mobile computing
devices.
However, in most of these research studies haptic feedback is provided
through mechanical or electrical actuation (or a combination of the two).
There is not much research done on non-contact haptic feedback for noncontact hovering gestures. An interesting example however has been
provided by Neonode7, which uses the pneumatic technology to provide
remotely pressure pulses to human skin as well as trigger mechanisms to
control UI functionality. Nevertheless, this technique has yet to be
reproduced and is restricted to a very limited area of feedback around the
device. Similarly, some researchers (Sand et al., 2015) have utilized
ultrasonic actuation to simulate tactile response for non-contact interaction.
Although this type of systems may be useful for noncontact actuation,
especially for AR / VR systems, the health risks of prolonged use of
powerful ultrasonic radiation may outweigh its advantages.
Looking at the limitation, of combining haptic feedback for both physical
touchscreens as well as virtual surface based interaction; we at Tampere
Unit of Computer Human Interaction (TAUCHI) developed redundant
actuation systems (Farooq et al., 2014c) for both surface and hovering

7 Neonode: Proximity sensing for enhanced user experience portable devices, available at
(Last accessed on 12.06.2017): http://www.neonode.com/
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interaction with conventional touchscreens. TAUCHI researchers utilized
a dual actuation prototype device for In-Vehicle Infotainment Systems, for
the HapticAuto Project8. The prototype device (detailed below are adapted
from Farooq et al., 2014c) utilized a novel application of vibrotactile
feedback (LATs) supplemented with an innovative pneumatic based noncontact actuation mechanism (PSW).
The Linear Actuated Tactile Screen (LATs) prototype was developed to
create custom vibrotactile signals for haptically noisy in-car environment.
Unlike regular handheld devices with a miniature eccentric rotating mass
haptic actuator (pager motor or similar mechanism) which creates
vibrotactile feedback at the back of the device, the LATs prototype was
designed to generate powerful vibrations of the whole tablet propagated
with minimum attenuation, directly under the fingertip in a wider range
of magnitudes and frequencies. To achieve this, an eccentric shaft (~50g)
spanning the entire diagonal length of the tablets, was actuated by a
powerful DC gear motor.

Figure 25. An illustration of the LATs and PSW based IVIS prototype device (HapticAuto
Project) using the ExoPC Tablet. Adapted from Farooq et al. Developing Novel Multimodal
Interaction Techniques for Touchscreen In-Vehicle Infotainment Systems, International
Conference on Open Source Systems & Technologies, IEEE ICOSST 2014, © IEEE eXplorer,
2014c.

The LATs prototype along with custom designed IVIS software (Farooq et
al., 2014c) was created because touchscreens based in-vehicle infotainment
systems (IVIS) demand greater visual attention of the driver. This, in-turn,
decreases safety when attention is taken away from the primary task,
driving. According to US based Nation Highway and Transport Safety
Authority (NHTSA), driver safety can be greatly affected when drivers
cannot feel the feedback signals accompanying interaction with software

HapticAuto is a Finnish-Swedish-American consortium consisting of nine partners. The
project was funded by Finnish Funding Agency for Technology and Innovation [TEKES]
and ran from 2011-2013. http://www.uta.fi/sis/tauchi/hapticauto/index.html
8
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controls on a touchscreen based IVIS and have to gaze more frequently
and for longer durations at the center console9.
The LATs prototype functioned alongside the Pneumatic Sub-Woofer
prototype (PSW). The PSW prototype (Fig. 25) created pressurized air
pulses using 2 hermetically sealed subwoofers in a closed chamber and
funneled the air pulses onto the surface of ExoPC tablet’s touchscreen. The
prototype provided variable magnitude of pneumatic pulses via a
modulated digital sine wave generator, which could be regulated to
modulate signal amplitude and frequency. The PSW consists of two
standard (Raptor-6) car-woofers of 140+140 Watts with 2*4 ohms load
impedance and used a maximum of 6.5A*2 at 28V. The signal was
amplified using a custom linear full-bridge floating balanced power
amplifier that pressurizes 250cm3 of air and pushes it gently through the
injector nozzle onto the touchscreen surface to provide haptic feedback.
The combination of LATs and PSW provided a comprehensive feedback
system that ensured onscreen haptic signals could be relayed to the driver
through vibrotactile and pneumatic actuation for both surface and nonsurface interaction. This technique increased the interaction time by
providing pneumatic actuation (through PSW) while the user was not in
full physical contact with the touchscreen and continued the actuation
signal through vibrotactile feedback while the user was in close physical
contact with the touchscreen. Using this technique, we (at TAUCHI)
proved it was possible to limit environmental noise and increase the
ability of transferring haptic signals to the driver. This research
demonstrated that similar techniques of employing redundant actuation
technologies could increase sensitivity in haptically-noisy environments
without the need for drastic redesign in actuation technology.
Shape Altering Physical Displays

If we consider some of the recent innovation technologies and related
patents we can see intent to create “affective interaction”. One way of
achieving this goal is by introducing physical deformation altering the
interaction medium itself. In mobile and handheld devices where the
center of interaction is the touchscreen, it would suffice to introduce
systems that can physically alter various characteristics of the touchscreen.
Patenting claims of deformable touch sensitive surface (Harold et al., 1985)
shows that it is possible to provide more natural as well as stronger
feedback using screen overlays. The Elastic wave tactile interface (Eldering,

NHTSA-2010-0053 - NHTSA Driver Distraction Guidelines for In-Vehicle Electronic
Devices.
Document
Number:
2012-9953
(Last
Accessed
on
12.06.2017):
https://www.federalregister.gov/documents/2012/04/25/2012-9953/visual-manualnhtsa-driver-distraction-guidelines-for-in-vehicle-electronic-devices

9
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2010) shows the possibility of providing feedback using an elastic screen
covering. Similarly overlays attached to mobile touchscreens have also
been used to provide haptic feedback (Leung at al., 2007) which show
improvement in the usability of the devices and provide the ability for
haptic signals to augment GUI elements on touch screens.
Deformable overlays provide a new dynamic to touchscreen interaction.
Systems like Tactus10 and even TAUCHI’s own LSO (Farooq et al., 2015a)
show how deformation in a section or the entire display can create haptic
landmarks on the touchscreen. With auditory and visual support, these
landmarks can create powerful affective interaction, not possible in ridged
flat touchscreen environments. Poupyrev et al., (2007) introduced the
concept self-actuated tangible displays with dynamically surfacing 3D
controls in 2007, and implemented UI controls (buttons) using the Lumen
display (Poupyrev et al., 2004). Similarly, Harrison and Hudson (2009),
showed how beneficial such controls could be on touchscreen surfaces.
Other techniques, such as utilizing Ferromagnetic input (Hook et al., 2009),
to generate physical deformation. The MudPad (Jansen et al., 2010), and
the ForceForm prototype devices, which provide localized deformation on
the screen through an array of electromagnets in combination with an
overlay containing magnetorheological fluid, are a good example of
Ferromagnetic material based deformation. Another approach to screen
deformation was introduced by Michelitsch et al., (2004) with Haptic
Chameleon that provided feedback through onscreen controls (video
playback). However, the tactile feedback generated using these techniques,
is limited with reference to generated forces and portability of design.
On the other hand mobile deformable display systems have also be
researched, such as FoldMe (Khalilbeigi et al., 2012), PaperFold (Gomes
and Vertegaal, 2015) and Morphees (Roudaut et al., 2013). Systems similar
to MimicTile (Nakagawa et al., 2012) utilize composite shape memory
alloys to sense deformation of the mobile interface and generate
kinesthetic feedback using device’s contour and structure. In fact, devices
such as can deform their physical volume and provide feedback through
structural alterations in their shape. However, most of these devices have
fixed deformation structures and can only achieve complete deformation,
rather than creating content-based alterations to the specific sections on
the touchscreen, as discussed by (Dimitriadis and Alexander, 2014; Gomes
and Vertegaal, 2015).
Perhaps a more interesting approach for deforming mobile device
touchscreen displays is to adjust pixels on the surface of the display. An
Tactus Technologies, tactile keyboard for touchscreen devices (last Accessed on
12.06.2017): http://gizmodo.com/keyboards-that-rise-out-of-a-touchscreen-are-finallyhe-1685246880
10
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example of this is Horev’s TactoPhone (Horev, 2006), a video concept
scenario using a Pinscreen. This approach uses deformation on the back of
a mobile device to allow for a more vast notifications (hapticon)
experience. Similarly, ShapeClip (Hardy et al., 2015) uses linear motors on
top of a regular capacitive touchscreen instead of creating deformation on
the rear of the device, as done by TactoPhone. Both techniques utilize
deformation of surface to generate a higher lexicon of haptic outputs.
Researcher at FIT Lab use a similar concept (morph-able) of display
technology for generating physical attributes to virtual objects. Their
concept of Emergables (Robinson et al., 2016) , extends from Organic User
Interfaces (OUIs), where input equals output; function equals form; and
the form follows the flow.
However, all of these techniques try to engage the user by the deformation
of the touchscreen itself or the entire device. They generally require
supplemental feedback from visual and auditory sources to induce haptic
imagination. They also rely on specific (UI) controls metaphor (buttons:
click, sliders: slide, knobs: rotate, and so on) to ensure that users can
navigate through the virtual interface. If the interaction metaphor being
employed by the system (such as FoldMe (Khalilbeigi et al., 2012),
PaperFold (Gomes and Vertegaal, 2015)) is radically different for user
perception, the affective interaction paradigm breaks down and the
usability of the systems reduces. For this reason, while designing systems
of similar usage, interaction metaphor plays a crucial role in defining the
usability and sustainability of the system.
Furthermore, most of these systems require considerable energy to
simulate even rudimentary tactile feedback through deformation. This
means that the ability of the system to convey a certain event (or other UI
specific information) hinges on the ability of the system to complete the
transformation within an acceptable timeframe. Therefore all the abovementioned systems need to have mechanisms in place to decrease the
transition time needed for transformation. from one state to the other. Due
to this, power efficiency of most of these systems suffers considerably and,
thus, their portability can be somewhat diminished.
In order to increase efficiency (Blankenship, 2011), we at TAUCHI tried to
replicate physical transformation for the most common UI controls on a
mobile touchscreen. Utilizing a transparent deformable screen overlay, we
developed a Haptic User Interface Enhancement System (UIES) which
could transform the stiff placid touchscreen into a dynamic haptically
intuitive interaction platform. The UIES enabled variations of the overlay
surface with controllable contact properties (stiffness, friction, and
displacements in two or more dimensions). These properties could
dynamically be appended to provide appropriate tactile cues to guide user
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input behaviors and extend haptic feedback (the below the UIES system
specifications are adapted from Farooq et al., 2014b).
The UIES core design included a flexible screen overlay (the contact
surface); a set of transducers which controlled the properties of the contact
surface, and embedded sensors measuring the proximity of the user’s
finger to the point of interaction as well the pressure and position of
contact. The device to which the overlay was affixed acted as a controller,
to modify parameters of the contact surface according to specific UI
interface and interaction scenario. Basically, the screen overlay integrated
with sensors and transducers dynamically adjust parameters of the
mechanical contact during tangential and normal displacements of the
finger across the virtual surface. More specifically, according to the
coordinates of the fingertip received from the proximity sensor, the
controller adjusted the actuation mechanism to provide an appropriate
strength and force envelope on the fingertip during the finger movements
(Fig. 26).

Figure 26. An illustration of the UIES prototype design, with ‘click’ button vertical
deformation and adjustable tactile force response. Adapted from Farooq et al. Haptic User
Interface Enhancement System for Touchscreen based Interaction, International Conference
on Open Source Systems & Technologies, IEEE ICOSST 2014, © IEEE eXplorer, 2014b.

The UIES prototype was able to simulate four distinct actuation
configurations (A, B, C & D) as seen in Fig. 26 and Fig. 27. As depicted (by
Fig 26), the actuation types ‘A’ & ‘B’, which flex and stretch the film
overlay to create the effect of depression of an onscreen controls, such as
buttons or clickable objects. Type ‘B’ actuation is the snapping back effect
of any UI control that pushes the user contact point (fingertip) upwards,
creating a push effect onto the finger. Sequential relaxing and stretching of
the film (in quick succession) created feedback of a UI landmark being
pressed and released, (as the film overlay snaps back into its original place)
within the single interaction period of 150-300ms. This simulated a
response, similar to a classic physical key, being depressed on contact and
springing back on-release.
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Figure 27. An illustration of the UIES prototype design, with lateral deformation to
generate micro-displacements and skin stretch. Adapted from Farooq et al. Haptic User
Interface Enhancement System for Touchscreen based Interaction, International Conference
on Open Source Systems & Technologies, IEEE ICOSST 2014, © IEEE eXplorer, 2014b.

Figure 27, shows actuation effects ‘C’ & ‘D’, which can be generated by
sliding the screen overlay from one side to the other thereby creating a
skin stretch (or micro-displacement) effect at the point of contact
(fingertip). Using this technique it is possible to guide the user to a
particular point on the UI as well as providing vibrotactile confirmatory
feedback signals. Rapid movements of the screen in one side and then the
other, as shown in the figure, can be performed to provide a complete host
of haptic feedbacks (Farooq et al., 2014b), varying the time, distance and
force applied to the fingertip at a specific angle simulating virtual surface
deformation.

(a)

(b)
Figure 28. Two UIES prototypes, with lateral and vertical deformation to simulate common
UI controls. Adapted from Farooq et al. Haptic User Interface Enhancement System for
Touchscreen based Interaction, International Conference on Open Source Systems &
Technologies, IEEE ICOSST 2014, © IEEE eXplorer, 2014b.

Using this technique, haptic feedback, pertaining to 3D user interface
controls, like sliders, and switches, which are difficult to encode (Harrison
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and Hudson, 2009; Poupyrev et al., 2004; Poupyrev et al., 2007), can easily
be created. A number of challenging haptic stimulations can also be
defined utilizing this technique and encode complex existing UI controls
or create novel controls specifically for this type of haptic feedback. As
targeted, the implementations of the UIES (Fig. 28) were done in such a
way that they provided fast yet efficient transformations. Due to the
design and the use of a light weight screen overlay, it was possible to use
power efficient actuation (motors) to alter the stiffness and vertical
deformation, as well as the linear lateral deformation of the overlay. The
pilot assessment of the two prototypes (Fig. 28), demonstrated that the
proposed concept had the potential to improve functionality of the mobile
or wearable devices. The use of a deformable transparent screen overlay
opened up numerous possibilities to enhance and further develop haptic
information for communication and visualization for touchscreen or
contact-based interaction. This technique also showed that it is possible to
generate substantial tangential and normal forces to dynamically modify
the skin contact without the need for high-powered actuation mechanisms.

5.5 TANGIBLE DISPLAY SURFACES
INTERACTION

FOR

DIRECT

AND

IN-DIRECT

As discussed in the previous section, an overlay moving across the screen
of the mobile device has already become a popular way of transmitting
directional lateral forces for direct interaction. However, these forces can
also be provided to other tangible objects (physical avatars, interaction
pieces, or indirect interaction tool like stimuli). Research into creating
directional forces on top of a touchscreen surface by actuating screen
overlays (Perlin et al., 2014, Roudaut et al., 2013; Reznik, 2000 and Farooq
et al., 2016b) shows that the process can remain quite efficient. Although.
Implementation techniques can differ in their physical principles, but all
of them are limited to exerting strong lateral forces to create a range of
displacements in two dimensions on a flat rigid surface.
A group of researchers at the MIT Media Lab (Follmer et al., 2013,
Leithinger et al., 2014) have developed a Dynamic Shape Display
(inFORM) prototype that can render the profiles of different objects using
top view projection. This powerful pin-screen display was assembled from
an array of 30x30 linear actuators that were able to simulate physical
interaction with tangible objects being controlled by the computer. The
idea itself was not new, as the first attempt to create deformable
volumetric surfaces that keep their shape was undertaken by Alexeïeff
and Parker (1961) for the animation of very short movies. Nevertheless,
the inFORM display demonstrated that an “onscreen image”—more
accurately, a segment of the projection screen surface—was able to
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manifest specific behavior in relation to an external object that was placed
(linkage-free) on the interactive surface.
Unlike other systems that use strings and pulley structures to generate the
necessary forces, the inFORM display was able to simulate or mimic
physical interaction (force output) with tangible objects by modifying the
interactive surface inclination. Researchers at the Tohoku University (JP)
also proposed an interesting mechanism for generating lateral-force
control (2.5D haptic display); the system is capable of creating directional
tactile force feedback to the user through a small pad actuated across the
display of a tablet device. The actuation is controlled using four cables and
pulleys affixed to each corners of the screen (Saga and Deguchi, 2012).
This type of SPIDAR mechanism, which was later adapted to cover the
entire display, is also not a new concept. In fact earlier research conducted
by Evreinova et al., (2006), illustrate its possible uses, however, the system
is limited due to the fact that cables can pull but cannot push reducing the
efficiency of the system.
By employing static friction and directional forces between the fingertip
and screen overlay, Anne Roudaut et al. at the Hasso Plattner Institute
(Potsdam, Germany) suggested a novel gesture-based communication
model. Utilizing this model the researchers developed two prototypes
devices (Roudaut et al., 2013), the long-RangeOuija and pocketOuija. The
long-RangeOuija was designed as a stationary prototype that utilized a
Geomagic’s Phantom Omni kinesthetic device for actuation with the
motion range of the screen overlay limited to about 4cm. The other
prototype, the pocketOuija was a mobile device designed for iPhones with
a limited range of motion of 1cm. Both devices stimulated the tip of the
user’s finger by actuating a transparent Plexiglas (acrylic) sheet and
polyester film overlay on the mobile screen (Roudaut et al., 2013). Chubb
et al., (2010) employed a similar technique in their research, ShiverPaD,
which provided shear forces to a fingertip by implementing a virtual
toggle switch perceived as 3D protrusions and depressions on top of the
screen. All these techniques tried to modulate kinesthetic afferentations by
moving away from simple tactile actuation in both mobile and on mobile
devices
Developing a real-time Input / Output Haptic Interaction Paradigm

Essentially, there are a few main problems with current interaction
systems. Firstly, most if not all systems basically utilize the traditional
“command-language execution” model, and secondly, the systems in
question have a very limited input / output mechanism, greatly replying
on traditional audio and visual formats. In essence, current computing
devices are devoid of the ability to natively create or regulate haptic
information, or even exchange simple kinetic energy with external objects
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or users. When interacting with humans, this become a core limitation as
human beings predominantly communication using visual, auditory and
haptic interaction. To ensure we, as human beings, have a more natural
form of interaction with our computing devices, it is necessary to develop
mechanisms by which our devices or their peripherals (interactive
surfaces, sensor pads, touchscreens etc.) can physically interact with their
surroundings.
Can it be possible for common mobile or touchscreen devices to explore
and influence their environment using physical forces? Is it likely that our
touchscreen devices can push or guide the user’s hand, to a certain
location on the screen or move another tangible object? Or simply can our
current devices physically respond to the user’s touch input by generating
a similarly reciprocal touch output. We at TAUCHI believe this is not only
feasible, but may even be a probably outcome for haptic research in
mobile and touchscreen devices. For this reason, our research (Farooq et
al., 2016b; 2016c; 2016d; 2016e) aims to develop techniques and
technologies that allow us to produce directional forces (either normal or
tangential) against tangible objects for mobile and table top displays.
Generating lateral forces on top of a touchscreen using a screen overlay
has been addressed earlier (Perlin et al., 2014; Reznik, 2000; Roudaut et al.,
2013; Saga and Raskar, 2013; Saga and Deguchi, 2012; Wineld et al., 2007),
and can easily be achieved in mobile touchscreen devices by calibrating
and refining current techniques. If we consider the available technology
and research being conducted, the question arises: How can we further
improve tangible mediators that can be adapted to specific contexts of
physical interaction to bridge the gap between the real and the digital
world? Would it be possible for an interactive space to catch, stick, swirl,
push, or throw tangible objects? How would such an active manifestation
of the computer output induce kinesthetic experience, intensify
communication between the user and computational system, and enhance
the expressiveness of visualization and guidance in training, learning, and
rehabilitation? To answer these questions and develop a mechanism for
active computing device outputs, we investigated various techniques and
technologies to provide accurate manipulation with tactile-kinesthetic
afferentation using a transparent screen overlay.
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6 Kinesthetic Display Surfaces
and Stick-Slip based
Actuation

6.1 KINESTHETIC DISPLAY SURFACES
As discussed in Chapter 5, multimodal research is being conducted to
understand and develop the most effective methods of communicating
physical attributes of virtual objects. Techniques inducing haptic
imagination or haptic signal encoding have both been employed in
touchscreen interfaces; but due to the nature of how people interact with
surfaces, both these techniques limit the amount of tactile information
being transferred. For this reason, tangible interaction plays an important
role as it provides an opportunity for three-dimensional interaction
beyond the “fingertip against glass surface” design of common touch
surfaces. Tangible touchscreen interfaces also ensure that there is tactile
information exchange, which engages the user through physical
interaction. However, most tangible displays do not provide any
kinesthetic or force feedback to guide the user through a particular task or
situation nor does the system record or evaluate the forces applied by the
user while interacting with the tangible objects.
This lack of kinesthetic feedback while interacting with touchscreen based
devices is not only counter intuitive but also limits these devices into
producing simple tactile cues instead of transitioning into a real-time
haptic I/O interaction paradigm (refer to section 5.5). This fundamental
limitation hinders the true adoption and evolution of haptic / multimodal
interaction in touchscreen devices. This is because current tactile
information systems have a core limitation as they are unable to relay
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kinesthetic information effectively. Nevertheless, most touchscreen based
mobile and non-mobile devices still try to use tactile feedback to simulate
kinesthetic information, which not only complicates information transfer
but also bottlenecks the haptic communication process.
This in surprising as multiple research already show that kinesthetic
feedback can be very beneficial in learning and virtual environments as
well as engaging the motor cortex and training muscular memory. Afzal et
al., (2015) demonstrated advantages of kinesthetic feedback in virtual
environments by employing a Phantom Omni® device. Afzal and his
colleagues found that kinesthetic feedback can assists in postural control
and increase balance stability for healthy young participants as well as
stroke patients. Koch et al., (2014), hypothesized that kinesthetic feedback
essential translates into afferent feedback of the body’s peripheral
movements to the higher cortical functions, such as the systematic effects
of the adoption of certain gestures or postures on the memory for common
life events. The Meaning of these movements is stored in the body in
relation to the person's learning history – ontogenetic as well as
phylogenetic. This muscle memory helps immerse the user to engage in
the specific activity, thereby simulating haptic imagination.
Haptic research combining tactile and kinesthetic feedback indicates that
more intuitive interaction can be achieved by simply providing most of
the components of haptic feedback in their natural composition. Zeng et
al., (2010), constructed a novel haptic display device coupling tactile and
kinesthetic feedback for rendering spatial texture and haptic shape. These
results demonstrated that kinesthetic feedback not only improves
interaction but compliments tactile (textural) components and provide a
much richer interaction experience. Similarly, Jagacinski et al., (1979)
already showed similar results when they used a critical tracking task to
compare kinesthetic-tactual display to a visual centric display in 1979.
These findings suggested that in some circumstances the advantages of
utilizing kinesthetic-tactual displays could outweigh visual displays.
Already in 1995, research by Paul Taylor (1995) in virtual reality,
suggested that although VR technology had great potential for design and
assembly, task simulation, this potential may greatly be diminished, as the
manipulation tasks (required in VR) by their very nature involve tactile
and kinesthetic interaction. He postulated that most VR environments
could be greatly enhanced by the addition of rudimentary tactile and
kinesthetic feedback. Taylor suggested that a new generation of tools
needs to be developed to provide the appropriate tactile-kinesthetic
feedback not only for VR but also for conventional touchscreen based
environments.
With so much research results pointing towards kinesthetic feedback for
virtual object interaction in 2D and 3D environments, it is surprising why
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more centralized kinesthetic devices have not been developed for
touchscreen interaction. Perhaps the reason would be that kinesthetic
devices need to impart substantial force and torque moments to the user,
to ensure the necessary information can be conveyed. Furthermore, this
type of force feedback also requires linkage based high-powered
multidimensional manipulators, which may not be very efficient at
generating and transferring the needed forces to the user. In fact, most of
the research cited above, was conducted using 3D force feedback devices
such as Phantom Omni or and Novint’s Falcon devices. Unfortunately,
these devices are large and require considerable electrical power to
translate mechanical actuation. Furthermore, these devices need to be
tethered to the virtual environment very precisely, as minor disjoints
between the visual component of the virtual environment and haptic
actuation interface (usually through a pen like manipulator) can shatter
the haptic imagination. And lastly, due to the size and power
requirements, these types of device peripherals cannot be suitable for
mobile devices where interaction is touchscreen centric.
Therefore, during the last part of this PhD research, the aim was to
transition from a vibrotactile feedback structure and design a system
which could be used to generate linkage-free directional forces onto a
tangible object such as a common touchscreen stylus. Using this
mechanism it would be possible to generate kinesthetic afferentations
utilizing the onscreen directional forces and the subsequent stylus
movements. To achieve this we utilized the stick-slip phenomenon [see
section 6.2 and 6.3] as the underlying technology to deliver directional
forces in the absence of stiff kinematic chains and mechanical linkages.
Our research highlights how tangible objects (e.g., a stylus) on the
touchscreen can actively be manipulated in a fully controlled and efficient
manner. Essentially, the technology described in the following section
(adapted from Farooq et al., 2016d) opens up new possibilities for the
computer to generate active real-time responses (outputs) to the user’s
inputs, creating a truly natural interaction paradigm. The developed
system can be used to provide continuously supervised learning and
deliver feedforward information that may be able to predict and modify
user behavior.
Improving Learning and Handwriting Skills using Kinesthetic Devices

If we look at learning environments such as handwriting skill, Barbe and
Milone (1981), suggest individual learning styles can be divided into four
different groups: visual, auditory, kinesthetic, and the use of mixed styles.
According to Barbe and Milone, 30% of learners rely on their visual sense
(Handwriting Activity Demonstration mode), 30% prefer a mixed
approach, 25% prefer auditory information, and 15% learn mainly through
movements (kinesthesia). But if we consider Interactive Displays as the
medium of learning, the two major senses employed for imparting
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knowledge are sight and hearing (Barbe and Milone 1981). This means
that teaching through interactive surfaces only caters to a limited
demographic of learners who are able to rely exclusively on visual and
auditory cues. Essentially, 15% of individuals who require kinesthetic
based learning are ignored within this paradigm of augmented feedback.
Furthermore, users who engage in a mixed modality approach to learning
are also limited by interactive displays that cannot deliver kinesthetic
feedback. Using a combination of interactive stylus, and force feedback
inducing kinesthetic imagination, this problem can easily be resolved,
thereby improving the training process of drawing, writing, and even
reading. Utilizing our prototype, it is possible to move the stylus across
the screen without the user gripping it (Farooq et al., 2016c). The
prototype can stimulate the visual-motor imagination and muscle memory
in patients during rehabilitation. Basically, this addition of kinesthetic
modality to interactive displays can be done seamlessly and can
supplement the existing techniques of learning and training.

6.2 STICK-SLIP MOTION
Stick-slip motion is the jerky stepwise motion caused when two objects
sliding over each other due to the result of alternating ‘Sticking’ and
‘Slipping’ phases of motion. Although the exact physical cause of the
phenomena is debatable, its effect is universally recognized and has been
explored since the 1980’s. In this section we elaborate how stick-slip
motion can be produced and utilized to provide directional forces on top
of an interactive surface to manipulate tangible object or even provide
force feedback for touch-based interaction.
Stick-Slip Phenomenon

Directional forces can be obtained by balancing two fundamental forces –
friction and inertia. It can be said that the friction force (Ffric) works
contrary to the force of inertia (Finertia). The friction force can be calculated
by using “Coefficient of Friction” (COF, μ). If the force of inertia is less or
equal to the friction force, the object changes its static state and starts to
move (slip) over the surface. However, if the inertial force remains less
than or equal to the friction force between the object and the surface it is
resting on, the object would retain its static state (stick). To use the frictioninertia principle for generating directional forces, an application needs to
alternate between the “sticking” and “slipping” states to generate a stepwise motion. This alternating motion is also called ‘Stick-slip’ effect and it
has been already used in technical applications such as building friction–
inertia actuators (Hattori et al., 2014), performing part manipulation tasks
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and designing novel types of position control linear actuators11. In order to
understand this effect in more detail, the different ‘Stick-slip’ phases need
to be analyzed more closely. If we consider two object A and ‘B’, where ‘B’
is the larger object on which ‘A’ rests (Fig 29), as long as the friction forces
between ‘B’ and ‘A’ remain greater than the inertial force of the system,
‘A’ will remain stationary and fixed to B.

Figure 29. Relationship between inertial and frictional forces. Adapted from Weitz P. (MS
Thesis) Kinesthetic Feedback on Interactive Display Surfaces, © University of Tampere, Dec
2015.

Now, if we change the inertial forces of the system by slowly pulling ‘B’ in
one direction (towards the right), as long as this inertial forces ‘F inertia’ do
not exceed the friction forces ‘Ffric’, ‘A’ remains stationary and stuck to ‘B’
(as shown in Phase I of Fig. 30a). However, if we increase the force ‘F inertia’
by increasing the acceleration of the motion of B in the opposite direction
(towards the left to its original position), friction forces ‘F fric’, are no longer
equal or greater than the inertial forces between ‘A’ and ‘B’, which pushes
‘A’ to move (slide) over ‘B’ opposite to the motion of ‘B’ (towards the right
as shown in Fig 30b). Now, if we momentarily stop the moving ‘B’, and
compare the relative position of ‘A’ before and after phase I and II, we see
that A has moved from its original position without being interacted with
directly (see Phase III in Fig 30a).

Figure 30. Generating directional forces using friction and inertia. Adapted from Weitz P.
(MS Thesis) Kinesthetic Feedback on Interactive Display Surfaces, © University of Tampere,
Dec 2015.

11

Tuula Motors, impact drive actuator US7,671,512B2
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The constant repetition of these three phases (steps) allows to
continuously generating directional forces using the friction-inertia
principle (Stick-Slip), without the need for direct linkages or contacts
between our primary object (‘A’). Furthermore, altering the relative
duration and displacement of object ‘B’ (in one direction or the other), it is
also possible to increase speed or stability of the motion of ‘A’ as well as
improve the efficiency of the transfer of energy to object A for generating
Stick-Slip motion.
Application of Stick-Slip Motion in Object Sorting

The idea of using the stick-slip effect for manipulating objects on a plane
surface has been already been discussed by Reznik and Canny (1998) as
far back as 1998. At that time, their goal was to manipulate different
physical objects, such as instruments and small pieces, on a plane rigid
surface. The authors tried to optimize object sorting by replacing the
“sequential” pointing and selection method with a much simpler one. As a
result of their work, they demonstrated that it is possible to manipulate
objects on a plane surface by providing directional forces with respect to
the central point P (Fig. 31). By doing so, tangential forces can be applied
to all objects located on the plate. How those objects respond only
depends on their inherent physical properties (inertia and friction as
discussed in previous). Reznik and Canny used this phenomenon to move
and sort objects on a plane rigid plate in a predefined direction. As shown
in Fig. 31, the field of controllable, directional and twisting forces creates a
rotational force with respect to the central point ‘P’. This motion causes the
object ‘O’ to change its position to ‘Os’. The resultant vector of forces,
which are applied during the rotation, can be seen in Fig. 31b.

Figure 31. Rotation around the point P (a) and the resultant forces with respect to the
point P (b). Adapted from Weitz P. (MS Thesis) Kinesthetic Feedback on Interactive Display
Surfaces, © University of Tampere, Dec 2015.

Apart from Reznik and Perlin, various researchers have tried to
incorporate directional forces into stick-slip motion. Researchers at
Olympus Corporation patented (Yasunaga, 2010) a stick-slip motion based
optical lense adjustment mechanism using a piezo actuator. The
researchers claimed that the movement of the lense (along with its base)
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can be precisely controlled through a vibrating base plate. By applying
saw tooth wave signals to a piezoelectric actuated which moves the base
plate (similar to how object ‘B’ was actuated over object ‘A’ in the previous
section), researchers were able to create State I, II & III which generate the
‘sticking’ and ‘slipping’ phases of stick-slip motion (Fig. 32). Researchers
claimed that cyclic repetitions of the three phases could move the lense
base to and fro without requiring any linkages or motors. To reverse the
motion, the researchers simply reversed the signal being applied (Fig. 32).

Figure 32. An illustration of the proposed design for a stick-slip motion based ‘Impact Drive
Actuator’. Adapted from Impact Drive Actuator US Patent No. US7, 671,512B2, Yasunaga,
2010.

Generating Forces to Create Stick-Slip Motion of Tangible Objects on an
Interactive Display Surface

Modern interactive surfaces and displays are mainly relying on direct
input through touch interfaces. Those interfaces are nothing more than
rigid plane surfaces, as studied by Reznik and Canny (1998). Although
using ‘stick-slip’ effect to deliver directional forces to an object for
manipulation is not new, however, until now a technical solution, that
would be appropriate for stylus (or other tangible objects) manipulation
on touchscreens for mobile computing, does not exist. By directly
actuating the display or an overlay (on top of the display), forces can be
generated which cause the object on the screen to oscillate between
sticking to the surface and sliding over it. Unlike Reznik (2000) and Perlin
et al., (2014), we employ ‘saw-tooth’ waves, instead of sine waves to
generate object stick and slip cycles, as described by Zhang et al., (2012).
The directional forces applied, can be used to manipulate objects in
contact with the screen surface, without the need for any stiff linkages or
joints. As illustrated in Fig. 33, a ‘saw-tooth’ actuation pattern shows a
non-symmetrical shape of the signal envelope.
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Phase I (as discussed in Fig. 30), increases the friction forces (stick phase)
by linearly actuating the screen overlay in one direction, by lowering the
values of acceleration needed for screen overlay displacement. Whereas, in
Phase II, the signal applied to the actuator produces higher acceleration,
increasing the inertial forces beyond the friction forces, sliding the object
on the screen overlay opposite to the movement of the overlay. Thus, the
tangible object (stylus) on the touchscreen surface can be displaced on
touchscreen interactive surface. The position and pressure of the object can
be continuously monitored by using the input capabilities of the touch
screen and using this information, an algorithm can be computed for
developing actuation patterns for the signal envelopes. Therefore, to move
an object to the desired location on the screen, a corresponding signal to
the actuation source responsible for displacing the screen overlay in the
necessary direction needs to be provided. Repetitive cycles of Phase I and
II, can displace the desired tangible object (stylus) exactly from one place
to the other on the touchscreen overlay, thereby moving a physical object
in real-time without the need for any linkages between device and the
object.
Phase I

Phase 2

Figure 33. Representation of a saw tooth wave applied to the linear actuators to generate
directional forces on the touchscreen using screen overlay. Adapted from Farooq et al.
Touchscreen Overlay Augmented with the Stick-Slip Phenomenon to Generate Kinetic Energy,
User Interface Software and Technology Symposium (UIST), © ACM, SIGCHI, SIGGRAPH,
2016c.

Defining Parameters for Stick-Slip based Kinetic Motion

During our preliminary research, various different technologies for
generating stick-slip movements were evaluated. During this testing
process it was observed that to create an efficient setup material properties
of the ‘screen overlay’, the object (stylus) ‘contact area’ and ‘texture’ as
well as the ‘actuation mechanism’ itself, used to generate screen overlay
displacements all need to be calibrated. To control a tangible object
(touchscreen stylus) through the stick-slip phenomenon, a specific
actuation pattern ('saw-tooth') was developed which remained within the
(optimum) threshold of the employed actuators. During this investigation,
three different linear actuators were considered and each actuator was
embedded onto its own test bench (Farooq et al., 2016d; Farooq et al.,
2016e).
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These three actuators were representative of the three actuation
technologies (Piezoelectric, Electromagnetic and Magnetostrictive) being
investigated. The actuators were evaluated by their performance,
efficiency and the ability to generate stick-slip motion over a touchscreen
surface. The actuation performance was measured with reference to “Size
and Weight”, “Load Forces”, “Stroke Length”, “Power Consumption”,
and “Response Times”. After evaluating each type of actuator, we decided
to utilize a linear pull-type solenoid actuator for generating the necessary
wave-forms. Similarly, given that actuating the entire touchscreen was
exceedingly power consuming and impractical, a screen overlay (similar
to a protective screen film) was identified as the actuation surface.
However, to maximize the actuation efficiency ratio, we investigated the
optimum parameters of the screen overlay (weight, stiffness, and
configuration) and custom developed the overlay. Furthermore, the
current setup was specified for a stylus-based interaction technique.
Although the stylus-based touchscreen interaction is one of the most
common techniques being adopted by most users (besides direct fingerbased interaction), the stylus also provided additional technical
advantages for the system. Firstly, stylus-based interaction is inherently
very precise, providing information about position, pressure, and
direction of motion, slope (virtual gradient of friction and texture), and
other features to the interactive surface. Secondly, a major feature of
stylus-based interaction is that the stylus tip can have various
configurations of different materials, providing a highly stable mechanical
contact area regarding friction, elasticity, and surrounding conditions
(Sande, 2012). Stylus-based interaction is more ergonomic in comparison
to any other input technique, since it provides a natural and intuitive hand
and wrist position and can further be augmented with strong kinesthetic
signals for training and remediation of dysgraphic patients (Nguyen and
Konishi, 2012). As the point of application of the kinetic energy from the
screen overlay is at a distance of a couple centimeters away from the point
of the user’s handgrip, even a small force applied to the stylus tip can
move the stylus in a specific direction.

6.3 A NOVEL STICK-SLIP KINESTHETIC DISPLAY SURFACE
The Stick-Slip Kinesthetic Display Surface (SKDS) utilizes a single
horizontally-vibrating flat surface to translate the actuation forces of the
attached motors / actuators for creating the stick-slip effect (see video
demonstration UIST2016)12. As demonstrated by Reznik and Canny (1998),
this mechanism can be used to generate suitable forces for object
manipulation. The SKDS system builds on this previous research (Perlin et

12

UIST2016 SKDS System Demo: https://youtu.be/3wN2mSpFC8Y
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al., 2014) and develops a more portable, functional and transparent model
to support touchscreen based interaction.
In most virtual interaction systems tangible objects associated with
interactive surfaces require a dedicated system to provide motion and
tracking (Bakker et al., 2007, Weiss et al., 2010), which means that these
tangible objects are never truly integrated into the interactive system but
are simply a metaphor for a virtual object (a weapon, or control
mechanism). On the other hand, if it would be possible to extend the
virtual environment to accommodate physical objects the human activities
with these objects could be perceived as much more natural by mediating
force-based interaction, which in turn can activate inherent haptic
experience and haptic imagination. However, traditional kinesthetic
feedback techniques require linkage-based high powered multidimensional manipulators (e.g. Phantom devices) which yet cannot be
replicated on mobile devices. Therefore, this research illustrates how
utilizing Stick-Slip phenomenon, it is possible to develop kinesthetic
feedback in real-time haptic applications which use stylus based
touchscreen interaction.
In this section, we will discuss the implementation of the SKDS prototype
based on electromagnetic pull-type solenoids. It broadly describes the
system as a whole, including the mechanical model, hardware controller,
and the software algorithm used to control the directional forces and
kinetic energy applied to the screen overlay and translated to the stylus tip
at the local point of interaction. Furthermore, we present an application
for learning handwriting. This application provides real-time feedforward
signals that facilitate the acquisition of fine motor skills through
continuous supervision of input behavior by delivering appropriate
kinesthetic information.
The system for delivering kinesthetic signals was designed as an overlay
for the MS Surface Pro 3 tablet (Fig. 34 and 35). Four pull-type solenoid
actuators were affixed to the Plexiglas plate to create a fully controllable
haptic space augmented via linkage-free, stylus-based interaction with the
touchscreen. The solenoid actuators were attached to the screen overlay at
the center of each side. By using “U” shaped aluminum brackets, the
solenoid plungers were affixed to the casing (base). To generate the
asymmetric push pull oscillations of the overlay, each plunger was
equipped with a silicone rubber bumper.
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(b)

(a)

Figure 34. Top (a) and cross sectional (b) view of the Design for the “Stick-slip Kinesthetic
Display Surface”. Adapted from Farooq et al. Touchscreen Overlay Augmented with the
Stick-Slip Phenomenon to Generate Kinetic Energy, User Interface Software and Technology
Symposium (UIST) © ACM, SIGCHI, SIGGRAPH, 2016e.

(a)

(b)

Figure 35. Top (a) and lateral (b) view of the two embodiments of “Stick-slip Kinesthetic
Display Surface” prototypes. Adapted from Farooq et al., Mechanism for Developing a
Kinesthetic Haptic Feedback System, International Conference on Sensing Technology (ICST)
© IEEE eXplorer, 2016e.

To control the kinetic energy applied to the screen overlay and stylus tip,
and to finally deliver the kinesthetic information to the trainee’s hand, a
software structure was designed which contained four parts: the UI
thread, the Hardware Thread, the FTDI Microcontroller, and the Actuation
Controller, as explained below.
User Interface Thread

The UI thread was designed to retrieve the user’s input data from the
interactive device. While the user interacted with the touchscreen, the
system recorded the points of interaction (X-Y touch coordinates) and the
applied pressure. In addition to this, the system was able to differentiate
between various types of input methods, such as stylus or fingertip.
Besides the user input, the UI thread analyzed the graphically-presented
learning tasks (Dinput) and the user activity (graphic input) by matching
and interpreting the slope and gradient of the graphic components (D input),
automatically calculating target coordinates (Brewster et al., 2007; Zhang
et al., 2012) and thresholds T1 and T2 (Fig. 40) [for more details please refer to
section “6.4 Usage Scenario”].
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In this research, we focused on two kinds learning modes for task
completion: “User Guided Supervision” and “Handwriting Activity
Demonstration”. Both learning modes utilized a baseline (Dinput) and
assisted the user in achieving near reference level corresponding output.
The UI thread maintained the baseline parameters (Dinput) and reviewed
user inputs with reference to the baseline and provided real-time
feedback/feedforward, depending on which threshold was crossed (T1 or
T2). Utilizing this mechanism, the UI thread was able to deliver twodimensional kinesthetic feedback and feedforward to the user (Kim et al.,
2013).
Apart from creating and tracking touchpoints for the various learning
modes, the UI thread also generated a list of control signals for the
“Hardware Thread” and eventually the different actuators, called the
“Actuator List”. This list represented which actuator should be turned on
and which turned off at a particular moment. To calculate which actuator
had to be activated, the algorithm subtracted the current user touch vector
(C) from the destination (D). Using the resultant vector (R), the object
quadrant was determined (Fig. 36). According to the resultant vector, a list
of actuators required to move the object (stylus) towards the (nearest)
destination was calculated.

Rx > 0 => Right Actuator

Rx < 0 => Left Actuator

Ry > 0 => Bottom Actuator

Rx < 0 => Top Actuator

(1)

After the actuator list was specified, the algorithm calculated the azimuth
angle (α) between the current position and the nearest point of destination
in relation to the main horizontal axis (border). If the azimuth angle was
between 25 and 75 degrees, two actuators were activated. In which case, a
corrective directional force was generated diagonally. If the azimuth angle
was less than 25 or greater than 75 degrees, only one actuator created a
force-moment to correct the stylus trajectory, as seen in Fig. 36

α < 250 => Left / Right Actuator
α > 750 => Top / Bottom Actuator
250 <= α => 750 => Both Actuators
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(2)

Figure 36. Kinesthetic Haptic Feedback System, path calculation. Adapted from Farooq et
al., Mechanism for Developing a Kinesthetic Haptic Feedback System, International
Conference on Sensing Technology (ICST), © IEEE eXplorer, 2016e.

Hardware Thread

The hardware thread was designed to translate the information coming
from the UI thread into a format which could be processed by the FTDI
microcontroller. The hardware thread received the list of actuators
provided by the UI thread and transformed it into a stick-slip actuation
pattern. Essentially, the first four bits were assigned to the corresponding
actuator. If these bits were set to “0” (low level), the corresponding
actuators were disabled, while if it as set to “1” (high level), the actuators
were enabled.
Bit 0 => Activates the left actuator
Bit 1 => Activates the Right actuator
Bit 2 => Activates the top actuator
Bit 3 => Activates the bottom actuator

(3)

In the end, the generated bit configurations were packaged into one byte
and sent to the FTDI microcontroller. The electromagnetic solenoids being
used in the prototype had a specified duty cycle for nominal strokes under
normal conditions, which limited the amount of force that could be
applied to the object on the screen. In order to optimize the control
parameters, an extra mode was added to the setup. Specifically, an extra
bit (bit 7) was introduced which bypassed the power limitation. If set to
“1” (high level), the solenoid operated in such a way that its defined
continuous voltage was increased by 33%, which compensated for the
inertial force needed to start the motion of the stylus from the stationary or
off state of the actuator. This mode was carefully set only for a very short
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time (3–5ms) at the beginning of each period of the solenoid activation. As
a result, the force provided, especially at the beginning of the stick-slip
phase, was increased significantly.
In mobile devices and tabletops, the top, bottom, left, and right sides of the
screen are relative: the orientation may change by rotating the device. In
order to consider this, the algorithm detected a change in device
orientation and adapted the bit assignment accordingly. In the first step of
the stick-slip actuation cycle, the power limitation was bypassed for only
3ms. This was achieved by setting bit 7, and the resulting bit mask was
then sent to the FTDI controller. In the last step, the actuation was stopped
for 20ms by sending a zero bit mask to the FTDI controller, after which the
entire process was repeated until “Current Point” and “Destination” had
the same values (Fig. 37)

Figure 37. Hardware Thread flow hart for actuation duty cycle. Adapted from Farooq et al.,
Mechanism for Developing a Kinesthetic Haptic Feedback System, International Conference
on Sensing Technology (ICST) © IEEE eXplorer, 2016e.

FTDI Microcontroller

The FTDI microcontroller was used as an interface between the MS
Surface Pro 3 tablet and the actuation controller built in the hardware. The
main functionality of the microcontroller was to convert data, which was
sent via USB, into a parallel bit pattern to switch the solenoid actuators in
“On” or “Off” states. Using standard Windows serial port commands to
communicate between the FTDI and the tablet, the microcontroller was
configured as a virtual serial port. The UM245R FTDI chipset being
utilized for the prototype had the ability to switch modes and create a
virtual parallel connection with the tablet (MS Surface Pro 3). Essentially,
this “Bit mode”, which bypasses the internal FIFO (first in first out) queue
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of the FTDI, allowed instant serial to parallel conversion; this was
necessary to control the assembly of electromagnetic solenoid actuators.
Solenoid Actuation Controller

The actuation controller utilized the bit stream forwarded by the FTDI
controller and actuated the corresponding solenoids (Fig. 36). Each
solenoid was controlled by setting the corresponding bit (Bit “0” – Bit “3”)
to logic “1” (high level). Once a solenoid was activated, it drew the
plunger (a steel core) towards itself, thereby pulling the screen overlay in
the direction of the actuator. If a corresponding solenoid bit level is “0”
(low level), the solenoid was deactivated, shifting the screen overlay back
to its original position. In default mode, all actuators were running with a
power limitation, which meant that the original DC voltage was turned
down to 8V (1.4A) from the recommended 12V; however, setting bit 7 to a
high logic level, the current limitation could be bypassed. This meant that
the voltage was increased by 33% from 8V to 12V, which led to a 53%
increase in the current consumption (up from 1.4A to 3A). Although the
additional voltage provided the necessary power to cater to Newton’s
First Law, it also exceeded the power dissipation limitations for the
solenoid. Therefore, the enhanced mode could only be active for a short
amount of time, which according to our calculation was approximately
10% of the solenoid duty cycle (Fig. 38).

Figure 38. Flow diagram of the Solenoid controller and control signals being sent by the
FTDI microcontroller. Adapted from Farooq et al., Mechanism for Developing a Kinesthetic
Haptic Feedback System, International Conference on Sensing Technology (ICST), © IEEE
eXplorer, 2016e.

6.4 USAGE SCENARIOS OF THE SKDS SYSTEM
The prototype device is capable of providing a wide range of feedback
mechanisms, including support for a feedforward and real-time user input
correction system (Saddik et al., 2011). To optimize the usage of the
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prototype system, we defined the core area of focus to be learning and
improving handwriting skills. Similar to Hennion et al. (2005), we utilized
a touchscreen device (MS Surface Pro 3) and a corresponding stylus. The
stylus touch points and pressure were utilized in defining user behaviors
and input actions. However, unlike Hennion et al., we did not utilize a
fixed style of writing; instead, we employed an instructor approach in
which the instructor would draw the word or shape on the device’s screen
and the trainee replicated it as closely as possible without any time
restrictions. Our evaluation mechanism was based on how accurately the
trainees were able to replicate the initial instructor specified baseline (Fig.
39).

Figure 39. Dynamic tracking of shapes and letters. Adapted from Farooq et al., Mechanism
for Developing a Kinesthetic Haptic Feedback System, International Conference on Sensing
Technology (ICST), © IEEE eXplorer, 2016e.

Learning Handwriting Skills by Limiting Erroneous Inputs

In this investigation we focused on two kinds of learning modes for task
completion: “User Guided Supervision” (UGS) and “Handwriting Activity
Demonstration” (HAD). Both learning modes begin with the input of a
given word, shape, and specific pattern (Dinput) that the trainee needs to
replicate and master (learn). This is done by selecting the drawing mode
from the application menu and simply drawing the particular graphical
image (Dinput) on the screen. Once the trainee is ready to replicate the
image (Dinput) s/he can select the learning mode from the application
menu. If the trainee selects the HAD learning mode and places the stylus
(along with the stylus base, which in total weighs 106 grams) on to the
screen, the UI thread calculates the current location of the stylus with
respect to Dinput and defines a sequence of steps to move the unaided
stylus to the starting point of the Dinput, erasing all residual touch points
(drawn line on the Touchscreen) along the way. The force to move the
stylus (0.106N) and the attached base is predefined (using mass and fixed
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continuous acceleration), so no further runtime calculations are needed.
Once the stylus is moved to the starting point, it redraws any D input
pattern autonomously and waits for the trainee to select the next mode.
However, if the trainee selects the UGS learning mode after the Dinput
pattern has been entered, the UI thread switches to “UGS” mode only (Fig.
38).
In UGS mode, unlike Young et al. (1992), “Motor Learning Task” the trainee
in our experiments was shown the Dinput pattern as it was drawn at the
start of the task and asked to replicate it. During the replication process,
the UI thread tracked the trainee’s motor activity with respect to the Dinput
pattern and if the trainee exceeded the error thresholds, it provided either
an alert or guiding kinetic feedback depending on which threshold was
crossed, T1 or T2. T2 was a user selectable threshold which was set at the
beginning of the task (and could be adapted to the results of trainee
performance). This measured the pixel deviation between the baseline task
(Dinput) and the trainee input (20, 40, 60, 80 pixels). If this threshold was
exceeded, the UI thread moved the stylus back to the preferred location.
T1, on the other hand, was defined as one fourth of the value of T2 and was
set automatically once T2 was selected. If the trainee crossed T1, the UI
thread generated a vibrotactile alert, signaling that s/he has deviated
away from the baseline (Fig. 40 and 41). If the user did not correct the
trajectory, and ended up crossing threshold T2, the UI thread redirected
the stylus back to the baseline task (Dinput).

Figure 40. Calculating error thresholds in User Guided Supervision (UGS) mode. Adapted
from Farooq et al., Mechanism for Developing a Kinesthetic Haptic Feedback System,
International Conference on Sensing Technology (ICST), © IEEE eXplorer, 2016e.
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Figure 41. The model of user input activity and feedbacks under continuous supervision.
Adapted from Farooq et al., Mechanism for Developing a Kinesthetic Haptic Feedback
System, International Conference on Sensing Technology (ICST), © IEEE eXplorer, 2016e.

Using this guiding method, the UI thread ensured that the deviation from
the error threshold was kept within check throughout the task. It was also
possible to set a limit on the number of corrections and alerts per task,
after which the UI thread actively assisted the user through the remaining
task. Utilizing this mechanism, the UI thread was able to deliver twodimensional kinetic feedback and feedforward to the trainee
Other Scenarios: Instrumental Haptics (Kinesthetic) Support for Gestural
Interaction

Compared to the devices commonly used a couple of years ago, the design
of modern interactive displays has changed tremendously. Physical
controls—i.e. keyboard console, mouse, displays, etc.—have merged into a
universal multimodal computer interface with onscreen touch based
controls or even remote sensors of human activity (eye/head/hand/body
trackers). Most of these systems also incorporate gestural inputs with little
to no metaphorical guidelines. Although gestural input streamlines a
complex sequence of onscreen graphical commands, most activating
gestures are not very intuitive and can be difficult to master for non tech
savvy users. In fact, Norman and Nielsen (2010) argued that in effective
gesture interaction is equivalent to taking two steps backwards in the
world of user interaction. They contended that the current implementation
of gestural interfaces violates six of the important design guidelines
(visibility, feedback, consistency & standards, discoverability, and
reliability). In their research, two of those violations are considered the
most problematic: visibility and feedback.
Gestural interfaces are not easy to use because they operate on a hidden
layer of interaction. A user needs to learn which gestures can be used
within the given context. Whether a gesture can be used or not is often
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only visible by its corresponding visual results, or lack thereof. This leads
directly to the next problem: feedback presentation. It is very problematic
when the only feedback being generated is visual. While performing a
gesture, the user often does not get any accompanying information aside
from the perceptual haptic afferentation about the success or failure of
their actions, and it is not possible to assist the user in correcting a gesture
midway through. Hence, the user does not know if the right gesture was
completed or where the gesture started and ended in a proper manner.
The use of tangential forces (real-time kinesthetic feedback) applied to a
stylus tip allows us to support or even to augment perceptual haptic
afferentation on the rigid surface of interactive displays, which solves the
two most problematic issues in gestural interaction. Therefore, in our
future work we plan to develop the SKDS prototype further, incorporating
gestural interaction in a haptic space, actively guiding users in performing
contextual gestures and assisting them, through force feedback, to
complete or learn new input / interaction behavior.

6.5 TESTING AND EVALUATING THE SKDS SYSTEM
To evaluate the SKDS system we employed a two prone approach. We
first tested the various actuation components that would be ideal for
creating directional forces on the Microsoft surface display. This was done
by installing each component into the SKDS system and measuring its
performance in an unloaded environment. Using this technique we
monitored the speed, displacement, power efficiency and signal distortion
of each component in the system. We then conducted a short user study to
evaluate each actuator in a real-time loaded environment where users
were asked to interact with the system to complete a basic drawing task.
Actuator Evaluation

The aim of evaluating the actuators was to understand and catalog their
efficiency in generating enough directional forces in the SKDS setup, to
observe the necessary stick-slip motion. As all the components being
evaluated were not designed for this purpose it was imperative that the
evaluation be done within the SKDS setup and the technical specification
listed by the vendors only be used as a reference not as comparative
measure. Secondly, it was also understood that as the components were
not designed or optimized for the particular use case, their construction or
methodology of generating vibrotactile feedback, may hinder their
efficiency to generate stick-slip motion. Using this premise we recorded
and evaluated various actuators performances and published our finding
in IEEE and ACM conferences and journals (Farooq at al., 2016e; Farooq et
al., 2017).
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Usability Testing

Using the technical setup which performed the best in the actuator testing
scenario, we conducted various user studies to gauge the advantages of
incorporating kinesthetic feedback through stick-slip motion. Recruiting
university students (ages 29-34) to perform a set of drawing tasks on the
SKDS with and without kinesthetic real-time feedback we evaluated the
possible advantages of our feedback technique and the efficiency of the
system. The participants were divided into 2 groups. Both groups were
asked to draw four shapes (a rectangle, a square, a circle and an
equilateral triangle) 5 times each, with haptic (kinesthetic) feedback and 5
times in the absence haptic feedback, using the SKDS. Using this
methodology we recorded user performance and variations in user
behavior along with their preferences and published these finding in IEEE
and ACM conferences and journals (Farooq at al., 2016c; Farooq et al.,
2017).
A part from the above mentioned research, a follow up study conducted
in Aug 2017 (currently under review at SENSORS Journal), illustrates that
although the current implementation of the SKDS system is sensible and
greatly improves usability of any touchscreen / stylus based system,
further enhancement could drastically improve usability and ease of use
for a wide range of user activities. The yet unpublished study in question,
invited 8 university students (ages 29-34) to perform simple drawing tasks
of drawing four shapes (a rectangle, a square, a circle and an equilateral
triangle) five times, on the SKDS system.
Each participant was asked to conduct this task with both their hands
(dominant and non-dominant hand) in the absence and presence of haptic
(kinesthetic) feedback. A calibrated algorithm approximated a reference
point for each task and compared the results to the participants’ original
task performance (dominant hand with no haptic feedback). The
algorithm considered angle of vertices, slope of vertices and the
orientation of the shape (with reference to the x-axis), to approximate
congruency between each shape being drawn. Using this method a
percentage deviation was calculated, with reference to the baseline (Fig.
51a & b). Using this method we evaluated performance differences
between the actuators as well as the difference between each hand,
limiting the effect of natural handwriting variations (Srihari, et al., 2001
and Williams et al., 2006) the participants may have, while conducting the
drawing tasks.
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(a)
(b)
Figure 51. Error percentage variations for each task across the use of all three actuators
for dominant hand (a) and non-dominant hand (b).

To evaluate how much it affected each task (drawing the 4 different
shapes), we compared kinesthetic feedback (solenoid based SKDS) with no
haptic feedback, while the participants completed the task using the nondominant hand (Fig. 52). Looking at the error percentages it is obvious
that the SKDS improved task performance considerably.

Figure 52. Error percentage variations for non-dominant hand with and without haptic
feedback.

Overall the error deviation of the non-dominant hand with haptic
feedback remained just below 6% for all participants in all drawing tasks.
However, the same error deviation jumped to a maximum of 22%, with a
minimum of 5% without haptic feedback. This shows that real-time
kinesthetic feedback can greatly improve performance in a challenging
task, such as drawing accurately with the non-dominant hand. However,
as mentioned earlier, improvement in the design and actuation technology
of the SKDS can increase the effectiveness of the system and may even
restrict the user (through force feedback), in making these error in the first
place. That is the true goal of the SKDS system; to function as an active
I/O channel, guiding the user seamlessly through a given task. To achieve
this we are continuing to develop our methodology and the design of the
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SKDS system as well as the application scenarios 13 (see Ice Hockey
Application Demo) in which the system can be utilized.

13

UIST2016 Ice Hockey Application Demo: https://youtu.be/-hXT96BgbZs
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7 A Short Summary of the
Conducted Research

The purpose of this research was to understand the issues behind
mediating vibrotactile signals during interaction with smart surfaces (i.e.
touchscreens able to simulate content-related tactile sensations) on mobile
devices and to resolve emerging challenges by developing alternative
methods of actuation and mediation. In such devices the actuation
mechanism serves as a transmitter of the haptic signal, while the specific
mechano-receptors within the skin, play the role of the receiver. The
transmission channel contains all the components and materials between
the source and the point of contact, some of which may vary mechanical
impedance. Essentially, the entire device is part of the transmission
process and needs to be considering accordingly. This means that the
components and materials being used to develop mobile devices affect the
haptic information transfer considerably, and may alter or contaminate the
signal affecting how the transferred information is interpreted by the skin
analyzer within the sensory-motor cortex of the human brain. This in turn
could alter the perceptual effect of the applied signal and hinder the haptic
information exchange.
Most of the mobile devices that provide haptic signals are not designed
for, or modified to enhance the mediation process from the source
(actuation mechanism) to the destination (skin receptor). In fact these
devices do not even have specific (defined) areas of interaction for haptic
signals. Due to this, there may be multiple signals traveling on the surface
of the device with minor phase shifts and other integrated mechanical
signals caused by environmental noise (see Chapter 3). Without a clearly
specified area of actuation (i.e. across the surface of the touchscreen),
haptic information may significantly vary throughout the device; this
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includes possible spikes and dead zones in the actuation signal.
Additionally, as described in Chapter 2, human skin receptors have a
layered mechanism and each layer is responsible for sensing different
parameters of the tactile signal. However, when pressing against a stiff
ridged surface (i.e. touchscreen) certain layers of mechanoreceptors are
already deadened (disengaged), resulting in inefficient absorption of the
(integrated) applied signal, resulting in some part of the actuated signals
may not be processed entirely. So essentially, not only are the applied
actuation signals being distorted during transmission but due to the
mechanical structure of the point of skin contact (touchscreen), these
signals are not able to activate the skin receptors, either. Therefore, the
generated signal and supplementary haptic afferentation is completely
different from the precisely designed actuation.
Moreover, mobile device manufacturers most often refer to physical
parameters of the generated signal to justify and validate the haptic
feedback (and its perception). These parameters are a combination of the
applied signal and the actuation mechanism’s efficiency to transcode
them. But as mentioned in Chapter 3 and 4, these physical parameters do
not provide the complete picture, and more research is required to
understand what signals are being received by the users, and how can we
ensure that a higher percentage of the applied signal reaches the receptors.
To understand and resolve these issues we adopted an iterative approach.
We initially focused on identifying the issues related to signal actuation
and mediation and then proposed a methodology of limiting these issues
by incorporating specific design changes within current mobile devices.
Then we developed alternative methods of achieving haptification in
current and future mobile devices and streamlined their effectiveness by
conducting user studies. Finally we focused on the future of haptic
feedback and its potential to become a multi-directional interaction
platform for any computing device in which it would be possible to
communicate explicitly based on haptics.
Studies I and II focused primarily at identifying the contrast between
generated signal, and the actual sensible signal sampled by the skin at the
point of contact. By utilizing common actuation signals in current mobile
devices the study explored signal attenuation and deformation while
traveling from the source (actuator) to the point of contact (touchscreen).
After verifying that the current method of signal actuation and transfer
resulted in substantial losses of designated signal, we focused on possible
solutions to this issue. Studies III and IV proposed a transparent Liquid
Screen Overlay (LSO) – the novel structure that can help mediate the
actuated signal with minimum attenuation and create a soft point of
contact for the fingertip on the touchscreen, to sample the designated
signal. Various actuation sources, including custom actuators were used to
gauge the effectiveness of the LSO and possible increase in performance of
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the actuation sources on a mobile tablet setup. Subsequently, Studies V
and VI proposed novel alternative methods of providing haptic feedback
on a touchscreen. In Study V implemented and testing some of these
techniques in a moving car environment to evaluate their sensibility in
haptically noisy environments, while in Study VI we proposed a
completely new technique of utilizing a flexible transparent screen overlay
as a complex medium of interaction.
The techniques utilized in both studies (V and VI) were proposed as
modular attachments to existing mobile devices. However, as the precise
measuring techniques required continuous calibration we developed a
unique method of tethering the haptic actuators using a high bandwidth,
high speed optical connection. Study VII explored using the pixels on the
device screen itself as the control port between the aftermarket haptic
attachments and the mobile device. Finally Studies VIII and IX explored
the possibility of bidirectional haptic communication between a human
being and any touchscreen device. In these studies we developed and
tested the Stick slip Kinesthetic Display Surface (SKDS), which can create
kinesthetic feedback (or even feedforward) through tangible object on the
touchscreen surface in the absence of any stiff mechanical linkages.
The following sections introduce each of the nine studies, their aims and
methodologies along with their results. The purpose of this is to provide
an overview of the conducted research and its results, which will be
discussed in Chapter 8.

7.1 PUBLICATION I: ACTUATORS FOR TOUCHSCREEN TACTILE OVERLAY
Reference

Farooq, A., Evreinov, G., Raisamo, R. "Actuators for touchscreen tactile
overlay. In Proceedings of IEEE SENSORS, pp.2118-2121, 2014.
DOI: 10.1109/ICSENS.2014.6985456
Objectives and Methods

The goal of the research was to identify the reasons behind the loss and
distortion of tactile signals caused during the transmission or propagation
of actuation signals from the transducer to the skin contact. We postulated
that the parameters of the haptic signals cannot merely be extracted from
the specifications of the utilized components (actuators/transducers). In
fact, a careful assessment needs to be made with reference to the variety of
constraints involved in signal propagation and transmission to the point
of contact.
For this reason my colleagues and I developed an experimental setup
using a stiff overlay, constructed from overhead polyester film (of 100um
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thickness), which was able to slide within an acrylic casing (Fig. 42). The
setup also housed a Nokia 710 mobile device and corresponding sensors.
Once the actuators were triggered, their attachment forced the overlay to
slide over the screen of the device (Nokia Lumia 710) back and forth to
provide tactile feedback, which was recorded by the various sensors. The
acrylic casing ensured that the screen overlay was only excited in a linear
fashion, eliminating most of the unnecessary excitation of the actuators in
question.

Figure 42. Experimental setup for evaluating the variation in applied and sampled signal
parameters on a mobile device touchscreen. Adapted from Farooq et al., Actuators for
touchscreen tactile overlay. In Proceedings of IEEE SENSORS, pp.2118-2121, 2014a.

Results and Discussion

The results showed that the applied signals attenuated due to interference
and variation of impedance of the actuator before they achieved fingertip
contact point. The results demonstrated that there was a considerable
difference between energy applied for tactile signal excitation and the
detected local oscillations which lead to unpredictable tactile sense. The
results also illustrated that the stability of the load may drastically vary
within the actuators and due to this, it distorted the applied (original)
waveform and produced nonstable oscillations during the study. Both of
these issues need to be considered while designing haptic actuation in
mobile devices.
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7.2 PUBLICATION II: USING SKIN MICRO-DISPLACEMENTS TO CREATE
VIBROTACTILE SIGNALS FOR MOBILE TOUCHSCREEN DISPLAYS
Reference

Farooq, A., Evreinov, G., Raisamo, R. "Using Skin Displacement to Create
Vibrotactile Signals for Mobile Touchscreen Devices. IEEE SENSORS
Journal, Vol 16, No. 18, September 15th, 2016.
DOI: 10.1109/JSEN.2016.2593265
Objectives and Methods

In this Study we investigated the possibility of providing one-directional
micro-displacement-based tactile feedback for touchscreen displays on
mobile devices, utilizing off-the-self haptic actuators. To identify the type
and severity of signal attenuation or variation between the source and
fingertip contact, we developed a custom setup to test and deliver onedirectional micro-displacements on a mobile device (Fig. 43). Utilizing
four generic vibrotactile actuators, to generate skin micro-displacements,
at various frequencies, we measured each actuator’s ability to create onedirectional displacement of the screen overlay and how attenuation and
signal distortion may affect usability. Furthermore, a custom probe was
used (Fig. 43) to replicate the necessary stress / strains generated during
fingertip contact as well as measure the actuation signals at the point of
skin contact.

Figure 43. Experimental setup for evaluating the variation in applied and sampled signal
parameters using finger-probe. Adapted from Farooq et al., (2016b) Using Skin Displacement
to Create Vibrotactile Signals for Mobile Touchscreen Devices. IEEE SENSORS Journal, Vol 16,
No. 18, 2016.

Results and Discussion

The results conformed to our previous research and showed that there
was a considerable difference between the signal (energy) applied to the
actuator and the detected oscillations at the point of contact (touchscreen),
for all actuators involved. The variation in mechanical load (within the
range recommended by the specifications) distorted the applied (original)
waveform and produced nonstable oscillations in the range of applied
frequencies (80-240Hz). Other mechanical impedance related issues such
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as the possibility of reflected signals, signal decay or phase shifts/delays
were also revealed in the results which point towards design limitation of
some of the tested actuators. Essentially, the results demonstrated that
apart from the technical limitations of each haptic actuator, manufacturers
need to associate usage requirements to ensure their components perform
reasonably within various environments or use-case scenarios. The results
of studies I and II suggested that device manufacturers need to consider
transfer of haptic signals through the mobile device while designing the
internal structure for haptic interaction. This can be done by developing a
mediation mechanism to help relay actuation signals directly from the
source to the user’s skin as well as to the fingertip contact.

7.3 PUBLICATION III: EVALUATING TRANSPARENT LIQUID SCREEN
OVERLAY AS A HAPTIC CONDUCTOR
Reference

Farooq, A., Evreinov, G., Raisamo, R., Takahata, D. (2015a). Evaluating
Transparent Liquid Screen Overlay as a Haptic Conductor. In Proceedings
of IEEE SENSORS Conference, pp 96-99, 2016.
DOI: 10.1109/ICSENS.2015.7370186.
Objectives and Methods

In Study III we focused on resolving the issues highlighted in Studies I &
II by developing a method for attenuating acoustic components (noise)
while providing enhanced vibrotactile feedback signals on mobile devices
using, deformable touchscreen overlays. Traditional mechanism of
providing tactile feedback to the fingertip via a flat rigid touchscreen is
limited due to the dampening of the mechanoreceptors in the skin, which
are sensitive to static deformation and lie at the tips of the intermediate
ridges in the epidermal-dermal junction. This tactile mechanism becomes
useless when the fingertip acts against a ridged surface. Furthermore, the
actuation provided by most devices is indirect with little or no mediation
mechanism, which results in filtering various signal frequencies, loss of
signal intensity as well as creating acoustic noise. The resulting haptic
signal is considerably inefficient and incongruent to the applied signal,
which was designed to communicate tactile information through skin
contact.
To resolve these issues we developed a unique transparent screen overlay
conductor which contained an oil based composition (a low viscosity inert
nonconductive liquid). This liquid composition acted as a soft deformable
interaction point, enhancing the ratio between tactile signals and the
unwanted acoustic components, generated by haptic actuators. Using the
liquid screen overlay with surface mounted and embedded actuators (Fig.
44), attached to an ExoPC Slate, we measured haptic signal to noise
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correlation, as well as signal efficiency and strength over multiple
frequencies and concluded that the haptic conductor was able to limit
auditory noise and mediate tactile signals more efficiently than traditional
rigid glass surfaces.

Figure 44. Placement of actuators for both setups (with & without Haptic Conductor).
Adapted from Farooq et al., (2015a) Evaluating Transparent Liquid Screen Overlay as a
Haptic Conductor.

Results and Discussion

The results demonstrated that it is possible to employ liquid deformable
transparent screen overlays to mediate haptic signals for touchscreen
devices. The results indicated that use of a nonconductive low viscosity
liquid may be ideal for conductive touchscreen and may also provide a
sufficient increase in efficiency. Furthermore it was observed that the
liquid overlay (LSO) isolated the actuator’s haptic signal from the ExoPC
device’s internal components and ensured that most of the tactile signal
propagated within the overlay (on top of the touchscreen), thereby
decreasing signal attenuation and second order harmonics. Furthermore,
the overlay also assisted in limiting the unwanted acoustic noise,
increasing the immersiveness of the multimodal interaction.

7.4 PUBLICATION IV: EVALUATING DIFFERENT TYPES
FOR LIQUID SCREEN OVERLAYS (LSO)

OF

ACTUATORS

Reference

Farooq, A., Evreinov, G., Raisamo, R. Evaluating Different Types of
Actuators for Liquid Screen Overlays (LSO). In Proceeding of IEEE
Symposium on Design, Test, Integration and Packaging of
MEMS/MOEMS (DTIP), pp 97-102, 2016.
DOI: 10.1109/DTIP.2016.7514847.
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Objectives and Methods

In this study we evaluated various electromagnetic and piezoelectric
actuators, originally designed for indirect haptic interaction on
touchscreen mobile devices, using a transparent Liquid Screen Overlay
(LSO). The LSO developed for this study was an extended version of our
previous work and contained a siloxane-based lubricant composition (a
low viscosity inert nonconductive liquid), that acted as a soft deformable
covering for the capacitive touchscreen on an ExoPC tablet (Fig. 45).

Figure 45. Experimental setup illustrating the positioning of the various actuators and the
horizontal and vertical sensors. Adapted from Farooq et al., (2016a). Evaluating Different
Types of Actuators for Liquid Screen Overlays (LSO).

Using surface mounted and embedded actuators within the LSO; we
recorded the vertical and horizontal micro-displacements for a range of
frequencies. Using this data, each actuator was evaluated for its ability to
create vibrotactile signals and transmit them, to the point of contact on the
LSO.
Results and Discussion

The results demonstrated a clear advantage of the LSO in limiting acoustic
noise and mediating actuation signals to the touchscreen surface. All five
actuators were able to create vibrotactile signals throughout the 11.6 inch
touchscreen overlay, even though some of them were not designed for
such large actuation areas. Similar to our previous study, we recorded that
all actuators where able to minimize signal distortion and integration, due
to the effective mediation carried out by the LSO. The results also
indicated that most of the actuators generated far less operating noise
throughout the sampled frequencies proving that the LSO is a viable
solution for mediating haptic signals in mobile devices and can also help
to reduce the acoustic noise associated with tactile imaging signals.
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7.5 PUBLICATION V: DEVELOPING

NOVEL MULTIMODAL INTERACTION
TECHNIQUES FOR TOUCHSCREEN IN-VEHICLE INFOTAINMENT SYSTEMS

Reference

Farooq, A., Evreinov, G., Raisamo, R., Makinen, E., Majeed, A. Developing
novel multimodal interaction techniques for touchscreen in-vehicle
infotainment systems. In Proceedings of IEEE International Conference on
Open Source Systems and Technologies (ICOSST), pp 32-42, 2014.
DOI: 10.1109/ICOSST.2014.7029317.
Objectives and Methods

In this study, we presented alternative yet novel haptic feedback
techniques for mobile devices. Targeting haptically noisy environments
we investigate how pneumatic and vibrotactile technologies can improve
multimodal interaction. Our aim was to build on the user haptic
perception and experience, in IVIS through advance multimodal
interaction by utilizing alternative (haptic) feedback techniques for in-car
interaction.
For this reason we developed three novel haptic systems for IVIS, the
Pneumatic Subwoofer (PSW), the Linear Actuated Tactile Screen (LATS)
and the Four Channel Air-Pulse Generator (4CAPs) [see section 5.4 for
details]. The PSW prototype (Fig. 46 a) created pressurized air pulses in a
closed chamber and funneled the air onto the surface of ExoPC tablet's
touchscreen, to generate haptic feedback. The LATS prototype (Fig. 46 b)
utilized more conventional vibration based haptic signal; however, this
was done using a custom-designed setup. The LATS prototype was
designed to generate powerful vibrations of the whole tablet propagated
with minimum attenuation, directly under the fingertip in a wider range
of magnitudes and frequencies. And lastly, the 4CAPS prototype (Fig 46 c)
was designed to simulate a remote soft-touch sensation mainly to the
hairy and glabrous skin of the head, neck, shoulders and hands of the user
by providing short compressed air pulses via the solenoid valves installed
at 5-30 cm in front of the skin.

(a)

(b)
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(c)

Figure 46. Structure and installation of PSW (a), LATS (b), and the 4CAPs prototypes (c).
Adapted from Farooq et al., (2014c). Developing novel multimodal interaction techniques
for touchscreen in-vehicle infotainment systems.

Results and Discussion

In a user study we evaluated the three prototypes to gauge their usability,
sensibility and effectiveness in assisting users to interact with touchscreen
IVIS. The results showed that such novel application of haptic feedback in
car environments has great potential for safety and communication.
Although more research is required to identify which type of actuation
technology is best suited for such haptically noisy environments, all three
prototypes increased user performance and decreased task completion
times. Furthermore, it may also be useful to engage multiple technologies
in the future car environment (autonomous / semi-autonomous vehicles)
simultaneously, with different information being encoded through each
technology, thereby increase communication channels and information
transfer.

7.6 PUBLICATION VI: HAPTIC

USER INTERFACE ENHANCEMENT SYSTEM
FOR TOUCHSCREEN BASED INTERACTION

Reference

Farooq, A., Evreinov, G., Raisamo, R., Makinen, E., Majeed, A. Haptic user
interface enhancement system for touchscreen based interaction. In
Proceedings of IEEE International Conference on Open Source Systems
and Technologies (ICOSST), pp 25-31, 2014.
DOI: 10.1109/ICOSST.2014.7029316.
Objectives and Design

Continuing our research into developing novel techniques for enhancing
haptic feedback on mobile devices in Study VI we defined an innovative
Haptic User Interface Enhancement System (UIES). This systems
transforms the conventionally flat and stiff touchscreen surfaces into
haptically adaptive interaction hubs which are not only able to provide
generic vibrotactile stimulation of conformational haptic feedback but are
able to guide the user through onscreen User Interface controls via kinetic
feedback cues which includes components of forces and torques applied
dynamically in the place of contact to the fingertips (Fig. 47).
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Figure 47. Results of Pneumatic Feedback VS Vibration feedback (a), Preference (b), and
overall user comments regarding each prototype (c). Adapted from Farooq et al., (2014b).
Developing novel multimodal interaction techniques for touchscreen in-vehicle infotainment
systems.

Results and Discussion

Relying on the concept from Figure 53, two versions of the UIES were
developed to test the original hypothesis. As discussed in Chapter 5, the
pilot assessment of these two prototypes (see section 5.4), demonstrated
that the proposed concept had the potential to improve functionality of
the mobile or wearable devices. The use of a deformable transparent
screen overlay opens up numerous possibilities to enhance and further
develop haptic information for communication and visualization on
touchscreen or contact-based interaction.

7.7 PUBLICATION VII: ENHANCING MOBILE DEVICE PERIPHERAL CONTROLS
USING VISIBLE LIGHT COMMUNICATION (VLC)
Reference

Farooq, A., Evreinov, G., Raisamo, R. Enhancing mobile device peripheral
controls using Visible Light Communication (VLC). In Proceedings of
IEEE 9th International Conference on Sensing Technology (ICST), pp 623628, 2015.
DOI: 10.1109/ICSensT.2015.7438473
Objectives and Methods

In this study our aim was to develop an alternative to the USB interface
mechanism, which could control modular haptic peripherals such as the
ones developed in Studies I – VI, using the tethered mobile device. Our
goal was to supplement visual and auditory interaction with augmented
haptic feedback. As with controlling most haptic peripherals, any delay in
triggering the device may offset the feedback model and disjoin haptics
from other modalities. For this purpose we utilized Visual Light
Communication (VLC) to transmit unidirectional control signals to the
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haptic peripherals utilizing a section of the conventional (mobile device)
display (Fig. 48).

Figure 48. An array of 8 SFH203PFA photodiode attached to Microsoft Surface 2 Pro Tablet
and controlled by VLC Control signals. Adapted from Farooq et al., (2015b) Enhancing
mobile device peripheral controls using Visible Light Communication (VLC). International
Conference on Sensing Technologies, IEEE ICST 2015.

Results and Discussion

To compare this setup with a conventional USB / Serial triggering
protocol we employed two identical actuation plates and controlled one
using the VLC driver while the other using conventional USB / serial
control mechanism. Our initial testing showed that due to the refresh rate
of the LCD on the Surface Pro 2, there was a 25-35ms delay in triggering
the piezoelectric actuator using the VLC setup. However, the results from
the study demonstrated that this delay was not specifically perceivable by
most users and did not create a disjoint between the visual and haptic
feedback signals. This illustrates that VLC based triggering of off-the-shelf
haptic peripherals can realistically be accomplished even with 60Hz
display technology. Furthermore, display technology with higher refresh
rates may provide identical if not better performance than conventional
USB / Serial control systems.

7.8 PUBLICATION VIII: TOUCHSCREEN OVERLAY AUGMENTED
STICK-SLIP PHENOMENON TO GENERATE KINETIC ENERGY

WITH THE

Reference

Farooq, A., Weitz P., Evreinov, G., Raisamo, R., Takahata, D. Touchscreen
Overlay Augmented with the Stick-Slip Phenomenon to Generate Kinetic
Energy. In Adjunct Proceeding s of ACM User Interface Software
Technology (UIST), pp 179-180, 2016
DOI: 10.1145/2984751.2984758.
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Objectives and Method

Kinesthetic feedback generally requires linkage-based high-powered
multi-dimensional manipulators, which cannot be integrated with current
generation of mobile devices. To overcome this challenge, we developed a
novel system that could utilize a wide range of actuation components and
apply various techniques to optimize stick-slip motion to a tangible object
on a display surface. The setup (elaborated in Chapter 6) demonstrated
how it may be possible to generate directional forces on an interactive
display in order to move a linkage-free stylus over a touchscreen in a fully
controlled and efficient manner (Fig. 49).

Figure 49. Various embodiments of the SKDS prototype. Adapted from Farooq et al., (2016c)
Touchscreen Overlay Augmented with the Stick-Slip Phenomenon to Generate Kinetic Energy.
In Proceedings of UIST, 2016.

Discussion

A technical evaluation of the design demonstrated that it is indeed
possible to effectively provide direction forces through a tangible object
(stylus) to the user while interacting with a touchscreen surface. As
discussed in Chapter 6, the SKDS system does not require any linkages or
motors to provide kinesthetic feedback and is even capable of feedforward
by tracking user movements and behavior. This technology opens up new
possibilities for interacting with displays and tangible surfaces to develop
continuously supervised learning, active feed-forward systems as well as
dynamic gaming environments that predict user behavior and are able
modify and physically react to human inputs in real-time.

7.9 PUBLICATION IX: MECHANISM
HAPTIC FEEDBACK SYSTEM

FOR

DEVELOPING

A

KINESTHETIC

Reference

Farooq, A., Weitz P., Evreinov, G., Raisamo, R. Mechanism for Developing
a Kinesthetic Haptic Feedback System. In Proceedings of IEEE 10th
International Conference on Sensing Technology (ICST), pp 232-237, 2016.
DOI: 10.1109/ICSensT.2016.7796257
Objectives and Methods

Carrying on from Study 8, in this study we investigated our hypothesis of
creating a larger framework of a haptic input-output mechanism which
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could encompass complete system interaction with traditional computing
devices (Adapted SKDS configuration, Fig. 50). As discussed in Chapter 6,
we hypothesized that current application of rudimentary haptic actuation,
through encoded signals, may be useful for supplementing other
modalities (visual and auditory) in system interaction, but it is not viable
for complete system interaction. However, this limitation is not due to the
human somatosensory system nor is it imposed due to the inefficiencies of
current haptics technology. In fact, this is solely due to the use and
application of basic conformational tactile signals. If we are able to
redesign our current methods of applying tactile signals, we can create a
dynamic input / output mechanism which can independently sustain
haptic communication without the need for other supporting modalities.

Figure 50. Streamlined Stick-slip Kinesthetic Display Surface, design. Adapted from Farooq
et al., (2016e) Mechanism for Developing a Kinesthetic Haptic Feedback System, 2016.

Discussion

To test the hypothesis we refined the SKDS to serve as a starting point for
a complete I/O system providing kinesthetic components of haptic
feedback / feedforward. Essentially, SKDS in its current configuration
serves as a starting point for haptic research which can encompass both
haptic inputs and outputs as the core interaction medium for any
computing device. We believe that this research opens up new
possibilities for interacting with displays and can be the stepping stone
towards a completely new bi-directional information exchange between
users and computing devices by unlocking the haptic I/O channels.
Furthermore, I believe this the culmination of my PhD research and focus
point of my contribution to the haptics community, as it provides insight
into enhancing current application of haptics for mobile touchscreen
devices.
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8 Discussion

The main purpose of this research was to understand the issues limiting
vibrotactile feedback in mobile devices and to develop techniques to
overcome them. As the research continued, we uncovered multiple
reasons for the limited advancement in haptic research, especially in the
refinement of traditional technologies. Vibrotactile based haptic systems
suffer from a fundamental lack of mediation of intended signals, often
rendering them weak and incomprehensible (Farooq et al., 2016b).
Transmission losses in these signals not only limit their integrity but also
limit their sensibility with reference to similarly encoded signals, designed
to represent contrasting information. Even in normal environments where
attenuation does not completely alter signal parameters, the core signal
structure may still become incomprehensible (Farooq et al., 2014a) due to
attenuation. Additionally, signal distortion becomes much greater in
environments where the signal frequency or amplitude coincides with
environmental noise, either drowning the signal altogether or altering it
beyond recognition (Farooq et al., 2014c). Subsequently, when this
attenuated vibrotactile feedback reaches the skin contact (fingertip on the
touchscreen) it is unable to generate the desired perceptual effect.
The human skin contains a myriad of receptors which act like a catcher’s
mitt for all environmental attributes (Swenson, 2006). However, the ability
to sample and then identify these surrounding signals is greatly
dependent on the human receptive field (please refer to Section 2.5) and
perceptual filtering mechanism (Bean, 1938). This fundamental fact needs
to be considered when designing and transmitting vibration based signals
especially in environment which are less than ideal for signal mediation.
All haptic signals must not only be designed in such a way that they
remain within the bandwidth of human receptors but must also be
checked for degradation / attenuation while being in transmission, from
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the actuation source up till the point / surface of interaction (see section
3.5). This is integral to the core premise of sensibility of vibrotactile
feedback, and is essential in generating the intended perceptual results for
specific (encoded) signals. Signals that attenuate or degrade either during
generation (Yang, 2013) (from electrical to mechanical / vibration signals
using the specific actuation technology), or during transmission (traveling
from the source to the point of skin contact), contain a higher chance of
being misinterpreted or perceptually ignored by the brain. In a paradigm
where vibrotactile feedback is artificially encoded to provide a specific
type of information to the user, perceptual variance can render the
feedback unreliable and hence unusable. For this reason, current
techniques of signal generation, encoding and transmission all need to be
enhanced to ensure that the intended perceptual feedback can be
successfully generated across most users of a given system (Choi and
Kuchenbecker, 2013).
Research conducted in Studies I and II both illustrated that mediation is
critical in ensuring the correct actuation signals are received by the skin
contact. Although results presented in these studies do not use standard
system identification methods, they clearly indicate the role of mediation
in haptic signal propagation and actuation. Furthermore, current mobile
devices are not efficient at providing the necessary signals to the users,
which results in unsatisfactory user experience (Evans, 2005a; Evans,
2005b). We addressed this issue in Study III & IV by introducing a passive
mediation mechanism to ensure that minimum attenuation of the applied
signal occurs during the transmission process. The results of these studies
showed that attenuation can be greatly reduced with simply mediation
mechanisms for existing mobile and handheld devices.
Having said this, passive mediation is not the only method of improving
signal transmission. In fact, our research14 in the field shows that active
mediation systems can not only improve signal transmission but
intelligently manage and generate appropriate and precise actuation
signals15 depending on the type, location, surface area and even force of
user interaction. This technique has the potential to enhance haptic
interaction for a wide range of devices16, improving the user experience
for multimodal systems. The technique also helps bridge the gap between
actuation components, their driving mechanisms and the specific
actuation signals needed for a particular device / use case or even type of

Patent Application of the “Tactile Imaging System” [App No: 14/794,264] an active
haptic signal media mechanism for intelligent service interaction.
15 Patent Application “Haptic Device” [App No: 14/794,291] which adjusts dynamically
to user interaction and provides necessary feedback signals.
16 Patent Application “Haptic Device” [App No: 14/794,278] designed as an aftermarket
case for mobile devices.
14
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interaction. For this reason, I believe this type of research needs to be
continued to achieve the true potential of haptic / multimodal interaction.
Furthermore, results from Studies I-IV also showed that vibrotactile
feedback techniques may not always be the most efficient mechanism of
actuation in most environments. Since mobile devices can be operated in a
wide range of challenging environments and scenarios (Väänänen-VainioMattila, 2014), the interaction process must also be fluid and adaptable.
However, vibrotactile interaction is fundamentally limited by vibration
based noisy environment. Even the simple act of walking or running while
interacting with a mobile device may limit or completely hinder the haptic
component of the interaction. For this reason, in Study V, we developed
alternatives to the classical implementation of vibrotactile feedback in
mobile devices. The study indicates that the use of pneumatic actuation,
supplemented through conventional vibration signals, can be very useful
as the core interaction element, in environments where visual and
auditory modalities are either unavailable or are ineffective. An example
of this type of interaction was research in Study V, which compared visual,
auditory and haptic modalities in a moving vehicle. The study concluded
that multiple / redundant techniques of providing haptic feedback need
to utilize in such haptically challenging environments. Furthermore, the
results indicated the usefulness of pneumatic actuation in a number of
IVIS interaction tasks for expert drivers.
These results also support earlier findings by Volvo (Gaspar, 2011).
Although more research is required to identify which information may be
best suited for which type of haptic technology (pneumatic, vibrotactile or
even electrical stimulation), it is evident from existing research that simple
conformational vibrotactile feedback may not be very sensible or even
useful in car environments. This provides haptic / multimodal researchers
with an opportunity to innovate and develop new ways of communicating
vehicular and environmental information to the driver and passengers.
Furthermore, due to the rapid development of semi-autonomous and
autonomous vehicles, information exchange between the driver /
passengers, and the autonomous vehicle has become much more critical
than ever before. For this reason it is important to develop new methods
of interaction that can supplement this transition into a driverless future.
Mobile tabletop and surface based interaction was another key area of
focus of this thesis. Therefore, in Study VI I utilized current actuation
technology and materials to develop a wider system of actuation as
compared to conventional vibrotactile systems. Most surface based
interaction is done on tablets and large touchscreen based collaborative
systems where multiple users interact in a digital environment similar to a
physical work space. Common digital / virtual controls such as keypads,
sliders and buttons provide the core interaction system for this type of
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collaborative environment. Therefore, in Study VI we developed a
dynamic 3D overlay system to provide tactile feedback to supplement the
virtual controls on the touchscreen environment. The study utilized both
lateral displacement as well as vertical actuation to simulate interaction
with virtual controls (Matsuura, 2012). Up till now researcher have either
focused on tangential screen micro-displacements [LATPaD (Marchuk et
al., 2010), ShiverPAD (Chubb et al., 2010), TPAD (Wineld et al., 2007) etc.]
or vertical screen actuation [Tilt Displays (Alexander, et al., 2012), Lumen
(Poupyrev et al., 2004), FEELEX (Iwata et al., 2001), Relief display
(Leithinger and Ishii, 2010) etc.], whereas, incorporating both has been
very challenging. Using a deformable screen overlay we were able to
provide both vertical and horizontal actuation with the necessary accuracy.
Although this type of system would require further user testing, the
possibility to simulate three dimensional feedbacks can be very useful in
tabletop and surface based systems. Furthermore, if the technique can be
adapted to provide multi-region actuation to accommodate for multiple
users simultaneously, it can prove to be very effective for collaborative
tasks. Unlike friction variations (Samur et al., 2009), rudimentary
vibrotactile tactile feedback (Mortimer and Zetsb, 2011; Poupyrev et al.,
2002) or pressure based liquid indentation (Tactus Technologies), this
technique may be utilized in a wider scope of application scenarios such
as common UI controls, texture mapping and object interaction.
Furthermore, due to a simple design and cost effective implementation of
the prototype in Study VI, the technique can be incorporated to various
types of devices irrespective of their form factor and display technology.
As most of the research conducted in Studies I-VI, we had proposed
adding supplementary attachments to current mobile or handheld
systems. Therefore, a distinct need to connect aftermarket supplementary
add-ons to the mobile device was evident. Additionally, as these systems
provide haptic signals as well as other multimodal interaction, feedback
latency may prove to be critical in such systems. To ensure that a fast and
robust connection was established between the device and the haptic
peripheral, we developed a unique control system (I/O Port) that was
power efficient and did not overload the mobile device itself (Farooq et al.,
2015b). Using “Visual Light Communication” (VLC) and the display of the
mobile device as a communication port, we developed a simple protocol
to control the attached peripherals. VLC is not a revolutionary technique;
however, the application of tethering a mobile device to any haptic
peripheral using VLC is relatively unique. Due to transmission errors (Bit
Error Rate, BER) and environmental disturbances as well as jitter in data
propagation VLC is currently not entirely robust in providing high speed
data transfer, however, it can be very effective at point-to-point signal
transfer.
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Using the setup elaborated in Study VII, we limited the transmission
distance and environmental interference to create a robust unidirectional
control mechanism for any aftermarket haptic peripheral using VLC
communication. Testing showed that the system was stable within various
environments and was only limited by the refresh rate of the display
technology. Furthermore, results indicated that even legacy display
technology with 50-60Hz refresh rates, could be utilized to control haptic
add-ons without over burdening the device CPU / GPU or (USB or serial)
host controller. Additionally, by utilizing adaptive pulse amplitude and
position modulation (PAPM) (Feng, et al., 2014), it is likely to further
improve signal integrity and decreased BER, enhancing the speed of
communication. This would mean that not only is it possible to achieve
data speeds similar to serial and USB interfaces but it may also be likely
that advanced versions of this type of technology may even exceed these
speeds, by simply modulating the packaged data.
Although further research needs to be conducted to ensure the robustness
of the connection, the technique can be very useful in a wide area of
applications besides haptics, especially with reference to legacy devices
with limited or no peripheral interfaces. This technique can also be
utilized in devices that support slower communication standards such as
USB 1.0 or IrDA. Nevertheless, as this is a line of sight technology, both
transceivers must be positioned close to each other to ensure limited
environmental disturbance, which may limit the usability of the
technology beyond the current area of application.
Finally, from the research conducted throughout this PhD, it was clear
that to advance haptics as an independent and viable interaction modality,
it is important to unlock its true potential. Therefore, in Studies VIII & IX,
we wanted to test our hypothesis of creating a novel mobile interaction
surface, which was not only able to generate tactile feedback but in
essence serve as a bi-directional I/O port for human computer interaction.
Fundamentally, most computing devices still follow the traditional
command line execution model in which users enter the necessary
command / request (using the Von Neumann Architecture (Iannucci,
1988)), which is interpreted and executed by the system to generate the
required output. Even with the advances in artificial intelligence and
behavior modeling as well as computing systems (neuromorphic
computing (Kozma, et al., 2012) and quantum computing (Kitaev, 2002)),
we still require at least a partial command to be able to supplement the
user’s request. With haptics, this existing technique is further hampered
by the need to simulate and generate the necessary (mechanical or
electrical) actuation signals, once the system recognizes the request or
calculates the resulting output. Continuous haptic feedback becomes quite
a challenge in this sequential interaction system, and interaction elements
such as feedforward, become even harder to accomplish.
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To resolve some of these issues we developed the stick-slip kinesthetic
display surface (SKDS). An interactive multimodal surface that could
continuously monitor and predict (within the scope of a given application)
users’ behavior and map it to the necessary haptic input / output within a
given use case. Unlike other kinesthetic devices (e.g. Phantom Omni17 or
Falcon 3D18), by utilizing the ‘slick-slip’ phenomenon, we were able to
create kinesthetic afferentation without the need for complicated highpowered multidimensional manipulators. The wireless implementation
also provided a unique perspective, as most users were immersed into the
kinesthetic feedback itself, rather than the large table-top device that
created the illusion of physical forces, within a virtual environment. Using
this mechanism we then developed a number of different applications19,
which provided the users with continuous feedback and possible
feedforward while they interacted with the stylus on top of the tablet PC.
In both Studies VIII & IX we demonstrated how the unique setup was able
to augment perceptual haptic afferentation on a flat touchscreen device
without the need to link the stylus to a base or any static point of reference.
Using object mapping, we were also able to create continuous haptic
support for a number of application scenarios. This shows that haptic
feedback / feedforward can be used as a core I/O mechanism for specific
use cases, and, perhaps even, as the dominant interaction modality in
particular multimodal systems. Therefore, our goal of developing haptic
interaction from a secondary support modality into a viable means of
human computer interaction can be achieved.
Furthermore, the current implementation of SKDS and the contribution of
the thesis in general, may suggest that this goal is achievable; however, we
are still far from realizing the true potential of haptics as an I/O channel.
With reference to the SKDS specifically, further research, development
and user testing is needed to optimize the design of the kinetic overlay.
This includes the maximum amount of force the system is capable of
delivering to the input device (stylus), as well as improving the overall
efficiency of the setup. These enhancements will ensure that the system
can create the needed force feedback to guide users in real-time. As
mentioned in Chapter 6, the follow up study conducted in Aug 2017
(currently under review at SENSORS Journal), illustrates the possible
advantages of real-time kinesthetic feedback, especially in improve user
performance while conducting challenging task. However, further

Sensable Technologies PHANTOM® product line of haptic devices (Last Accessed on
14.-6.2017) http://www.geomagic.com/archives/phantom-omni/specifications/
18 Novint Falcon is a desktop haptic robot device (Last Accessed on 14.-6.2017)
https://www.vrs.org.uk/virtual-reality-gear/haptic/novint-falcon.html
19 US Patent Application “Haptic Stylus” [App No: 15/053,312] designed to create
kinesthetic feedback for touchscreen interaction.
17
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research and improvement in the design and actuation technology of the
SKDS is needed to achieve the true goal of the SKDS system; to function as
an active I/O channel, guiding the user seamlessly through a given task.
Having said this, to develop haptics as a true I/O channel in HCI it is
crucial to move away from haptic information encoding paradigm. As
elaborated in Section 3.3, adding complexity to haptic perception by
encoding arbitrary information limits usability and increased cognitive
load. Instead of only encoding haptic information, researchers should be
trying to stimulate haptic imagination by delivering calibrated actuation
signals to generate prescience haptic afferentation. As discussed by Lacey
and Lawson (2013), even partial tactile information related to a given
object or environment, can induce powerful haptic imagination. This
would mean that users do not need to remember extensively complex
encoding mechanism just to operate simple devices and haptic interaction
can be made much more natural.

……………

135

……………

136

9 Conclusion

The purpose of this research was to understand the issues in providing
vibrotactile signals during interaction with mobile devices and smart
surfaces, and to resolve these challenges by improving methods of
actuation and mediation. Touch interaction, as with any form of
communication, requires end to end verification. Until now, most haptic
communication systems only focused on signal generation and actuation,
ignoring key issues, such as signal transmission, and the integrity of the
generated signal at the point of contact. In this thesis I focused on
understanding the possible limitations of the current approach in
developing effective vibrotactile environments for mobile devices. By
analyzing the results of previous research, I was able to find solutions to
these limitations and develop proof of concept systems validating my
assumptions
In Addition, this thesis can be regarded as a stepping stone towards
expanding how designers currently use vibrotactile communication
specifically, and even haptic feedback in general. In the latter parts of my
thesis I postulated that the true potential of haptic communication has still
to be unlocked. I theorized that it is possible to provide a kinesthetic
component to the haptic feedback alongside the vibrotactile signals
currently observed in today’s mobile and hand held devices. By creating
directional forces on top of a touchscreen surface, together with my
colleagues we developed novel techniques of generating kinesthetic
afferentation without the need for cumbersome manipulators. This is a
substantial achievement in haptics as well as multimodal interaction. It
provides the possibility to not only create haptic feedback but also interact
with physical objects on top of a touchscreen surface. This opens up a
wide range of interaction scenarios and implementation techniques which
can fuel the redevelopment of haptics for multimodal interaction.
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Furthermore, the ability to haptically represent the virtual environment
and its dynamic nature simply through the touchscreen is a novel
approach to computing. In this thesis I hypothesize that this type of
technology can be utilized to create a true haptic input / output channel.
Currently, most of the haptic interaction revolves around the users’
passive input structure (through keyboards, mice, pens or touchscreens),
where the computing device either provides a non-haptic (visual or
auditory) response or a supplementary tactile (global and diffused)
conformational reply. Both of which are designed to convey to the user
that their input has been registered. However, it’s not possible to
physically interact with the virtual environment or its elements without
the use of large impedance and admittance manipulation devices such as
pantographs, phantoms, and robotic arms. Whereas, utilizing the SKDS
systems it is already possible to alter physical objects and their motion
with reference to the virtual environment. Essentially, with SKDS it is
possible to move a physical chess piece and have the computing device
capture the piece in the physical world. Not too far in to the future, it may
be a common occurrence to physically interact with a touchscreen and the
touchscreen would be able to produce a pulse of directional force back to
the user in a similar or equivalent manner.
This doctoral contribution paves the way into the re-envisioning of what
can be achieved through haptics and how it can be used to supplement a
multimodal interaction system. The following are the key contributions
and conclusions that can be drawn from this work.
x

In vibrotactile communication, the generated actuation signal may
not be the received signal at the point of contact. Due to attenuation,
interference and other factors of distortion, the applied signal and
resulting user perception of the generated feedback may be altered,
resulting in an unsatisfactory experience.

x

To limit signal attenuation in mobile touchscreen devices, a
mediation mechanism is required to relay signals from the source
(actuators) to the specified point of contact (often the touchscreen).
Additionally, active mediation mechanism may be a more effective
method of unifying actuation, transmission, mediation and relaying
of haptic signals by dynamically adjusting signal parameters with
reference to user sense, interaction and environmental conditions.

x

Simply encoding haptic vibrotactile feedback by allocating specific
vibration signals may cause cognitive overload in haptically noisy
and mentally challenging environments. For this reason, it may be
more effective to create natural afferentation that include a
kinesthetic component to induce haptic imagination, by providing
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specific actuation signals to the receptors in the skin, thereby
generating the desired perceptual affect. However, if this is not
possible, redundant haptic communication technologies (vibration,
pneumatic, electrical or temperature based actuation) need to be
utilized, in a specific configuration, to ensure effective haptic
communication.
x

As was demonstrated, it is already possible to utilize touchscreen
overlay technology to enhance and refine haptic feedback as well as
create multidimensional actuation on existing touchscreen devices.
Furthermore, touchscreen displays themselves can be utilized to
develop a communication / control mechanism to interact with
aftermarket haptic solutions.

x

By employing directional forces on top of a touchscreen, it is
possible to move tangible objects on top of the screen without the
need for linkage based complex multidimensional manipulators.
These tangible objects can be controlled in relation to the virtual
environment or task, providing the possibility of kinesthetic
feedback and feedforward in a variety of tasks, which has not be
explored in existing vibrotactile devices.

x

And lastly, there is a need to develop and expand current haptic
technologies into a more comprehensive input / output haptic
interaction paradigm. As shown by this thesis, such interaction
techniques can be used to not only supplement other modalities but
provide a much more natural method of human computer
interaction.

In essence, this doctoral thesis builds on off-the-shelf computing
technology and the way we interact with it to conceptualize what can be
possible through redeveloping existing interaction systems. Humancomputer interaction has developed considerably in the previous five
years and it will continue to do so in a wide range of technologies. Most of
these advancements are focused within the auditory and visual realm;
however, haptics can also be used to enhance human device interaction.
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Abstract—This paper evaluates the most promising innovative
actuators and transducers, both off-the-self and prototypes in
advanced stages of development, utilized to provide haptic
feedback for direct touch interaction, with touchscreen mobile
devices. Most of commercially available actuators / transducers
are specific to the medium of interaction, while the skin contact
constraints are often underestimated. Therefore, tactile
information delivered to the skin contact can be distorted and
incorrect for interpretation. This research tries to identify the
reasons behind the loss / decay of signals between the transducer
and skin contact, by measuring distortion and integration of
vibration signals propagating through the contact medium. The
research postulates that the parameters of the haptic signals
cannot be referred to specification of the individual components
(actuators/transducers) but require of an assessment of a variety
of constraints which need to be considered and compensated for
to ensure their effective use.

I.

INTRODUCTION

The need for simulation of the tactile feelings associated
with physical properties and characteristics of the external
world surfaces led to development of tactile transducers.
However, neglecting the features of mechanical energy
propagation from actuator to specific receptors in the human
skin and their functionality attenuates the magnitude of tactile
signals by making tactile signals weak and less informative as
expected. At that, one of key factors is mechanical impedance
of each component involved into mechanical transduction
process through different materials having different physical
properties such as elasticity, density and the local mechanical
impedance, which modulate (absorb, dissipate and distort)
energy of the signals generated and applied to the user skin
(stimuli). Investigations into the mechanical impedance of the
skin at the finger have shown a nonlinear increase in stiffness
when pressure was produced against the contact surface until a
maximum skin indentation of approximately 3mm [1].
The skin is a multi-layer, geometrically and structurally
complex mechanical system supported on a deformable system
of soft connective tissues such as muscles, vessels and fat.
Mechanoreceptors are located in all skin layers: in the
superficial skin, in the junction of dermis and epidermis and in
the dermis and subcutaneous tissue [2].
Being configured with both a stiffness differential between
the skin layers and structured subcutaneous components
(intermediate ridges), this epidermal-dermal junction creates a

filtering mechanism distributing forces and stresses from the
contact point to the receptors. In particular, Merkel cells in the
superficial layers have a small, highly localized receptive field
and are most sensitive to static deformation and lie at the tips
of the intermediate ridges, while Pacinian corpuscles cover
larger sensitive areas and sense vibration in the entire skin due
to their flexible attachment to tissue [2]. They react to vibration
frequencies between 40-800 Hz and are most sensitive to
vibration signals between 200-300 Hz.
The fingertip microstructures of intermediate ridges and
epidermal-dermal stiffness difference produce a high, local
stress concentration to the receptors located to optimally collect
tactile information [3]. However, this gentle and sophisticated
tactile mechanism becomes useless when fingertips act with
pressure against a flat rigid surface of touchscreen, chemically
strengthened alkali-aluminosilicate glass [4]. Traditional
touchscreens, which employed resistive technology to register
contact points, required this pressure for accurate operation, for
which reason haptic information should be delivered deeply
into the dermis, and subcutaneous tissues of hypodermis. This
method of interaction with mobile devices, although robust, is
required higher magnitudes of tactile signals. With the advent
of capacitive touchscreens, the need for pressure points on the
screen [5] has been eliminated and the interaction paradigm has
shifted drastically. The capacitive screens are able to register
multiple contact points even before the actual contact takes
place, in affect reducing screen interaction to a fraction of the
time as was needed by the resistive technology screens.
Unfortunately, the mechanism for tactile feedback in capacitive
screen has not changed and most haptic applications on
touchscreen generate very weak signals which require
considerable screen contact space, time and signal
transmission, with minimum attenuation from the source
(actuator). By trying to redefine simulation of the tactile
feelings in this context, we have created an experimental setup
for the assessment of the signal propagation and performance
of different actuators used to generate transitional micromovements of the touchscreen overlay. We used commercially
available actuators and transducers or prototypes in advance
development stages. This paper, a part of our overall research,
focuses on evaluating the vibration signal distortion caused by
the location of haptic actuator and intermediate mechanical
structures in mobile devices.
Formally, it is impossible to provide effective and efficient
transfer of tactile information with the use of mechanical
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signals in a wide range of frequencies through the complex
layered structures of the mobile system or the touchscreen.
Therefore, efforts have to be undertaken to improve the
conditions for the propagation of mechanical energy of the
generated signals to skin receptors and to develop the screen
overlays as a potential mediator of tactile information.
II.

RELATED WORK

Recently, piezoelectric exciters have been receiving greater
attention as a source of vibration signals for generating tactile
feedback in touchscreen based mobile devices, in place of
eccentric mass DC motors due to lower power consumption
and smaller size/form-factor. Their efficiency (power, force,
stroke, bandwidth), however, still remains a problem as the
current touchscreen interaction paradigm limits the screen
contact (space, time and pressure). For this reason exciters with
higher efficiency are preferred over hefty power hungry
motors. Force-moment transfer/response delay is also a key
parameter in designing tactile feedback signals, as contact time
is less than 200-300 ms for most common tap-and-release entry
mode (non-gesture interaction).
During this research, we have been able to closely work
with manufacturers of actuators (FUKOKU Co., Ltd, AAC
Technologies Holdings Inc.) to test and evaluate the latest
prototypes of piezoelectric exciters designed with advanced
technology. The classic voice coil actuators, which are able to
generate powerful vibrations (HiWave technologies PLC) in a
wide range of frequencies and magnitudes (see Table 1) to
provide transitional movements of the touchscreen overlay that
can be slid over the touchscreen, have been used for
comparison. For this purpose we have carried out an
investigation to ascertain the parameters of the vibration
signals generated by the various transducers to provide the
needed linear actuation to the point of touch over the sensitive
surface on the mobile device (Nokia Lumia 710).

Table I
The actuators / transducers used in the study
Parame
ter

Description

Sample1
(Fukoku)

Sample 2
(Fukoku)

Sample 3
(AAC)

Sample 4
(HiWave)
8.1oHm

Re

DC resistance (±10%)

N/A

N/A

N/A

BL

Blocking Force

~70 mN

-

-

1.1Tm

Fs / fm

Resonance
Freq.
/Magnetic
Resonance
Freq.
Continuous
Power
/
Voltage Applied
DC Current

160Hz

180Hz

185±10Hz

635Hz

90V

100V

120V

5mA

5mA

5mA

2V
(0.5W)
250mA

Audio Frequency Range /
Noise
Haptic Frequency Range
of vibrations
Maximum displacement
(stroke)
Dimensions

-

-

0-500Hz

2-500Hz

<50dBA
(@ 10cm)
60-250Hz

P
I
FA
FH
DMax
DArea

IV.

0-350μm

-

-

300Hz–
15kHz
150 –
300Hz
1.2mm

50x5x1m
m

16x8x0.4
mm

40.4x5.62x
4.2mm

26x13x6.
5mm

EXPERIMENTAL SETUP

Understandably so, each of the actuators or transducers
under investigation, have been designed for very different use
cases requiring different actuation parameters (see Table 1).
Therefore, it may not be very practical to compare them;
however, we aimed to evaluate the actuators according to our
needs and the specific use case. For this purpose, we have
constructed the universal experimental setup (Fig. 1) and
individual adapters for each the haptic components to measure
the parameters of generated signals.

Actuators
Magnetic
Sensor

Optical
Sensor

Fig. 1. The experimental setup.

III.

COMPONENTS UNDER REVIEW

For the purpose of this research we utilized the HiWave
HIHX09C005-8 (see Table 1), as the voice coil inertial
exciters, the AAC technologies piezoelectric inertial vibrator
PV4042A-02, and a couple of samples of the Fukoku’s
piezoelectric bending actuators in advanced stages of
development Sample 1 (NDA-protected) and Sample 2 (also
NDA-protected).
The HiWave transducer (Sample 3) is off-the-self and can be
utilized for a number of applications which requires powerful
excitation the voice coil excursion is about to 1.2mm (max).
The AAC vibrator is a proprietary PV4042A-02 piezoelectric
inertial vibrator designed for tablets and touchscreens
excitation. The Fukoku piezoelectric self-sensing actuators are
essentially internal components developed for in house
systems. They are fundamentally bending piezoelectric
actuators which can also be affixed to interactive surfaces and
used to provide haptic information The Fukoku samples were
added with an adapter to the movable touchscreen overlay
used as the haptic mediator.
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The stiff overlay, constructed from overhead film (of
100um thickness), able to slid within an acrylic casing which
also housed the Nokia 710 and the corresponding sensors. An
optical sensor was affixed to the base of the casing, while the
slit aperture with variable width (modulated the optical flow)
was attached to the film overlay. The magnetic field sensor
(KMZ10A) was placed on the far side of the casing (Fig. 1),
which tracked the location of a small probe magnet (1 3 0.5
mm3) affixed to the film overlay. Miniature unidirectional
piezoelectric sensors have been used to measure the vertical
and horizontal components of vibration signals delivered to the
point of the fingertip contact. Once the actuators were
triggered, their attachment forced the overlay to slide over the
screen of the device (Nokia Lumia 710) back and forth to
provide tactile feedback, which was recorded by the various
sensors. The acrylic casing ensured that the screen overlay was
only excited in a linear fashion, eliminating most of the
unnecessary excitation of the actuators in question.
A. Apparatus
As was already known to some degree, the core usage and
operational parameters (manufacturer specified) of the

components and devices under review, we constructed a
sample use case with reference to a mobile touchscreen.
Utilizing the Haptic Touchscreen display on a Nokia Lumia
710 device (Fig. 3), we attached all four actuators/transducers
to the stiff screen overlay, one by one. We then applied a range
of steady voltages and frequencies to the actuators and
transducers and measured their output by the attached
piezoelectric sensor (WS-16025YDW), magnetic sensor
(KMZ10A) and transmissive optical sensor (HOA0872-N55).
The frequency, voltage or current applied to the actuators
were stabilized in reference to the component specification
(Table. 1) and were tested within the range of 80-240Hz with
the interval of 20Hz per sample which covers a range of
vibration signals used for hand held devices [6, 7]. Each
actuator was connected to the screen overlay with the help of
the fore mentioned adapter and hence provided unidirectional
transitional movements.
B. Data Acquisition
The data (magnitude-frequency relations) has been
collected by piezoelectric, magnetic and optical sensors to
ensure all components of the spectrum of vibration signal in the
dynamic range of actuators have been assessed and logged for
further analyses. We used a GDS2104-A (GW Instek) fourchannel digital oscilloscope to record all the signals from the
three sensors. In addition to the main parameters – the
magnitude of transitional movements of the touchscreen
overlay, the level of noise produced 15cm away of transducer
was also measured using Sound Level Meter 2250 (Brüel &
Kjær) at the frequency range of 60-240Hz with an interval of
60Hz per sample. Operating noise was recorded and logged the
variations between the 4 actuators/transducers that can be seen
in the Fig. 2.

Fig. 2. Correlation of noise created by each actuator at different frequencies.

C. The Overal Data Analyzes
Due to the format limitations of this paper, we are unable to
present all the data that have collected and analyzed. Therefore,
we will focus on the data recorded with the piezoelectric sensor
as indicated in Fig. 3. Fig. 4 is added here to illustrate that the
piezoelectric sensor has a wider frequency range than magnetic
sensor tracking the probe displacements recorded at the
boundaries of the frequency range.
The magnitude variations of transitional movements, of the
touchscreen overlay, were recorded by utilizing the sensor data
and applied excitation signal to the actuators/transducers,
which were averaged over 500 samples at each sampled
frequency. Using this sensor data we plotted a correlation

Fig. 3. The Means (on the left) and Standard Deviation (on the right)
magnitudes of sensor data averaged over 500 samples per frequency range.

between each of the selected frequencies, for each of the
actuators. In total 4500 points were recorded for 9 different
frequencies samples and plotted according to Average Mean,
and Standard Deviation (Fig 3), the graphs illustrate the
variations of the vibration signal propagation to the point of the
fingertip contact at the sampled frequencies.
V.

RESULTS AND DISCUSSION

If we consider individual sample frequency comparisons,
we can observe that both Sample 3 (AAC-PV4042A-02) and
Sample 4 (HiWave-HIHX09C005-8) outperformed the newly
developed Sample 1 and Sample 2 in the range of vibration
frequencies. Fig. 3 shows a tendency of each actuator having
higher performance close to its corresponding resonance
frequency (Fs). However, we can also conclude that although
Sample 4 as well as Sample 3 remain quite stable throughout
the frequency range, Samples 1 and 2 showed even lesser
dependence on their resonance frequency, unfortunately the
linear components of the forces generated by Sample 1 and 2
were not sufficient for necessary excitation of the screen
overlay (Fig. 3). It was also revealed that Sample 1 exhibited
higher excitation of the second harmonic generation with
respect to the applied signals. Though, this might be more
evident, due to the specific design of the adapter (attachment)
between the actuator and the overlay. The actuation of the
components produced shear and micro seismic waves, which
provided transitional movements of the screen overlay back
and forth over the touchscreen device. However, the whole
mechanical system which also included the force applied to the
screen overlay from the fingertip can change the resonance
frequency due to interference of several waves: from the
actuator as well as the reflected waves from the adapter and the
fingertip contact, which should to be dampened. Therefore,
some part of the signal was lost due to dissipation as well as
nonlinear motion of the screen overlay, which could be
gathered for the decibel level variations. If we consider Sample
2, the rate of vibration distortion with respect to applied signals
is lesser (Fig. 3). Hence, most of the actuation energy was
transformed into transitional movements of the screen overlay.
Perhaps what is most evident from these results is how the
applied signals mutated due to interference and variation of
impedance of the transducer/actuator before they achieve the
fingertip contact point (sensor) Fig. 5-8. Of course, the screen
overlay and the adapter played a crucial role here, not only to
propagate the mechanical oscillations but also to integrate
parasitic oscillations of the film. In our setup we tried to
minimize distortion; however we cannot ensure this was
achieved 100 percent success. Hence, there may be second-
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80Hz

240Hz

Fig. 4. Transitional movements of the screen overlay actuated by HiWave
transducer recorded by Magnetic and Piezo sensors at 80Hz and 240Hz.
80Hz

Actuator

240Hz

Fig. 5. The Variance of magnitudes over a single oscillation samples at 80Hz
and 240Hz by AAC.

order harmonics generated in the system of casing-overlayadapter-actuator at which the screen overlay could modulate
nonlinear propagation of mechanical oscillations. Moreover, as
a whole it is clear that there is a considerable difference
between the applied excitation signal and the detected
oscillations that can lead to or produce unpredictable tactile
sense.
It may also be important to state that the results point to the
stability of the capacitive load which can drastically vary in the
actuators / transducers and due to which, distort the applied
waveform of the original exciting signal that produce nonstable oscillations in a range of applied frequencies. Other
mechanical impedance related issues such as the possibility of
reflected signals, signal decay or phase shift/delay should also
be considered while designing the transducer prototypes
adapter (attachment). This could mean that we may need to
overcome other/similar issues when utilizing these components
in completely different environments or use cases for Haptic
Medium / flexible / stiff or elastic overlay/touchscreen surface,
even though the applied signals conform to manufacturer
specifications.
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Abstract— In line with our previous work, this research focuses
on a method for attenuating acoustic components (noise) while
providing enhanced vibrotactile feedback signals on mobile
devices using, deformable touchscreen overlays. Traditional
mechanism of providing tactile feedback to the fingertip via a flat
rigid touchscreen is limited due to the dampening of the
mechanoreceptors which are sensitive to static deformation and
lie at the tips of the intermediate ridges in the epidermal-dermal
junction. This tactile mechanism becomes useless when the
fingertip acts against a ridged surface (chemically strengthened
alkali-aluminosilicate glass). Furthermore, the actuation
provided by most devices is indirect with little or no mediation
mechanism, which results in filtering various signal frequencies,
loss of signal intensity as well as creating acoustic noise. The
resulting haptic signal is considerably inefficient and incongruent
to the applied signal, which was designed to stimulate user skin
contact. To resolve these issues we developed a unique
transparent screen overlay conductor which contains an oil based
composition (a low viscosity inert nonconductive liquid), that acts
as a soft deformable interaction point, enhancing the ratio
between tactile signals and the acoustic components, provided by
haptic actuators. Using surface mounted and embedded actuators
to the overlay, while being attached to an ExoPC Slate, we
measured haptic signal to noise correlation, as well as signal
efficiency and strength over multiple frequencies and concluded
that the haptic conductor was able to limit auditory noise and
mediate tactile signals more efficiently than traditional rigid glass
based surfaces.
Keywords-component; Liquid transparent screen overlay;
haptic signal mediation; vibrotactile mechano-transduction; haptics
user interface; piezoelectric and voice coil actuators.

I.

INTRODUCTION

As the functionality of portable devices increase, it
becomes much more challenging to provide a dynamic user
interface that can be adaptive to the various device functions.
In an attempt to deliver more functionality and control, many
electronic devices are being equipped with touch sensitive
input mechanisms, over mechanical controls. Touchscreen can
offer a more versatile UI experience that can be adapted to the
various device properties. However, touchscreens lack the
tactile cues needed to operate a graphical user interface
effectively, hence many attempts have been made to provide
tactile guidance (haptic feedback) to these systems, simulating
both tactile and kinesthetic sensations (dynamic strength and
force envelope) during touch-based interactions with dynamic
user interfaces.

Compounding the issue of missing tactile feedback is the
fact that current touchscreens are flat ridged surfaces which
limit tactile signals during finger based interaction.
Furthermore, most touchscreen systems are also now moving
towards gesture based interaction to further increase the
usability of their systems. Although gestures provide intuitive
means of interaction and often act as shortcuts to common
button based controls, the lack of haptic feedback hinders in the
overall user experience. In turn, touchscreen based systems
become more visual centric in their operation and feedback,
which limits users’ ability to multitask in real world
environments [1]. Additionally, having no viable haptic
feedback on rigid glass touchscreens limits or hinders
interaction and user performance [2]. Users’ attention to other
modalities (i.e. visual and audio feedback) is also weakened
during multimodal interaction when there is no haptic feeling
associated with physical human experience and controls such
as buttons, switches, and knobs [3]. Moreover, users’
efficiency and performance also deteriorates since users cannot
rely on previous haptic experience while interacting with these
systems [4].
Vibrotactile feedback or the artificial stimulation of the
human skin is the process by which mechanical energy from a
source of vibration, in combination with periodic compressions
and micro displacements, impacts on the human body.
Mechanical energy of a stimulus is then converted by sensory
receptors into feelings interpreted as tactile information
associated with physical properties of the contact surface. The
need for the use of tactile information channel and simulation
of the tactile feedback on a touchscreen has led to the
development of tactile transducers. However, neglecting the
features of mechanical energy propagation from actuator to
specific receptors in the skin and their functionality largely
attenuates the magnitude of tactile signals rendering the signals
weak and less informative [5]. There are two key factors
adversely affect signal integrity. Firstly, mechanical impedance
of each component involved in the mechano-transduction
process (by transferring the feedback signal from actuator to
the point of contact) is largely inconsistent, as different
materials having different physical properties (i.e. density and
mechanical impedance) that modulate energy of stimuli. And
secondly, investigations into the mechanical impedance of the
skin at the fingertip have shown a nonlinear increase in
stiffness when pressure is produced against the contact surface
until a maximum skin indentation of approximately 3 mm [6,
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7]. This would suggest that primarily the applied signal is
greatly contaminated during the mediation process from the
source to the reception point, and once the information signal
does reach the point of contact (a touchscreen surface),
fingertip receptors are unable to detect and recognize the entire
signal as they are considerably deadened in interaction with a
ridged glass surface. Essentially this means that not even a
fraction of the intended signal reaches the user; hence the
informative feedback is greatly hampered.
The skin is a multi-layer, geometrically and structurally
complex mechanical system supported on a deformable system
of soft connective tissues such as muscles, vessels and fat.
Being configured with both a stiffness differential between the
two layers and intermediate ridges, the epidermal-dermal
junction creates a filtering mechanism distributing forces and
stresses from the contact point to the Merkel cell complexes.
These mechanoreceptors are most sensitive to static
deformation and lie at the tips of the intermediate ridges [6].
Introducing papillary and intermediate ridges, upon plate
deformation, the normal force, tangent force, and strain energy
density concentrated near the tips of the intermediate ridges
[8]. The fingertip microstructure’s intermediate ridges and
epidermal-dermal stiffness difference produce a high, local
stress concentration at the ridge tips, where the receptors are
located to optimally collect the directed, concentrated stress.
However, this gentle and sophisticated tactile mechanism
becomes useless when fingertip acts against a flat rigid surface
of touchscreen, chemically strengthened alkali-aluminosilicate
glass. Formally, it is impossible to deliver effective and
efficient stimulation of the skin receptors by transmitting
mechanical signals in a wide range of frequencies through
display system. Therefore, efforts have to be undertaken to
improve the conditions for propagation of mechanical energy
of the stimuli to skin receptors and to develop screen overlays
as a mediator of tactile signals.
II.

RELATED RESEARCH

Nowadays, there are many companies which try to resolve
this issue and produce actuators or haptic transducers for
mechanical activation of the haptic channel through vibration,
pressure or stretching the skin. All of these rely on perceivable
friction or micro-movements of the contact surface. Different
types of vibrotactile actuators have been designed specifically
for touch-based interaction to improve the user experience and
create effective tactile displays. However, such components are
mostly embedded into the device itself and often provide
indirect vibrotactile feedback. Unfortunately, there is little or
no thought associated with mediating haptic information from
the source (actuator) to the point of contact (fingertip) which
means that the internal component of the device adversely
affect the vibrotactile signal propagation and contribute to
signal degradation.
With respect to actuation, if we consider the current
piezoelectric and electromagnetic actuators, we see that
although they are designed to provide tactile feedback for
mobile devices they also generate unwanted acoustic noise that
may compromise haptic communication altogether. Due to the
fact that there is no conducting source designed to mediating
the signal effectively to the point of contact, ambient noise is
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often a common side effect. This means that, a fraction of the
haptic signal is transferred to the fingertip contact; whereas the
other part of the signal is ether converted to noise or integrated
/ filtered, causing second order harmonics and parasitic
vibrations. Unfortunately in mobile devices it not always
possible to ensure the proper mediation of haptic information,
therefore our research into deformable transparent overlays not
only tries to create novel techniques to enhance the signal-noise
ratio but also ensures that haptic feedback is properly delivered
to the point of skin contact.
Deformable touchscreen overlays may be useful in
addressing the problem of dampening skin receptors while
interacting with flat ridged surface of the touchscreens [9]. Our
research focuses on developing touchscreen overlay which
mediate and amplify tactile signals from onboard actuators as
well as limit environmental noise [10]. These deformable
tactile mediation surfaces may include a plurality of
individually controllable actuators positioned around a
perimeter of the flexible material [11]. Driver circuitry can
apply control information to each of the plurality of
individually controllable drivers to produce a wave pattern
across the overlay. Extending our previous research, we
illustrate a mechanism for creating a liquid deformable overlay
for common touchscreen devices which can limit
environmental noise and accurately mediate tactile signals to
the point of interaction (fingertip contact).
III.

SYSTEM DESIGN AND SETUP

The aim of this study was to develop a mechanism for
creating deformable touchscreen overlays which can accurately
mediate tactile signals to the point of interaction. Originally for
this research we created a custom transparent overlay for an
ExoPC Slate, running Meego 1.2. This original overlay was
created by using two 0.1mm thin flexible plastic sheets fitting
to the size of the ExoPC Slate display (270 by 165 mm). The
plastic sheets were glued together creating a hollow pouch
from the middle, approximately the size of the ExoPC Slate
display. We then shaped two 0.5mm holes on one of the sheets
and used them to inject a non-conductive low viscosity oil
mixture into the pouch. Once a substantial bulge was apparent
in the pouch, any remaining air bubbles were evacuated and
sealed the two holes. We then attached this overlay to the
ExoPC slate and affixed a HiWave HIHX09C005-8 voice coil
exciter on top of the liquid overlay (Fig. 1).

Figure 1. Placement of actuators for both setups (with & without Haptic
Conductor).

Utilizing this setup (Fig. 1) we were able to generate haptic
signals over the entire display by simply actuating the attached
HiWave exciter. The low viscosity inert liquid in the
transparent pouch of the overlay acted as a medium of
vibrotactile signal transmission across the screen and also
limited the ambient noise. The liquid overlay isolated the signal
from the ExoPC device’s internal components and ensured that
most of the signal was focused within the overlay (on top of the
touchscreen), by attenuating second order harmonics.
However, the original setup reduced the sensitivity of the
touchscreen capacitive sensor, as it was not being directly
operated. Therefore, a revision of the original design was
necessary to limit the thickness of the overlay.
IV.

PILOT STUDY

Original design of the transparent liquid screen overlay
showed that it was possible to limit ambient noise and provide
a strong vibrotactile signal over the entire display using a
fraction of the energy. However, there were some
considerations with reference to the touchscreen sensibility due
to the thickness of the pouch overlay. Therefore, we redesigned
the overlay to limit any unnecessary layering over the
touchscreen. For this purpose, we decided to remove one of the
two thin plastic films and utilize the glass of the touchscreen as
the base for housing the liquid into the overlay. We therefore
placed 0.5mm thick water proof silicone tape to the perimeter
of the display and attached the 0.1mm thin flexible
thermoplastic (‘lavsan’) on top. Once the display was
completely covered, we shaped the holes for injecting the oil
directly filling in the space between the display glass and the
thermoplastic covering with ~160gm of oil (Fig. 1). The nonconductive fully transparent oil mixture acted as a perfect
deformable covering over the touchscreen without generating
erroneous touch point on the display. Similar to the original
prototype, we attached a HiWave HIHX09C005-8 voice coil
exciter (Fig. 2) to the plastic sheet and measured the actuation.
The redesigned overlay was much more responsive and
efficient in mediating haptic signals than the original design.

exciter. For the tablet with the liquid screen overlay, these
actuators were attached to the screen overlay itself, whereas for
the other setup, these actuators were attached to the glass
touchscreen. Placement of the actuators was identical in both
setups, as all the actuators were attached just outside the touch
sensitive areas of the screen (Fig. 1 and Fig. 2) using similar
silicone based adhesives. For added measure, the setup with
liquid screen overlay was also equipped with another AAC
PV35-3L-01 piezoelectric actuator which was embedded inside
the liquid overlay. The reason for selecting these particular
actuators was that they each had varying resonance frequencies
as well as forces, which would be idea in gauging any
distortion caused by the viscosity of the oil being used in the
liquid overlay.
A miniature unidirectional piezoelectric sensor was used to
measure the vertical and horizontal components of vibration
signals delivered to the point of the fingertip contact. The
piezoelectric sensor (FT-13.8H-4.9DI) was calibrated using
MicroSense displacement sensor (5810) and 5622-LR, 20 kHz
probe. The calibration was such that variations of 300mV on
the piezo sensor registered a displacement of 25um with an
error threshold of +/- 0.85um, which was later used to convert
the sensor data in Haptic Decibels (Fig. 4). Similarly, using a
standard Sound Level Meter 2250 (Brüel & Kjær) has been
used to measure the Audio Decibel levels (dBA) generated by
all the actuators in both setups across the 3 measured
frequencies (Fig. 3). To simulate the force of a light fingertip
touch, an artificial finger was used with embedded extra weight
(steel core covered with multilayered rubber having a density
(of about 1100 kg/m3 [35] and friction similar to a human skin)
producing a continuous static load of 100gF.
B. Procedure
Using the above mentioned setups (Fig. 1 and Fig. 2); we
applied a set of 3 frequencies (120, 200 280 Hz) across all the
actuators and measured the resulting haptic signals using the
piezoelectric sensor. The applied frequencies range included
the resonance frequencies of all actuators being used in both
setups and also ensured that the resulting signals were near the
threshold of the fingertip receptors. Using the data (Voltage)
collected from the piezo sensor we converted the generated
haptic signal into decibels (Fig. 4), as indicated in equation (1).
Similarly we utilized the data for the Sound Level Meter 2250
(Brüel & Kjær) and compared it to the haptic signals (Fig. 4).
(1)

Figure 2. Attachment of various actuators on an ExoPC Slate.

A. Experimental Setup
To gauge the efficiency of the liquid overlay in providing
haptic signals, we created two identical setup containing four
actuators using two sets of ExoPC tablet. One of the tablets
was affixed with the transparent liquid screen overlay, while
the other tablet without any covering. Both setups were affixed
with AAC PV4042A-02 and AAC PV35-3L-01 piezoelectric
actuators along with the HiWave HIHX09C005-8 voice coil

C. Results and Discussion
Results show that all four actuators operated far more
efficiently in the setup containing the haptic mediator, across
the measured frequencies, as compared to the condition in its
absence (Fig 3, Fig. 4). The haptic mediator was able to
transfer the vibrotactile signals to the fingertip contact,
ensuring minimum noise to signal ratio and maximum
conductance of informative tactile vibrations between the
actuator and the point of contact (Fig 3). This was visible for
all actuators though out the range of inspected frequencies
(120-280 Hz), excluding the PV4042A-02 piezoelectric
actuator, which due to its specific design and attachment
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produced more acoustic noise at 280Hz as it caused bending
waves to travel over the plastic surface of the overlay, rather
than exciting the liquid within a pouch. Yet, the actuator’s
vibration component was 5-6 times stronger than its acoustic
components below 200Hz.
With Liquid

120

70

200

280

Without Liquid

Frequency, Hz

60
50
40
30
20
10
0

Figure 3. Enhancing and attenuating the acoustic components (noise) in the
presence of and without the use of haptic mediator mediating vibration from
haptic exciters to the point of contact..

V.

CONCLUSION AND FUTURE WORK

In general, our research shows that it is possible to employ
liquid deformable transparent screen overlays to mediate haptic
signals for touchscreen devices. Our results indicate that the
use of a nonconductive low viscosity liquid may be ideal for
conductive touchscreen and also provides a sufficient increase
in efficiency. In our testing we noticed that the liquid overlay
isolated the actuator’s haptic signal from the ExoPC device’s
internal components and ensured that most of the signal was
focused within the overlay (on top of the touchscreen), thereby
eliminating signal filtration or second order harmonics.
Furthermore, the overlay also assisted in limiting the unwanted
noise caused during haptic signal transmission, increasing the
immersiveness of the multimodal interaction.
Although the current setup, incorporating the liquid
transparent screen overlay has yielded positive results, we
believe that further research is still needed to clarify its
specification and production. At this point we need to further
explore the role of the liquid mediator (oil) in the overlays to
identify the ideal characteristics needed for the mediator. It is
also not clear if the current design may be durable / stable over
longer periods of time. Similarly, we need further investigate
the long-term effects, if any, the liquid overlay may have over
the different display technologies (i.e. TFT, LCD, SLCD,
AMOLED etc.) currently being employed in mobile devices.
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Abstract— In this paper we have evaluated various
electromagnetic and piezoelectric actuators, originally designed
for indirect haptic interaction on touchscreen mobile devices,
using a transparent Liquid Screen Overlay (LSO). In line with
our previous work with mediation of haptic signals, this research
focuses on methods of attenuating acoustic components (noise)
while providing enhanced vibrotactile feedback signals on mobile
devices. Utilizing our previously developed unique transparent
LSO, we evaluate various actuators’ ability to generate haptic
feedback as well as to limit acoustic noise. The LSO developed for
this study is an advanced version of our previous work and
contains a siloxane-based lubricant composition (a low viscosity
inert nonconductive liquid), that acts as a soft deformable
covering for the capacitive touchscreen on an ExoPC tablet,
enhancing the ratio between tactile signals and the acoustic
components, provided by haptic actuators. Using surface
mounted and embedded actuators within the LSO; we recorded
the vertical and horizontal micro-displacements for a range of
frequencies (60-240Hz). Using this data, each actuator was
evaluated for its ability to create vibrotactile signals and transmit
them, to the point of contact on the LSO.

I.

INTRODUCTION

The design of modern interactive displays, compared to
those devices commonly used for a couple of years ago, has
changed greatly. Current mobile devices are becoming a
smaller sibling of their desktop counterparts, and are able to
perform much more functions than ever before. In this attempt
to deliver more functionality and control, many electronic
devices are being equipped with touch sensitive input
mechanisms, over mechanical controls. Touchscreen can offer
a more versatile UI experience which can be adapted to the
various device properties. However, touchscreens lack the
tactile cues needed to operate a graphical user interface
effectively. Most of these systems also incorporate gestural
inputs with little to no metaphorical guidelines. Although
gestural input streamlines a complex sequence of onscreen
commands, however, most of these gestures are not very
intuitive and provide little to no haptic feedback. In fact,
Norman and Nielsen [1] believe that the current graphical
interfaces of today’s interaction systems, without the much

needed multimodal feedback, are becoming more and more
difficult to operate for users.
To resolve this issue, various types of research has been
conducted to activate haptic percepts and the resulting afferent
information based on the user’s heuristic experience and
simulation, while exploring the physical world [2, 3, 4, 5].
Many studies have focused on providing tactile feedback to the
touchscreens using vibration signals. Vibrotactile feedback, as
cutaneous stimulation, is the process by which mechanical
energy from a source of vibration in combination with periodic
compressions and micro displacements, impacts on the human
body. Mechanical energy of a stimulus is then converted by
sensory receptors into feelings interpreted by the human brain
as tactile information associated with physical properties of the
contact surface.
The need for the use of tactile information channel and
simulation of the tactile feedback on a touchscreen has led to
the development of tactile actuators. However, neglecting the
features of mechanical energy propagation from actuator to
specific receptors in the skin and their functionality largely
attenuates the magnitude of tactile signals rendering the signals
weak and less informative [6]. There are two key factors
adversely affecting signal integrity. Firstly, mechanical
impedance of each component involved in the mechanotransduction process (by transferring the feedback signals from
actuator to the point of contact) is largely inconsistent. With the
concept of direct touch [7], as different materials having
different physical properties (i.e. density and mechanical
impedance) modulate energy of stimuli differently, efficiency
of signal transmission becomes very poor. And secondly,
investigations into the mechanical impedance of the skin at the
fingertip have shown a nonlinear increase in stiffness when
pressure is produced against the contact surface until a
maximum skin indentation of approximately 3 mm [8, 9].
Putting the two issues together would suggest that primarily the
applied signal is greatly contaminated during transmission
from the source to the area of the touch contact, and once the
information signal does reach the point of contact (a
touchscreen surface), fingertip receptors are unable to detect
and recognize the entire signal as they are considerably
deadened in interaction with a ridged glass surface. Essentially
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this means that not even a fraction of the original afferent flow
content reaches the user; hampering any possibility of effective
information feedback.
The skin is a multi-layered, geometrically and structurally
complex mechanical system supported on a deformable system
of soft connective tissues such as muscles, vessels and fat.
Mechanoreceptors are located in all skin layers: in the
superficial skin, in the junction of dermis and epidermis and in
the dermis and subcutaneous tissue [6]. Being configured with
both a stiffness differential between the skin layers and
structured subcutaneous components (intermediate ridges), this
epidermal-dermal junction creates a filtering mechanism
distributing forces and stresses from the contact point to the
receptors. In particular, Merkel cells in the superficial layers
have small, highly localized receptive fields and are most
sensitive to static deformation and lie at the tips of the
intermediate ridges, while Pacinian corpuscles cover larger
sensitive areas and sense vibration in the entire skin due to their
flexible attachment to tissue [8]. Both react to vibration
frequencies between 40-800 Hz and are most sensitive to
vibration signals between 200-300 Hz.
The fingertip microstructures of intermediate ridges and
epidermal-dermal stiffness difference produce a high, local
stress concentration to the receptors located to optimally collect
tactile information [10]. However, this gentle and sophisticated
tactile mechanism becomes useless when fingertips act with
pressure against a flat rigid surface of touchscreen, chemically
strengthened
alkali-aluminosilicate
glass.
Traditional
touchscreens, which employed resistive technology to register
contact points, required this pressure for accurate operation, for
which reason haptic information should be delivered deeply
into the dermis, and subcutaneous tissues of hypodermis. This
method of interaction with mobile devices, although robust, is
required higher magnitudes of tactile signals. With the advent
of capacitive touchscreens, the need for pressure points on the
screen [11] has been eliminated and the interaction paradigm
has shifted drastically. The capacitive screens are able to
register multiple contact points even before the actual contact
takes place, in affect reducing screen interaction to a fraction of
the time as was needed by the resistive technology screens.
Unfortunately, the mechanism for tactile feedback in
capacitive screen has not changed and most haptic applications
on touchscreens generate very weak signals. To be effective,
these signals also require considerable screen contact space,
time and ideal conditions for signal transmission, with
minimum attenuation from the source (actuator). By trying to
redefine simulation of the tactile feelings in this context, we
have created an experimental setup for the assessment of the
signal propagation and performance of different actuators used
to generate transitional micro-movements of the touchscreen
overlay. We used commercially available actuators and
prototypes in advanced stages of development. This paper, as a
part of our ongoing research and experimental work with novel
haptic actuators and deformable screen overlays (LSO),
focuses on evaluating the vibration signal of various actuators
and the distortion caused by the placement of these actuators in
mobile devices.
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II.

RELATED WORK

It is difficult to provide effective and efficient transfer of
tactile information with the use of mechanical signals in a wide
range of frequencies through the complex layered structures of
the mobile system or its touchscreen. Therefore, efforts had to
be undertaken to improve the conditions for the propagation of
mechanical energy of the generated signals to skin receptors
and to develop the screen overlays as a potential mediator of
tactile information [12, 13].
Current piezoelectric and
electromagnetic actuators, designed to provide tactile feedback
for mobile devices, are limited in vibration actuation, while
generating unwanted acoustic noise that may compromise
haptic communication. Haptic actuators generally do not have
direct skin contact to apply generated forces to human skin, and
there is no conducting source designed to mediate these tactile
signals effectively to the point of contact [13]. This means that,
a fraction of the haptic signal is transferred to the fingertip
contact; whereas the rest is either converted to ambient noise or
distorted by various transmission sources, causing second order
harmonics and other parasitic vibrations within the original
signal.
Unfortunately, in mobile devices it is not always possible to
ensure the proper mediation of haptic signals. Therefore the
current research focuses on creating novel techniques to
enhance the signal-noise ratio, ensuring that haptic feedback is
properly delivered to the point of skin contact. For this reason,
we have utilized our proprietary transparent Liquid Screen
Overlay (LSO), to mediate signals generated by various haptic
actuators, and evaluate their efficiency in generating
vibrotactile signals through the mediating environment with
respect to the acoustic noise generated while delivering haptic
signals. Our previous research [13] showed that the signal
attenuation was reduced considerably by the use of LSO,
however there was no comparison of the efficiency of the
signal in relation with various types of LSO surface /
subsurface mounted actuators. For this reason, the current
research focuses on evaluating various electromagnetic and
piezoelectric actuators, comparing their ability to produce
haptic signals with respect to generated acoustic noise.
III.

COMPONENTS UNDER REVIEW

Fig. 1. Various actuators being used in the research.

For the purpose of this research we utilized five different
electromagnetic and piezoelectric haptic actuators. The reason
for selecting these particular actuators was that they each had
varying resonance frequencies as well as forces, which would

be ideal in gauging any distortion caused by the viscosity of the
siloxane-based liquid composition being used in the LSO. The
actuators included a HiWave HIHX09C005-8 also known as
TEAX14C02-8 of Tectonic Element Ltd (Sample 5), as the
compact audio exciter, the AAC technologies piezoelectric
inertial transducer PV4042A-02 (Sample 4), and a sample
actuators under development from AAC, the AAC PV350-3L01 (Sample 3). We also utilized an off the self LVM061530
(Sample 2) bi-layered linear bender actuator, developed by
AAC Technologies and Jinlong machinery & Electronics Co.,
Ltd. And lastly we used a conventional eccentric mass
vibration DC motor Pico Vibe 304-111 (Sample 1), for
multidimensional vibration signals. Table 1 illustrates the
various specifications of the five sample actuators.
Table I: The actuators / transducers used in the study
Para
meter

Re
BL
Fs / f m
P

I
FA

FH

Acc
DArea

Sample1
Pico-Vibe
304-111

Sample2
(LVM061530)

Sample 3
(PV3503L-01)

33oHm

12 1.5oHm

N/A

N/A

~70 mN

150g
at 185Hz

0-15.000rpm
(20-300Hz)

200 5Hz

185±10Hz

Description
DC
Resistance
(±10%)
Blocking
Force
Frequency
Res/Mag
Resonance.
Continuous
Power
/
Voltage
Applied
DC Current
Audio
Frequency
Range
/
Noise
Haptic
Frequency
Range
of
vibrations
Max
Magnitude
(range / max)
Dimensions

0.15W
at 3V
50mA

280mW
at 2Vrms
5mA

Sample 4
(PV4042
A-02)
N/A
150g
at 185Hz
185±10H
z
120Vpp
sine

0-90Vpp sine

5mA

max 10mA

N/Spec.

45 dBA
at 10 cm

50 dBA
at 10 cm

100-200Hz

0-500Hz

50-300Hz

0.7-1Grms

0.7Grms

0.8 Grms
at 185Hz

<50dBA
(@ 10cm)

Sample 5
HIHX09C005
-8
8 oHm
2.4T.m
600/100Hz

>0.8W
~300mA
>0.8W
(weighted
pink noise)

60-250Hz

Ø4.5x11mm

IV.

40.4x5.62x4.2
15x6x3mm
mm

50 – 1000Hz
-

N/Spec.

40.4x5.62
x4.2mm

Ø37x20x9.85
mm

EXPERIMENTAL SETUP
PV4042A-02

AAC LVM061530
Piezo Sensor

FT-13.8H-4.9DI

AAC PV350-3L01
PV 304-111

Fig. 2. The experimental setup.

Operational parameters (specified by manufacturer) of each
actuator under review have been collected in the Table 1.
However, the current use case scenario is radically different
from the recommended operating environment for all the five
actuators, especially sample 3, as it was used inside the Liquid
Screen Overlay (LSO). Therefore, it may not be very practical

to compare them. We aimed to evaluate the actuators according
to our needs and the specific use case, which was in
combination with the LSO. To gauge the efficiency of
actuators we utilizing a similar setup structure to Farooq et al.,
[13]. We used an ExoPC tablet with the Liquid Screen Overlay
(LSO) containing a volume of 160ml siloxane-based
composition liquid and a flexible polyester (PET) film of
0.1mm on top. Samples 1, 2, 4 and 5 were affixed to various
parts of the covering (Fig. 2) using a silicone based adhesive,
0.12mm thick. Apart from the surface mounting of the four
samples, we placed Sample 3, inside the siloxane-based
composition liquid, using a plexiglas insert with the affixed
bending actuator, in such a way that the bending actuator
would be able to oscillate inside the siloxane-based
composition liquid between the touchscreen and the polyester
covering. Once the setup was assembled, we applied a range of
steady voltages and frequencies to the actuators and measured
their output using the two sensors: the piezoelectric sensor and
the MicroSense displacement probe. The frequency, voltage or
current applied to the actuators were stabilized in reference to
the component specification and the components were tested
within the range of 60-240Hz with the interval of 60Hz per
sample which covered a range of vibration signals used for
mobile devices [10, 21].
Placement of the actuators was identical to Farooq et al.,
[13] (Fig. 2), to ensure tactile signals would cover the entire
LSO and touchscreen. A miniature piezoelectric sensor (FT13.8H-4.9DI) was placed in the center of the display, on top of
the LSO, and was used to measure the vertical component of
vibration signals generated throughout the LSO. The
piezoelectric sensor was calibrated using MicroSense
displacement sensor (5810) and 5622-LR, 20 kHz probe. The
calibration was such that variations of 300mV on the piezo
sensor registered a displacement of 25um with an error
threshold of +/- 0.85um. The MicroSense displacement sensor
was also used in the setup, to record the horizontal
displacement. Its probe, as seen in Fig. 2, measured the
variations in the surface mounted metal strip attached to the
LSO to record the horizontal displacements. Apart from the
sensors, we also utilized an artificial finger to simulate a
contact point (Fig. 3, on the left) on top of the LSO. The
artificial finger was used to create a continuous static load,
replicating the interaction of a real finger with the LSO and
attached actuators.
To simulate the force of the fingertip, an artificial finger
was used with embedded extra weight (Lead) producing a
continuous static load of about 100gF. Although many
researchers have attempted to model the mechanical aspects of
the fingertip such as Serina et al., 1998 [15], Srinivasan, 1989
[16], Maeno et al., 1998 [17, 18], and Pawluk and Howe, 1999
[19], we decided to build a simple finger-like probe [20] which
would serve our particular needs (load, friction, sensitivity and
directionality). Thus, the finger structure was developed to
accurately replicate the necessary stress / strains generated
during fingertip contact. The Artificial finger also had an
embedded unidirectional piezoelectric sensor; however, as we
already employed the MicroSense (5810) displacement sensor
in the current setup, therefore, we did not utilize the data
collected by the embedded sensor.
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As shown in Fig. 3 (on the right), the core of the finger
was a hollow tubing F that was fixed to the frame of the outer
shell B at two different points D. The insulated hollow tube F
contained the vertically mounted unidirectional piezoelectric
sensor G, which was glued to the tube from the top end and
embedded into the silicone tip H (with a 1mm plastic cap) of
the finger, from the bottom end, in such a way that its (the
bottom of the plastic cap) end was only 0.2mm from the top
surface of the screen overlay. The wiring E of the sensor,
traveled from the rear of the finger outwards (Fig. 3(on the
right)) attached to the digital oscilloscope. After the placement
of the piezoelectric sensor, the core D was wounded up with
lead wiring C, to increase the mass of the finger. Covering
the finger was A, which was a rubberized outer layer that had
comparable friction to human skin [17].

sensor, yellow is data recorded by MicroSense sensor and green is the exciting
signal magnitude).

Fig. 5. Correlation of noise created by each actuator excited at different
frequency.

B. The Overal Data Analyzes

Fig. 3. General setup and placement of the artificial finger (on the left),
design of the artificial finger (on the right)

A. Data Acquisition
The data (magnitude-frequency response) has been
recorded by the two sensors: the piezoelectric and MicroSense
displacement sensor. To ensure all components of the actuated
and recorded vibration signals were logged for further analyses,
we used a GDS2104-A (GW Instek) four-channel digital
oscilloscope. Figure 4 illustrates the data collected at 120 Hz,
for both the applied and recorded signals using MicroSense and
the piezoelectric sensor. In addition to the main parameters –
the magnitude of displacement of the LSO, the level of noise
produced 15cm away from the source (actuator) was also
measured using sound level meter (2250 Brüel & Kjær) at the
frequency range of 60-240Hz with an interval of 60Hz per
sample. Operating noise was recorded and the variations
between the five actuators can be seen in Fig. 5.

Fig. 6. Standard Deviation (Std) of micro-displacements data averaged over
500 samples per frequency range, collected from Piezoelectric Sensor.

Fig. 7. Standard Deviation (Std) of micro-displacement (horizontal
component) averaged over 500 samples per frequency range, collected from
MicroSense displacement probe.

Fig. 4. Applied and recorded signals at 120Hz (with various magnification)
for all actuators (from left to right) PV350-3L-01, PV4042A-02, ELV0613A01, HIHX09C005-8, Pico Vibe 304-111 (where blue is data recorded by piezo
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Due to the format limitations of this paper, we are unable
to present all the data that has been collected and analyzed.
Therefore, we will focus on the data recorded with the
piezoelectric sensor and MicroSense displacement probe.
These actuations and transitional micro-movements of the
LSO were recorded and averaged over 500 samples at each
sampled frequency (Fig. 4). Using this data, we plotted a

correlation of standard deviation for both piezoelectric sensor
and MicroSense probe, as indicated in Fig. 6. and Fig. 7,
correspondingly.
As expected, the haptic mediator was able to transfer the
vibrotactile signals to the fingertip contact, ensuring minimum
noise to signal ratio and maximum conductance of informative
tactile vibrations between the actuator and the point of contact
(Fig 3). This was visible for all actuators throughout the range
of inspected frequencies (120-280 Hz), excluding the PV3503L-01 (Sample 3) which was embedded inside the LSO.
Unfortunately, the construction of the setup did not allow
enough volume of vertical displacements for the actuator
(sample 3) to oscillate freely within the LSO pouch. This
meant that every time the sample was actuated it contacted
both the glass of the touchscreen and the polyester covering,
therefore, the sample created much more unnecessary noise
than expected. The PV4042A-02 piezoelectric vibrator
(sample 4), also did not performed better with the LSO, than
being directly affixed to the stiff surface of the touchscreen
[13]. We believe this was due to its specific design. Sample 4,
is basically a piezoelectric bending actuator with a
transmitting mass affixed to the piezoelectric bender in its
central position, where all components are encased in a single
metal case. The noise it creates is generated from both the top
and bottom of the casing. As only the bottom of the casing
was attached to the LSO, the top of the actuator was free to
emit its operational noise. This acoustic noise was particularly
prominent at 280Hz as it also caused bending waves to travel
over the plastic surface of the overlay, rather than exciting the
liquid within the LSO. Yet, the actuator’s vibration component
at lower frequencies (below 180Hz) was quite strong and
greater than its acoustic components.
If we only consider the vertical vibration components of
the actuators recorded by the piezoelectric sensor, we can see
that PV4042A-02 (sample 4) was clearly the leader. It created
maximum micro-displacements in the vertical axis. However,
if we consider the data from the MicroSense displacement
probe, which detected micro-displacements in the horizontal
axis, we see that the actuation of sample 4 did not significantly
translate into lateral displacements. Similarly, we see that
sample 5, (HIHX09C005-8 now available as TEAX14C02-8)
was also not efficiently able to translate the actuation into
lateral displacements of the LSO. We believe this was because
all the samples were attached to produce optimum vertical
components of surface vibrations induced in the LSO.
Conversely, if the attachments were to be made in such a way
that they optimized actuation in the horizontal axis, as done by
Farooq et al., [13] the displacement of the LSO for both
samples 4 and 5, would be much higher in the horizontal
plane.
In general, according to Stokes law of sound attenuation in
a Newtonian fluid [22] due to the fluid's viscosity, the LSO
acted as a silencer for the auditory noise (Fig. 4), especially
with respect to the actuators that tend to produce deeper
actuation as compared to those generating bending waves at
higher frequencies. Additionally, each actuator was most
efficient near its own resonance frequencies, while the
resonance of the entire mechanical system was also critical in
providing haptic signals throughout the LSO, and therefore

needs to be considered when designing mobile devices.
Similar to the results of Farooq et al., [13] we also noted that
the LSO may not only be an effective transmission tool in
relaying the haptic signals but also useful in exciting the skin
receptors, which may be traditionally dampened while
interacting with a hard glass touchscreen surface.
V.

DISCUSSION AND FUTURE WORK

We applied a set of 4 frequencies (60, 120, 180 240 Hz)
across all five actuators and measured the actuation efficiency
(the minimum attenuation and distortion of the vibration
signal generated in the LSO) using the piezoelectric sensor
and the MicroSense probe under loaded conditions of the
artificial finger. The data sampled from each sensor (5000
points per frequency for every actuator) was consolidated into
Standard Deviation and plotted as discrete points on the graph
in Fig 6 – Fig 7. The applied frequency range included the
resonance frequencies of all actuators being used and the
threshold range of the human fingertip receptors. Our results
showed that all five actuators were able to create vibrotactile
signals throughout the 11.6 inch touchscreen overlay, even
though some of them were not designed for such large
actuation areas. Similar to our previous study [13], we
recorded that all actuators where able to minimize signal
distortion and integration, due to the effective mediation
carried out by the Liquid Screen Overlay. The results also
indicated that most of the actuators generated far less
operating noise throughout the sampled frequencies, with the
exception of PV350-3L-01, which was embedded into the
LSO, due to its attachment that caused it to collide with the
touchscreen and the plastic covering. Also, PV4042A-02
actuator produced more actuation noise than expected due to
the fact that it caused bending waves to travel over the plastic
surface of the overlay, rather than exciting the liquid within
the LSO. Yet, both actuators’ vibration components were
considerably stronger than its acoustic components.
The results demonstrate a clear trend of higher signal to
noise ratio for all actuators in the LSO setup. Although, the
embedded actuator PV3503L-01 (sample 3) was not ideal, its
performance was still quite encouraging. Therefore, in
continuation of this research we plan to embed more actuators
within the LSO pouch to test their signal to noise ratios and
develop a mechanism by which we can compare their vertical
and horizontal actuation. The custom design artificial finger
with embedded unidirectional displacement sensor can be very
useful in achieving this. Furthermore, our future research will
define a set of haptic signals for user testing that will provide
subjective user evaluation of the feedback for both the
actuators and the LSO. And lastly, it may be very useful to
vary the volume and viscosity of the LSO liquid and density of
the PET film covering (e.g. using a thin transparent silicone
sheet), by which it may be possible to further decrease the
signal attenuation and provide homogenous actuation signals
throughout the LSO, even with low powered actuators.
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Enhancing Mobile Device Peripheral Controls using
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Method for enhancing touchscreen based user interaction by facilitating haptic device
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Abstract—Since its emergence, Optical communication systems
have always been considered as a significantly attractive
alternative to wired data transfer techniques, especially in
environment where high data rate is essential in a multicomponent system. Unfortunately, optical communication is still
not as robust as traditional mechanisms and suffers from various
types of distortion, such as jitter in data propagation. These
issues can degrade the performance of a transmission system by
introducing bit errors and uncontrolled offsets or displacements
in the digital signals. However, these issues are more apparent
with bidirectional full duplex data transfers in which complex bit
streams are multiplexed within slotted intervals in a
synchronized clock scheme. Although efforts have been made to
improve robustness of the high bitrate data communication, we
believe that optical communication may also be useful in
environments where unidirectional control signals are passed
down in a parallel bit stream in an asynchronous setup removing
the need to multiplex data streams and assign timeslots to the
transferred data. These low traffic control communication signals
can be used to regulate a wide host of components and
peripherals which may not be suitable in a traditional wired
setup. For this purpose, our research focuses on utilizing a
section of the conventional display to generate unidirectional
control signals for attached modular peripherals. Using various
display technologies, we proved that this type of control
communication can robustly interact with external systems
without the need for complex signal encoding, which is essential
in traditional serial communication protocols. We believe that
this technique can reduce signal encoding delays by relying on
parallel processes for data transfer within a limited segment of
the video frame in communicating with common peripheral
devices.
Keywords-component; Optical communication; visible light
communication; optical camera communication; haptics; user
interface; piezoelectric actuators.

I.

INTRODUCTION

Traditionally, mobile devices were considered as a stock
gap between laptop and desktop computers; however current
devices are changing this preconception. Today’s mobile
devices have proven to be as capable if not more than
traditional laptop computers, and the idea of mobility is no
more synonymous to limitations in speed or restrictions of
storage space. Current mobile devices are comprehensive
multifaceted computing devices which are capable of

facilitating users in performing a broad number of tasks on the
go. However, as mobile devices get faster and are able to store
more information, the role of data communication becomes
much more critical. In recent years, wireless technologies have
grown in popularity, presumably due to their simplicity of use
and increased data rates. Although dominated by radio
frequency, such as wireless networking or Bluetooth; some
devices could benefit from using an optical data link for short
range communication. For this reason research on developing
indoor lighting as an infrastructure to provide data exchange is
an interesting alternative. However, this idea is still in the
research phase and major issues i.e. transmission, security and
communication protocols, still need to be worked out [1].
Optical communication uses LEDs to transmit a specific
pattern of data which is then received and decoded by an
appropriate receiver. Essentially optical communication as we
know it today, was made possible with the development of fast
switching LEDs, photodiodes and linear optical arrays of
photo-sensors associated with charge amplifiers and other
digital components for individual pixel illumination (e.g.
MLX90255BC, TSL3301 and SI avalanche photodiode arrays
S8550), which feature very low switching times and therefore
provide a way for hi-speed data transfer. The wavelengths of
light sources being used generally, depends on the channel of
communication as well as the ambient noise in the
environment; in either case, the receiver has an appropriate
matching ‘spectral sensitivity peak’ to receive the data being
transmitted [2]. For a long time the basic optical
communication standard was IrDA which was optimized for
short range point to point communication and operated without
the need for a dedicated communication medium. This standard
was efficient in being able to achieve speeds of 115200bps,
which is quite limited according to current standards [3].
Additionally, IrDA required a dedicated transceiver on both
ends which relied on line-of-sight communication between
each other, where the distance apart predominantly dictated the
speed of the communication.
Due to the limitations of IrDA, Visual Light
Communication (VLC) was introduced in the early 2000s [1,
2]. Unlike IrDA, VLC utilizes visible light (380nm - 750nm)
sources as a signal transmitter, the air as a transmission
medium and appropriate photodiodes / photo-sensors as signal
receivers. Since the conception of the Visual Light

This research is funded by the Academy of Finland and is part of the
MSM Project (2501285836) in collaboration with Tampere Unit of Computer
Human Interaction (TAUCHI) at University of Tampere and Material Physics
Laboratory at Lappenranta University of Technology.
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Communication Consortium (VLCC) was established in 2003
[4], we have seen a rapid evolution of the technology. There
are several standards relating to VLC. IEEE 802.15.7VLC
PHY/MAC, PLASA E1.45 DMX-512A VLC, LED lighting
source Zhaga engine and IEC TC 34 LED illumination [5];
however, the latter can provide robust ad-hoc communication
streams. The core advantage of VLC is its usage of LED
illumination without any other transmission medium, so we
only need to apply traditional illumination standards such as
TC34 (which has been around since 1948). Similarly, it’s
possible to adapt wireless transmission protocols (i.e. ZigBee,
IrDA, Bluetooth, and Wireless LAN etc.) to be utilized in
VLC, for which considerable progress has been made [5].
Unfortunately,
VLC
requires
additional
wireless
communication skills due to its unidirectional communication
principles; therefore further work needs to be done to
standardize VLC protocols. Our research aims to utilize this
infrastructure to provide a truly ad-hoc yet convenient and
robust mechanism (i.e. ‘clip’-n-‘play’) to add unidirectional
data transfer features to any device with a standard LCD
display without the need for peripheral ports or transmitters of
any kind.
II.

RELATED RESEARCH

A. Visible Light Communication
As mentioned earlier, Visible Light Communications
(VLC) is a new yet rapidly growing area of research. Since its
conception in Japan [2], multiple research groups have shown
keen interest in further developing the technology. European
Commission Framework 7 project OMEGA (2008-2011) [6,
7], focused on using VLC to create home access networks,
which could boost speeds of one Gigabit per second. IEEE
Standardization work [8] was also being conducted to develop
ground work for further research. Visible light, in VLC is
generally provided by an array of LEDs (400-800lx) [9] which
provide sufficient illumination that can be used for
transmission. However, achieving high data rate can be
difficult because of the low modulation bandwidth of the
sources (i.e. several MHz) [9]. Therefore, the levels of
illumination being used must ensure that a very high signal to
noise ratio (SNR) is always sustained for effective end to end
communication [16].
Recent research shows that VLC is not only focused on
utilizing high intensity dedicated light sources to create a data
exchange, but conventional sources such as displays may also
be used as transmission tools in communication [10]. Sensitive
cameras are able to gather light variations from the LCD
display to register information flow. This type of Optical
camera communication (OCC) can be very useful for low yield
short range mobile communication in areas where radio signals
infrastructure is not viable or prohibited. Unfortunately, OCC
suffers greatly in noisy environments and requires optimum
conditions to yield high speed data rates, however new
modulation techniques may be able to increase the robustness
of OCC. Using adaptive pulse amplitude and position
modulation (PAPM), it may be possible to ensure that the
presence of background ambient noises does not affect the
signal integrity or communication speed [10]. Therefore,
continuous adjustment of modulation parameters is necessary
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in reducing bit error rates (BER). However, if OCC
infrastructure in not over burdened with high speed data rates
and full duplex communication, BER can be drastically
reduced, ensuring signal integrity and limiting environmental
noise impact to the communication structure [11]. In this paper
we propose an adaptive mechanism by which VLC can be used
to generate robust unidirectional signals, which we use to
control haptic peripherals, without the need for any complex
modulation techniques, yet maintaining signal integrity even in
noisy environment.
B. User Interaction and Haptics on Touchscreens
As the functionality of portable devices increases, it
becomes much more challenging to provide a dynamic user
interface that can be adaptive to the various device functions.
In an attempt to deliver more functionality and control, many
electronic devices are being equipped with touch sensitive
input mechanisms, over mechanical controls. Touchscreen can
offer a more versatile UI experience that can be adapted to the
various device properties. However, touchscreens lack the
tactile cues needed to operate a graphical user interface
effectively, hence many attempts have been made to provide
tactile guidance (haptic feedback) to these systems, simulating
both tactile and kinesthetic sensations (dynamic strength and
force envelope) during touch-based interactions with dynamic
user interfaces.
Compounding the issue of missing tactile feedback is the
fact that current touchscreen systems are now moving towards
gesture based interaction to further increase the usability of
their systems. Although gestures provide intuitive means of
interaction and often act as shortcuts to common button based
controls, the lack of haptic feedback diminishes the overall user
experience. This trend of using gesture based integration is
now moving towards larger device operating systems (i.e.
Windows and MACs etc.) as the devices running these systems
are quickly adopting touchscreens as basic input mechanisms.
However, the significant disadvantage of having no viable
haptic feedback on touchscreens still exists, which intern limits
or hinders interaction and user performance [12, 13]. Users’
attention to other modalities (i.e. visual and audio feedback) is
also weakened, during multimodal interaction, if there is no
haptic feeling associated with physical human experience and
controls such as buttons, switches, and knobs [14]. Moreover,
users’ performance also deteriorates since users cannot rely on
previous haptic experience while interacting with vibration
based tactile systems [15].
Nowadays, there are many companies which try to resolve
this issue and produce actuators or haptic transducers for
mechanical activation of the human tactile sense through
vibration, pressure or stretching of the skin. All of these rely on
perceivable friction or micro-movements of the contact surface.
Different types of electromagnetic actuators have been
designed for mobile devices, and specifically for touch-based
interaction to improve the user experience and create effective
tactile displays. However, such components are mostly
embedded into the device itself and are often controlled via
dedicated communication connections and proprietary
protocols, to ensure the haptic feedback is synchronized with
visual and auditory information. There is a fine balance in

providing multimodal feedback, as the slightest delay in
relaying the haptic information may offset the balance between
the other modalities (visual and auditory) [17, 18].
For this purpose signal delay plays a critical role in haptic
research and, it is often very difficult to add aftermarket haptic
feedback to devices which were originally not designed to
support multimodal interaction. Various techniques have been
employed to resolve this issue, from USB connectivity to
Bluetooth triggering, however each technique has its
limitations, as they are primarily used for data communication,
and not multichannel device triggering (as required for
controlling multiple haptic devices). In this research we
propose the use of VLC to connect and control non embedded
aftermarket modular haptic devices without the use of system
peripheral ports keeping signal delay at a minimum.
III.

SYSTEM DESIGN AND SETUP

In this research our aim was to develop a mechanism by
which we could attach and control modular haptic peripherals
to mobile devices without using any serial / parallel / USB
connections. Our goal was to supplement visual and auditory
feedback with augmented haptic feedback. As with controlling
most haptic peripherals, any delay in triggering the device can
offset the feedback model and disjoin haptics from other
modalities. For this purpose we utilized VLC to transmit
unidirectional control signals to the haptic peripherals. The
haptic devices where connected through fast eight switching
photodiodes (SFH203 PFA), which were encased in an iodized
aluminum frame, as shown in Fig. 1. This ensured that the
sensors were only able to receive light from one side, and this
particular side was attached to the edge of the mobile device
display. On the mobile device, the segment of the display to
which the photodiodes were connected was kept dark, and only
turn on to relay control signals to the photodiodes. Using this
mechanism a simple driver was developed to control the
attached photodiodes and subsequently the haptic devices via
the user selected on screen controls. Therefore, each of the
eight photodiodes in the array were used to control the
corresponding parameter of the device; effectively providing
an 8-bit control stream between the mobile devices and the
attached haptic peripherals.
A. VLC Control Signals and Multimodal User Interface
Using the attached photodiodes, we developed a simplified
8-bit parallel protocol. Each diode within the data stream
represented either a device switching control or a separate
device itself. If the particular bit (photodiode) was required to
be switched on, the highest brightness intensity and contrast
image was displayed on the corresponding pixel cluster for the
necessary duration. Therefore, if device A, which was
controlled by photodiode 1 (bit 0, in the stream) needed to be
fired for 200-500ms, selecting the onscreen controls and
pressing the software button would illuminate the pixel cluster
under diode 1 for 200-500ms, which would trigger the haptic
device A for 200-500ms. Similarly, any one or multiple
photodiodes could be triggered for any duration, resulting in
the control of the attached haptic devices.
Utilizing this simple controlling technique we were able to
control two AAC MLB3503A piezoelectric actuators affixed to

an ExoPC slate tablet and actuated by a miniature piezo drive
PDu100 (based on a single-chip piezo haptic driver DRV8662
of Texas Instrument Inc.) to provide onscreen vibrotactile
feedback. A simplified media player application was developed
with common media controls (i.e. ‘Play’, ‘Stop’, ‘Next’ and
‘Previous’). Pressing any of the controls provided the
necessary animation of the media selection. Similarly once the
selection was made, the corresponding media playback
provided the auditory feedback whereas the haptic vibrotactile
feedback to the touchscreen was provide by the screen
mounted AAC piezoelectric actuator. Employing this setup,
we were able to achieve multimodal feedback without the need
for intermediate HID-specific peripheral communication
controls.
B. Prototype Setup
Traditionally, custom designed haptic peripherals are
connected and control using USB, serial or parallel connections
between the mobile device and the haptic peripherals. USB to
serial chipsets are generally very useful in providing dedicated
control pins to regulate the custom haptic devices. FTDI 232R
is a prime example of a general purpose USB to serial
converter which can be programed to yield GP I/O pins for
controlling a host of custom haptic peripherals, however the
conversion of USB to serial protocols and the need for a
dedicated USB port as was well as a wired connection are
some of the drawback of using this type of configuration for
haptic device triggering. Having said this, such SoC (FTDI and
Arduino) are the official standards in peripheral connectivity
and have been used in the majority of research, thus far.
Therefore, we built a comparative setup to control two identical
haptic peripherals from the same mobile device, using two
different trigger simultaneously.
We employed the two identical AAC MLB3503A
piezoelectric actuators attached to a touch plate (Fig. 2). Using
identical controlling and powering circuitry, we attached one of
the actuator to a USB / serial SoC and the other to our Optical
VLC trigger. The USB setup utilized in this comparison was
the FTDI 232R SoC and a PC817 optocoupler to switch the
haptic actuator, whereas the Optical VLC trigger used the
Siemens SFH203PFA photodiode, LM393 differential
comparator and a PC817 optocoupler. Using multithreading, a
single onscreen button was used to generate a trigger for both,
the photodiodes and send a control trigger signal to the FTDI
UM232R connected to the USB port. The resulting signals
where connected to the oscilloscope to measure the signal
delay / shift as well as signal ‘ON’ times.
C. Comparision between USB / Serial and VLC Control
signals
Employing the above mentioned configuration (Fig. 1), we
cross referenced the two control signals being generated, one
from the USB/FTDI, and the other one from the comparator
LM393 of the SFH203PFA photodiode. Both signals were
identical in length and shape; however, there was a 35-45ms
delay discovered between them. It was recorded that the signal
from the photodiode was slightly slower than that being
generated by the FTDI UM232R. Upon further investigation it
was concluded that this delay may be due to the refresh rate of
the TFT panel associated with the ExoPC slate. The ExoPC
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boosts a 1366x768 resolution display with a refresh rate of 60
Hz, however, the display technology is considered to be dated,
as the tablet was introduced in late 2010. Hence, the same setup
was migrated to a more recent device; the Microsoft Surface
Pro 2 tablet. The Surface Pro, also consist of 60 Hz display
albeit with a slightly higher resolution of 1920x1080 and the
ability to reproduce 32-bit color. The results from the new
setup (Fig. 1) also suggested that the two signals had a slight
delay. The data recorded by the oscilloscope showed that
although the delay was somewhat reduced there was still a 2535ms shift between the two signals. After reviewing the
components being used, (photodiodes, optocouplers etc.) it was
determined that the shift in the signal could not be further
reduced, and its cause could not be substantially identified, at
this time. However, our hypothesis is that the delay may be due
to how the operating system deals with refreshing data for the
display. It may also be that there are buffers that periodically
update the display and the user may not be able to directly
access the screen.

Figure 1. An array of 8 SFH203PFA photodiode attached to Microsoft
Surface 2 Pro Tablet and controlled by VLC Control signals.

IV.

PILOT USER STUDY

During the internal testing of the VLC Control signal and
the USB / FTDI trigger signal we discovered a slight delay of
25-35ms, the cause of which could not be determined.
Unfortunately the signal shift also could not be reduced,
therefore it was important to test if the delay was in fact
hindering in providing haptic feedback. Our internal
observation of the delay was that it was not perceivable, as
previous research suggests [17]. However, to validate this
assumption in the current setup we conducted a pilot study to
investigate if this delay was in fact, perceivable or not, and
could it offset user interaction in a multimodal usability
environment?

Figure 2. User pilot study setup.
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A. Experimental Setup
Similar to the setup used in the previous study explained in
subsection III.B, we employed two AAC MLB3503A
piezoelectric actuators which were affixed to an acrylic base at
a distance of 25mm and covered with a plastic film, to provide
vibrotactile feedback, ensuring safe contact. Both actuators
were actuated by the help of NE555 timers to generate
vibration signals, amplified by miniature piezo drive PDu100,
based on a single-chip piezo haptic driver DRV8662 (Texas
Instrument Inc.). The vibrotactile signal was composed of
20ms bursts at frequency of 200Hz with a total feedback time
of 250ms. The control signal for one of the actuators was
generated by the USB / Serial FTDI UM232R chipset, while
the second actuator was controlled by the VLC Control
onscreen driver using a SFH203PFA photodiode. Both of the
control signals were generated via a dedicated threading
mechanism triggered by pressing an onscreen software button,
precisely at the same time on a Microsoft Surface Pro 2 tablet,
running a version of the Windows 7 operating system.
B. Participants
In total 30 volunteers participated in the study (22 males
and 8 females). The age of the participants ranged from 20 to
35 years, with a mean age of 29.6 years. All the participants
were provided vibrotactile feedback to their right hand, as that
was their dominant hand. Only participants with normal sense
of touch who had previously used devices with vibrotactile
haptic feedback were enrolled in the study. Nevertheless none
of the participants were familiar with our experimental setup or
had been involved in any of your previous studies.
C. Procedure
Using the above mentioned setup (Fig. 2), the participants
were asked to identify which if any actuators (‘A’ or ‘B’),
provided vibrotactile haptic feedback first / faster. Two groups
of 15 participants were constituted for the study. All the
participants were asked to place their index and middle fingers
(of their dominant hand) onto the two actuators and to sense
the haptic feedback. Participants in Group 1 were instructed
that one of the two actuators (‘A’ or ‘B’) was indeed faster than
the other, while Group 2, was simply instructed to identify
which actuator provided vibrotactile feedback first or if they
were both providing feedback at the same time. The two
groups were given 5 trail feedback signals, and then asked if
one actuator was faster than the other, or if both were same.
D. User Study Results and Discussion
As expected, the results (Fig. 3) from the pilot study showed
that the delay between the two trigger signals was
imperceptible by the participants, in the proposed setup. We
performed a Mann–Whitney U test on the two groups (A & B)
which showed that there was no statistical difference between
the groups. Therefore the instructions handed out to group A
that one of the two actuators (triggered by VLC or USB
control signals) was indeed faster than the other, did not affect
the results in a statistically significant manner. However, there
was a difference between each control signal (VLC, USB).
Using a Wilcoxon Signed Rank test (Table. 1) we were able to
see variations between the three responses given by the
participants (USB controlled Actuator is faster, VLC

Controlled Actuator (mentioned as Optiport) is faster or they
are both the same).
TABLE I.
Test Statisticsa

VLC - USB

.000

Z
Asymp. Sig. (2-tailed)
a.
b.
c.

Same - USB

b

-3.530

1.000

Same - VLC

c

-3.530c

.000

.000

Wilcoxon Signed Rank Test
Sum of negative ranks equals the sum of positive ranks
Based on negative ranks.
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Group A:

12

Number of Participants

WILCOXON SIGNED RANK TEST

Group B:

10
8
6
4
2
0

USB

Optiport
Participant's Reply

Same

Figure 3. Participants’ preception, with respect to which actuator was
triggered faster, across both group A and B.

Wilcoxon test showed that there was no statistical
significance between VLC and USB controlled actuators.
However, WSR test revealed a statistically significant
difference between subjective judgements “Same” and
actuators A (USB) and B (VLC). This clearly indicates that
the majority of the participants were not able to perceive any
variations between the actuation of the two AAC actuators
irrespective of their control signals (VLC or USB) and the
participants which did identify a difference, for USB or VLC,
their responses were pure conjecture. With reference to these
results we can safely conclude that the delay between the VLC
control signals and USB / Serial FTDI control triggers of 2535ms is outside the threshold of human perception in this
particular context.
V.

CONCLUSION AND FUTURE WORK

Visual Light Communication as a means to control
peripherals can be a very valuable application for mobile
devices. Our aim in this research was to develop a method, of
controlling custom haptic devices, which does not employ
peripherals ports. This technique of using VLC Control signals,
frees up peripheral port communication as well as the possible
limitations of various operating system dependencies, in
communicating with available ports. For controlling haptic
peripherals, this type of control structure can have multiple
advantages. Mobile devices designed without haptic feedback,
can be modularly updated by attaching custom actuators to
provide vibrotactile / kinesthetic feedback. Similarly, other
peripheral (i.e. custom stylus, portable storage units, wearables
etc.) maybe connected wirelessly to a mobile device by simply
clipping on a VLC sensor to the edge of the display (clip-nplay). Utilizing the entire display, it is also possible to create a

tangible UI platform for various interactive physical
components (i.e. Blocks, pieces, or figurines etc.). Software
driver controls can easily and efficiently replicate a number of
communication protocols, thereby providing a variety of
extension options for future development as well as a
possibility for bidirectional low yield communication. This can
intern provide more extended options for attaching and
controlling peripheral devices to any mobile legacy devices
with a screen, which would otherwise not have been possible.
However, at this point some applications of this technique
may be hindered due to the signal propagation delay
experienced during our research. As discussed earlier, exact
causes have not been identified as yet. However, further
investigation is needed to reveal and address the issue. We
believe that various operating systems and display drivers
handle display refreshing differently. However in most cases
the ability of application level access to each refresh cycle of
the display may be critical to limiting, if not removing the
delay altogether. For this reason our current research will
continue to develop software application control for the VLC
trigger signals, but making amendment to the display driver
itself. Employing this technique we hope to get access to the
low level refresh cycle of the display and hence have greater
control to the entire refresh rate, limiting the delay currently
being observed. In either case we believe that the current
technique is quite essentially quite promising and can be very
useful for a variety of applications.
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