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Abstract

We envision the future of wearable devices to be implantable, where devices are no longer attached to

the body, but rather, they are embedded as part of the body and provide more ambient experiences. This

revolution will not only change the wearable devices in functionality, but also dramatically alter the way

we access information and interact with the world. From wearable to implantable, screen based interface

is on the verge of disappearing. Touchscreen will become less prominent, to provide more flexibility in

terms of the size and structure of the devices. Looking forward, we expect the future implantable devices

to be invisible, bringing closer the interactions to the body. Future interactions will be weighted towards

human language of symbols, languages and gestures, which are ultra-subtle and intuitive. However, this

revolutionary technology will not be maturely developed or widely applied anytime soon. It will take a long

period of refinement to bring the implantable devices into the main digital markets.

To help users get accustomed to the changing interfaces, we have to foresee what are the new types

of control mechanisms and interaction metaphors that we are collectively going to have. This thesis looks

into a interface design space of such transition. Specifically, touchscreen on wearable devices faces input

efficiency challenge. Designing touch input on the screen requires improving expressiveness of simple touch

gestures. An alternative solution is designing intuitive hand gestures that are performed around the device.

Approaches include not only adding new sensing capabilities to the devices, but also leveraging the devices

themselves as on-body sensors. In spite of this, devices that are worn or embedded can be used as on-

body actuators, providing haptic feedback as an alternative output channel. Finally, skin becomes more

important as interface that can be turned into visual or haptic display. Upon summarizing key features,

scenarios and challenges, the thesis undertakes a broad exploration of design, implementation and evaluation

for the interfaces.

This thesis contributes an interface design space that outlines the possible transitions in the input and

output metaphors from wearable to implantable, as well as technical solutions and design innovations that

efficiently overcome the challenges raised from the interface paradigms. These include (i) the thesis proposes

page-flipping gestures on touchscreen to improve the touch input efficiency; (ii) the thesis proposes an input

method that leverages vibration signals produced from hand gestures for in-air and on-body interactions;

(iii) the thesis proposes an output method that merges passive force feedback to extend the wearable hap-

tic display’s bandwidth; (iv) the thesis proposes a skin-like haptic interface via hydraulic actuation and

demonstrates the benefits of using skin as display in a set of applications. Putting together, this thesis work

contributes to the challenging and long-term exploration of the forthcoming changing waves in the era of

wearable and implantable computing.
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Chapter 1

Introduction

Figure 1.1: Mainstream computing devices in history.

Mainstream computing devices have been decreasing in size (Figure 1.1) while increasing in computational

power. Wearable technology continues to increase in popularity with devices like smartwatches, smart glasses,

fitness trackers, and smart clothing gaining market share. With increased power and reduced size come new

possibilities for processing, exchanging, and displaying information. These new possibilities unlock novel

interaction techniques and potential application designs. A richer set of applications stands to reformulate

users’ creative, analytic, and learning activities, allowing them to become more effective and efficient in their

daily lives.

The decreasing size of wearable devices draws attention to the implantable technologies space. Unlike

wearables, implantable devices are no longer attached to the body, but rather, they are embedded under

the skin. Generic applications of the implantable include birth control, heart monitoring, defibrillation, and

inclusion in device such as tiny healing chips and smart tattoos. These applications stand to be further

expanded to nearly any domain that we can think of (e.g., communication, entertainment, and even self-

actuation). According to [22], the implantable device market was valued at $72,265 Million (2016) and is

now expected to reach $116,300 Million by 2022. We envision this implantable revolution to be the next big
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wave in technology, which will not only affect the wearable devices in their functionality, but dramatically

alter the way we perceive and interact with the world, both physiologically and cognitively [26].

Wearable Device: Smart electronic devices (electronic device with micro-controllers) that can be in-

corporated into clothing or worn on the body as accessories [128]. Wearable technology achieved mainstream

popularity with the Bluetooth headset in 2002. Between 2006 and 2013, iconic wearable technology devices

Nike+, Fitbit, and Google Glass were released. In 2014, dubbed “The Year of Wearable Technology” by

several media outlets, activity trackers grew in popularity and the Apple Watch was introduced (Figure 1.2).

Figure 1.2: Popular wearable devices in the market: (from left to right) Nike+ Fuelband [91]; Fitbit [25];
Google glass [37]; Apple watch [2].

Implantable Device: Tiny computing devices that are implanted inside body parts or under the skin,

and become part of the body [22]. Recent developments in the implantable-device space have been focused

on the health industry. Implantable devices of the future are expected to experience mainstream adoption.

This is supported by the technology that is being developed now, including examples such as tattoo-like

printed circuits, micro-fluids, and micro-needles as shown in Figure 1.3.

Figure 1.3: Implantable techniques that are currently available: (from left to right, top to bottom) Tiny
implantable sensor to detect blood and intracranial pressures [14]; Micro-needles [101]; LED on skin [135];
Tattoo like skin [120]; Strechable OLED screen [81].

As devices shift from wearable to implantable, the conventional screen-based interface that we are familiar
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with on mobile and wearable devices will likely fall out of favour. Instead of a touch-screen display, current

popular sports and fitness trackers (e.g., Nike+ FuelBand, Fitbit Flex) incorporate a small LED or OLED

display, which shows only selected information that is considered critical to the experience. As implantable

device research explores methods of exchanging information it is likely that screen size will reduce drastically,

or that screens will disappear entirely. On one hand, this transformation brings more design flexibility in

terms of the wearable size and structure. Devices are getting smaller, more capable, and more portable,

enabling improved integration and interaction with the human body. Implanting devices within the human

body will certainly cause profound changes in the way information is presented and the way users interact

with their device. A device which is implanted in its user’s body presents a unique opportunity for the user

to interact with this device anywhere and at any time, allowing for always-available interaction. Implantable

devices bring interactions closer to the body, where more subtle and intuitive input and output methodologies

are expected to be developed. Interaction approaches that are considered promising for this emerging

implantable era are weighted towards human languages of symbols, words, and gestures [26], e.g., voice

input, micro-gestures, and subtle expressions. In a scenario where a user touches a table, an implanted

device might assist the user to not only feel the texture of the table, but also acquire knowledge of the

fibrous structure of the wood that the table was made of. The intriguing thing about implantable devices is

that interfaces will virtually disappear and the input devices will be dispersed around the body.

Nonetheless, this transformative technology will not be maturely developed or widely applied in the

mainstream digital market anytime soon. The reasons are two fold. First, technology barriers restrict the

speed at which these devices can evolve and improve. These barriers require multidisciplinary research

in fields such as micro electronics, bio engineering, smart materials and miniature sensors, actuators, and

power supply. Second, interaction barriers also exist. New interaction paradigms have to be defined to better

adopt the evolving technology and surmount the design challenges faced when vieiwng the human body as an

input and output canvas. The right balances between unobtrusiveness and practicality have be to found to

surmount these challenges. Whatever interfaces are invented, the potential for social embarrassment should

be avoided. The awkward feeling that users get when talking to a device, or waving hands around a device,

especially in a public environment, must be considered. Perhaps these interactions will become more socially

acceptable in the future, but these interaction modalities still require a long period of refinement before the

majority of users get accustomed to them.

It is important for researchers and designers to develop appropriate design spaces, design languages, and

interface metaphors as the adoption of implantable devices increases. Insights can be gained and similarities

identified by studying the history of computers and mobile phones. Decades and waves of change were

required to define and refine the devices used today. Each changing wave refined the formfactors of these
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devices, as well as the interface metaphors that were best suited to each type of device. What is the timeline

for the implantable revolution? How will the interfaces change from wearable to implantable? And what

are the new types of control mechanisms and interaction metaphors that must be considered by researchers,

designers, and developers alike for these transformations to take place?

To answer these questions, this thesis devises a design space of interfaces from wearable to implantable.

Besides defining their key features, scenarios and challenges, the thesis undertakes a broad exploration of

design, implementation, and evaluation for the interfaces. Instead of focusing on technology proceedings, The

proposed design space stems from a focus on device formfactors that re-define the input and output metaphors

in this transition. Specifically, the input and output spaces will be dramatically changed as the conventional

touchscreen becomes less prominent, and even disappears. Implantable devices will be increasingly merged

into the body, as will the input and output spaces. Five key interface phases are sketched in the design

space, as shown in Figure 1.4.

Figure 1.4: Transformation of interface from wearable to implantable.

1.1 Wearable to Implantable Interface Design Space

The interface design space sketched in this thesis is based on the input and output metaphors associated with

the evolving wearable and implantable technology. In summary, the transition starts from the conventional

touchscreen, which revolutionized and defined mobile phones and now on wearable devices. Being limited

in size, the implementation of touchscreens on wearable devices has not as successful as on mobile phones.

Gestural input is better suited to the formfactor of wearable devices, expanding the input space around

the device and onto the body. As devices get smaller and eventually become embedded into the body, the

methods used to acquire information (i.e., the output channel) becomes more important. Instead of visual

feedback, haptic feedback can be deployed on the skin and used as information display.

4



- Touch input on body-worn display

Exploration begins with the touchscreen interface as it continues to play a central role in wearable devices

like the smartwatch. As the smartwatch gained market popularity (with the Pebble watch in 2013 [22]), it

defined a new paradigm of wrist-worn interface, i.e., wearing touchscreen on the wrist. Similar to hand-held

touchscreens on a smartphone, smartwatch touchscreens support interaction with touch input and on-screen

information display (Figure 1.5). However, the smartwatch exposes many usability challenges, mainly due

to its small sizes. For example, fat finger problems (e.g., occlusion, imprecision) with touch input become

more critical on wearable devices. Users usually find tasks that are common on smartphones, like text entry,

become frustrating and inefficient on smartwatches. Smartwatch use scenarios are not identical to those

common to traditional desktops or mobile phones, requiring designers to explore interfaces better suited for

quick and short interactions. The primary challenge for interface design on touchscreen is the improvement

of input efficiency.

Figure 1.5: Touchscreen as body-worn display for both input and output.

- Body-worn display with in-air gestures

A way to mitigate the on-screen input challenge is by using in-air gestures. The body-worn display is

used primarily as an output channel, but no longer for input purpose (Figure 1.6). On wearable devices,

gestural input shows great potential including (i) gestural input permits a wide range of operating space

around the devices; (ii) gestural input requires no precise pixel-level locating; and (iii) gestural input is

expressive and can adapt to various usage contexts, such as hand swiping to flip pages, and subtle fingertip

operations to adjust music volume. Supporting hand gesture detection in the air is non-trivial. It often

requires sophisticated sensing solutions that are compact in size, power efficient, and robust enough for

mobile usage. As a result, designers tend to adapt users to system limits and increase comfort by setting

arbitrary conventions and procedures [86]. With these concerns, the primary challenge for the develop of

in-air gestures becomes designing a sensing system for wearable devices which supports gestures that are
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intuitive and natural, from the user’s perspective.

Figure 1.6: Using in-air gestures to interact with body-worn display.

- Device as on-body sensors

Excluding the smartwatch, the touchscreen is becoming less and less prominent on wearable devices

as there is less need to have a full, interactive display to provide the desired experiences and services to

the user. This brings more design flexibility in terms of wearable size and formfactor. Some devices only

provide displays for minimal output, such as LED-based displays, to show information that is critical to user

experiences. These types of wearable devices are acting primarily as on-body sensors (Figure 1.7), which

augment people in some way and enable tracking and collecting data about user activity or physiological

conditions such as fitness, health, and activity type. An LED-based interface setup triggers the exploration

of methods to leverage the embedded sensors for gesture input. The benefits of gesture input can be achieved

with no need to add extra sensors, while the drawback is two-fold: (i) gestures are often carried out on the

wearing hand as it is close to the sensor, and are usually limited to coarse hand movements; and for the same

reason, (ii) normal hand activities may accidentally trigger gestures. The challenges for leveraging on-body

sensors to design gestural input are thus amplified by expressiveness and false triggering concerns.

Figure 1.7: Devices are used as on-body sensors.
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- Device as on-body actuators

Beyond the ability to provide sensing capabilities, devices that are worn on the body can be composed

of electromechanical structures, enabling user augmentation with various forms of mechanical actuation

(Figure 1.8). These abilities can be leveraged to render haptic sensations such as vibration and pressure

on the skin, in replacement of a visual display. Providing haptic feedback as an alternative output channel

becomes an important design consideration, especially as devices get smaller and physically closer to the

user’s skin (e.g., devices are often in direct contact with skin). The use of haptic feedback as an output

modality provides a design space rich with possibilities for the composition of various haptic sensations.

Most common haptic feedback provided with wearable devices is vibrations. It is easy to implement and well

perceived by users on both mobile and wearable devices. However, the bandwidth of information delivered

from haptic or vibrotactile feedback is often limited. The primary challenges of designing an appropriate

haptic-based interface are extending the bandwidth of information that can be perceived by the user.

Figure 1.8: Devices are used as on-body actuators.

- Skin as display

Implantable devices are expected to have the capability to change the way we perceive the world, both

physiologically and cognitively. As devices move from wearable to implantable, displays, both visual and

haptic, move closer to the skin and even into the skin (Figure 1.9). The idea of turning skin into a display

is not new and has been shown to be feasible with technologies such as ultra-thin and stretchable screens

that are attached onto the skin like a tattoo [120]. Moving screens onto the skin defines an interface where

interactions are less device-centric and more body-centric. As these technologies improve, the possible use-

case scenarios and interactions required must be defined. For example, besides of visual display, augmented

skin can be used for haptic displays. It is both essential and interesting to explore how a haptic display

on augmented skin might differ from mechanical haptic approaches, along with the the unique applications

such a device might unlock.
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Figure 1.9: Skin is turned into display.

1.2 Challenges and Solutions

The previous section described five interface paradigms in the design space, as well as their associated

interaction challenges. Here we summarize the challenges:

1. How to improve the touch input efficiency on small wearable touchscreen?

2. How to enable and detect gestures around wearable platform?

3. How to leverage on-body sensors for expressive gestural input?

4. How to leverage on-body actuators for expressive haptic output?

5. How to turn skin into haptic display?

As mentioned, the design space is based on the input and output metaphors derived from the evolving

interfaces of devices from wearable to implantable. This exposes the aforementioned input and output

challenges. This thesis explores the challenges faced when developing an appropriate design space and

proposes novel solutions to help better design the interfaces.

Challenge 1. requires considering the efficiency lost to the decrease in screen size on the modern

smartwach. Current smartwatch interfaces require users to conduct a series of touch and swipe actions

to select an app or command. Switching UIs is inefficient as users need to navigate back and forth between

the home screen and applications. To mitigate this challenge, Chapter three proposes PageFlip, an interface

design that leverages page-flipping gestures on touchscreen. PageFlip enables a user to drag a finger from

a corner towards a certain direction and for a certain distance. Such an action is commonly seen in page

navigation for e-books. Chapter three demonstrates that this action provides an efficient touch input for

menu and value selections on a smartwatch.

Challenges 2. and 3. require the design of novel sensing approaches to provide alternative input channels

when touchscreen is no longer used or embedded in the device. In Chapter four and Chapter five, the use
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of vibrational signals for gesture-input sensing is studied. Specifically, Chapter four proposes the detection

of audible sounds produced with the hands and the classification of these sounds as certain gestures. Hand-

generated sounds are rich and familiar to us. Examples include finger snap, finger rub, finger flip, hand clap,

hand rub, on body/surface scratch. To demonstrate the use of such hand-generated sounds for wearable

interaction, a system called SoundCraft is developed. SoundCraft leverages microphone array acoustic

processing techniques to localize and classify sound sources, which are then used to detect the acoustic

signatures made by hands.

As displays disappear and devices become smaller, embedded sensors will eventually get closer to body

and even become part of the body. This on-body sensor setup adds sensing capabilities to hands and arms

and thus allow always-available input. Chapter five describes an approach that leverages motion sensors

embedded in the hand to capture the vibrational signals emitted when swiping a finger over an object or

surface, then convert this energy into an interaction. To increase the expressiveness of the gesture, various

design factors regarding use patterns and bumpy surfaces are explored.

While devices such as on-body sensors enable many possibilities for the design of always-available input,

Challenge 4. requires the design of appropriate output channels. Traditional vibration feedback is often used

for notification and is limited to the information bandwidth of a device. Chapter six proposes a method

to design passive kinesthetic force feedback on devices as an output modality. To test the feasibility and

benefits of using the passive kinesthetic force feedback, a smartring prototype, Frictio, is developed, which

leverages a ring’s form factor and provides friction force feedback in response to users’ rotating input. More

importantly, this feedback can be enriched using different force profiles based on rotating angle, time, or

both. Chapter six demonstrates that users can perceive the force profiles accurately, while also being engaged

in additional physical and mental activities.

When devices are embedded into the body, skin will act as an important interface and output channel.

Going beyond visual feedback, skin can be turned into a haptic display, thus removing the requirement for

visual attention from the user. Challenge 5. identifies that conventional mechanical structures and actuation

will no longer be suitable to design such skin-like haptic interfaces as they are often rigid and bulky. Chapter

seven presents a solution that leverages fluid as an actuation medium, where fluid such as water can be

transported and controlled to end-effector; a very thin latex tube is slightly stretched over the skin (i.e., to

simulate a skin-like display) and provides haptic senstations such as pressure, vibration, and temperature.

A benefit of such a skin-like haptic display, is an active manner of operation, which can provide haptic

sensations when needed, and a passive manner of operation, as to not interfere with user’s interactions in

the physical world.
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1.3 Contributions

This thesis’ work makes several contributions. The thesis sketches the transition of interfaces from wearable

to implantable, based on the deriving input and output design spaces. The design space derived could help

us better foresee the implantable revolution, with the understanding that wearable interfaces will undergo a

long period of refinement while technologies evolve. Meanwhile, the design space could also help us identify

design challenges, especially when composing input and output metaphors which are well suited to the

interfaces. In addition, the thesis undertakes a broad exploration of design, implementation, and evaluation

of the interfaces identified in Figure 1.4.

General contributions that are made in this thesis include:

1. An input and output design space that sketches the transitions of interfaces from wearable to im-

plantable, and the identification of the design challenges for the interfaces.

2. The design of an input method that leverages vibration signals produced from hand gestures. These

signals can be captured and recognized to infer the hand gestures that are commonly used in real life.

3. The design of an output method which merges passive force feedback experiences with wearable devices.

This passive force feedback leverages a haptic perception which is common in daily life to design valid

output modalities for wearable interactions.

4. The design of a skin-like haptic interface with hydraulic actuation. Such an interface presents the

benefits of supporting mix-reality scenarios.

5. An touchscreen interface design which takes advantages of page-flipping gestures to improve touch-

input efficiency.

Along with the design solutions, this thesis also contributes:

6. A set of studies focused on to understanding design factors that affect the recognition of finger swiping

gestures using embedded motion sensors.

7. A series of signal processing steps to classify and localize acoustic signals using a smartwatch sized,

4-microphone array, and systematic evaluations of its performance.

8. A study to evaluate users’ perceptions of force feedback on fingers under mobile-use conditions, includ-

ing physical mobility and mental workload.

9. A study to evaluate design factors when using page-flipping gestures on a miniature-sized touchscreen.
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Chapter 2

Background

Designing interactions on wearable devices has a long history, dating back to 1500s when small watches were

invented and worn as necklaces. In 1900s, watch becomes wrist-worn device, bringing the benefit that the

device would not occupy hands for their dominate tasks. The modern development of wearable devices is

led by the visions of ”Natural User Interface (NUI)”, ”Ubiquitous Computing”, and ”Internet of Things”.

Interactions are focused on the design and development of gestures and feedback, aiming to improve the

expressiveness, as well as the natural feelings of the input and output methods on wearable devices.

With the development of modern technologies in nano-technology, smart material and wireless communi-

cation etc., the increase of implantable technology has been noticed over years. There exist some early stage

exploration to design the possible implantable interfaces. Implantable devices bring closer the interactions

to the body and skin, and weight towards interface paradigms with human language of symbols, words, and

gestures.

This chapter first goes through the history of wearable devices and its prominent development in recent

years. It then looks into the development and applications of implantable devices, as well as work on exploring

and designing implantable interfaces. Lastly, the chapter reviews recent work on wearable interactions with

novel input and output techniques.

2.1 Wearable Computing Devices

Portable clocks (i.e., watches) were invented in 1500s, and after centuries, they became wrist worn devices

for convenient usage without interrupting hands’ ongoing tasks [128]. According to [34], the first wearable

computing devices was invented by Edward Throp in 1960s, who built a computer small enough to fit into

a shoe in order to cheat at roulette. Over the next couple of decades, several devices popularized and
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modernized wearable technology. The first calculator wristwatch was released to the public in 1975, and the

Sony Walkman arrived four years later. In the 1980s, digital hearing aids were first released.

Figure 2.1: Wearable devices in history.

Wearable technology achieved mainstream popularity with the Bluetooth headset in 2002. Between 2006

and 2013, iconic wearable technology devices Nike+, Fitbit and Google Glass were released. In 2014, dubbed

“The Year of Wearable Technology” by several media outlets, activity trackers grew in popularity and the

Apple Watch was introduced. Other wearable technology devices, such as those that track seizures or sunlight

exposure, continued expanding the industry (Figure 2.1)1.

Wearable devices are applied in many different areas nowadays, including fitness, healthcare, entertain-

ment, retail etc. Besides, wearable devices have been explored and shown promising in creative [71], analytic

[55] and learning [32] activities. Majority wearable devices support either touchscreen input, or physical

button input, or both. Some of them also support gross hand/arm gestures using embedded motion sensors

(e.g., IMU) [122]. For output, devices are usually embedded with LCD displays at various sizes. Displays of

smartwatch are about 1:200 - 1:400 in size, with about 300ppi resolution. Other wearable devices such as fitness

trackers have much smaller sized displays, that are used to show brief information and simple icons. Some

devices may even have no display, or just micro LEDs to indicate status. These types of devices reply more

on using paired smartphones to support users for browsing information (e.g., heart rate). The current input

and output methods are limited due to the size of the wearable devices. Designing alternative input and

output channels are thus desired on wearable devices, to support their better use in different applications.

1www.media.mit.edu/wearables/lizzy/timeline.html

12



2.2 Implantable Devices

With the decreasing size of wearable devices, the increase of implantable technology has been noticed over the

years. The focus of its recent development is in health industry. The generic applications of the implantable

include birth control, hear monitoring, defibrillators, tiny healing chips and smart tattoos [22]. Due to its

tiny size and the special attribute of being embedded into the body, researchers expect to use the implantable

to track health condition and even heal special diseases. The Smart tattoos can monitor their heart rhythms.

Using the smart tattoos can also help people get treated from sleeping disorders. The defibrillators are used

to deliver electrical power to the heart, to manage the unusually fast heart rhythms.

Looking forward, the implantable can be applied in many other domains as we can think of. Researchers

envision the future with the implantable where the devices can be embedded inside our digestive tracts,

sensing organs, blood vessels, and even our cells. This will cause profound changes on the way we perceive

and recognize the world. We, as human beings, can be enhanced in perceptions, both physiologically and

cognitively, with the power of implantable devices [26]. For example, the small devices inside our body could

keep tracking the data and feed them into a system, turning our surrounding objects to be super responsive

and predictive.

This upcoming technology wave will bring profound challenges to design interfaces with the implantable.

The screen based interface is on the verge of disappearing, being replaced by the small devices embedded

inside the body. Researchers have been exploring what the implantable interface will like, what new experi-

ences they will bring to the users, how much we need to interact with them and how shall we interact with

them, etc. For instance, skin is considered to be the next generation of interface, with enhanced sensing

and displaying capabilities empowered by the ultra-thin and stretchable electronics. iSkin [120] proposed

the idea of adding a very thin sensor overlay on various locations of the body such as the finger, forearm, or

ear, turning them into input canvas. Later on, the same team developed a skin overlay with high resolution

of touch sensing and supports multi-touch input on the skin [121]. Researchers also developed ultra-thin

flexible LED display that can be attached onto the body, turning the skin into visual displays [135]. Recently,

Withana et al. [125] worked on adding haptic tactiles to the skin overlay that made the smart tatttos into

haptic display attached on skin. These work define new interface paradigms that could be envisioned with

implantable devices. To help better understanding how users would interact with the new interfaces, Weigel

et al. [121] explored a design space of gestures working with skin as interface. More comprehensively, Holz

et al. [54] looked into the design possibilities of input and output channels for underskin gadgets.
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2.3 Touchscreen Input on Wearable Devices

Best known and widely applied touchscreen gestures include touch, swipe, flip, and pinch. On small screen

touch displays, direct touchscreen gestures expose usability challenges. Researchers are interested in inves-

tigating new paradigms to improve input efficiency on small screens.

Kin et al. [65] designed a multi-stroke two-handed marking menu for simultaneous menu and sub-menu

selections tasks. Benko et al. [6] used two fingers to select small targets. Lepinski et al. [75] designed a

marking menu based on simultaneous finger touches. MarkPad [31] used visual and tactile marks to create

gestural shortcuts on a touchpad. Similarly, Blaskó et al. [9] proposed to use device corners and edges as

tactile landmarks on wearables to support value selections without visual attention. TapSense [47] detects

which finger part is used to increase the expressiveness of tapping gestures. ForceDrag [52] used pressure

sensing for the same purpose. Pin-and-Cross [79] requires users to uses one finger to pin an object and

another finger to select a target from a pre-activated menu. FastTap [43], built on users’ spatial memory, is

another touch-based interface for rapid access to menu items. A thumb-press on a button displays available

items on the screen and an item of interest can be invoked via the index finger while keeping the thumb

pressed on the button. A smartwatch version of FastTap was designed in Faster Command [72], where the

technique was shown to be faster than standard touch input for command invocation. Their results revealed

that multi-touch solutions are promising, but not applicable in many cases due to the miniature sized touch

input space.

Other approaches use common finger gestures such as single tap, double tap and dwell. ZoomBoard [97]

leveraged a sequence of tap actions that zooms the keyboard with the first tap and selects a key with the

second tap. Besides tapping, crossing gestures to select have been shown to be efficient on touch screens

[78], but have not been explored for target acquisition on smartwatches. Swipeboard [17] used a sequence of

directional swipes to enter text. Both ZoomBoard and Swipeboard work efficiently with a keyboard layout,

but have not been applied to general menu selections. Additionally, gestural control usually suffers from

lack of established guidelines and feedbacks [94]. Furthermore, previous research mainly focused on discrete

target selection and did not explore the feasibility of continuous input on smartwatches.

2.4 Novel Input Techniques on Wearable Devices

Composing gestures is directly constrained by sensing approaches. Well studied sensing techniques include

those based on infrared (IR) light, motion sensors, electric/magnetic fields, ultrasound, cameras and biometric

sensors.
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Wrist-worn devices provide sensing instruments near to hands and fingers. Early approach like Ges-

tureWrist [105] leveraged capacitively measuring wrist-shape changes caused by hand postures. More sophis-

ticated approaches use bio signals such as Electromyography (EMG) [107] and Tomography [139]. Serendipity

[122] explored sensing fine-grained in-air finger gestures such as pinching, tapping with the hand wearing a

smart watch via embedded motion sensor (i.e., IMU). Infrared (IR) is usually used to monitor beam breaks

or reflections caused by finger interruptions. Its application on continuous pose estimation was demonstrated

by Kim et al.’s Digits [62]. SideSight [11] and HoverFlow [66] used embedded IR proximity sensors to de-

tect objects appear in the adjacent region of mobile devices, including fingers. zSense [127] evaluated three

efficient IR emitter and receiver setups for detecting mid-air gestures. Besides, electric field (EF) sensing

for floating finger gestures and pre-touch interaction is also explored in [35] [53]. Project Soli [104] [119]

used radar signal to track single hand micro gestures which has been shown promising for smartwatches.

Abracadabra [46] leveraged magnetic field changes to detect gestural events such as rotation and clicking

with a finger wearing a magnet. This solution supports input from a sufficient large area in radical 2D and

estimated spatial 2D. However, it could not support high resolution gestures, especially when the finger is

far from the device.

On mobile devices, camera-based sensing systems are often used. For instance, PointPose [67] used a

short-range depth camera on a tablet for gesture and periphery detection. Low-cost RGB cameras are also

often used [13] [42] [131]. Watchme [117] used embedded camera on watch and image processing techniques

to detect raw gestures like user stroking.

Piezoelectric acoustic sensors show the potential for contacting gestures. Scratch Input [45] and Acoustic

Barcodes [48] used contact piezo microphone to monitor finger scratching over textured surfaces. Ono

et.al [98] made everyday objects interactive by detecting vibration response with hand touch. Skinput [49]

recognized touches on arm via bone conducted sound with a modified piezo microphone. Recently, Zhang

et.al [140] investigated using body transmitting AC signal for continuous skin touch input.

2.5 Novel Output Techniques on Wearable Devices

The miniature sized device also restricts its output capabilities. Providing rich haptic feedback becomes

more prominent in HCI research. Vibrotactile is the most common haptic feedback on nowadays’ wearable

devices, but is often limited to notification purpose. For example, Marti, et al. [80] used vibrotactile feedback

as a mechanism to inform users of an incoming call. Pingu [61] vibrated to alert the users about important

messages from a coupled smart device. Pradana et al. [103] and Werner et al. [123] used vibrotactile feedback

to create a sense of presence for remote couples. Freeman et al. [28] and Yeom et al. [133] used vibrotactile
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feedback for mid-air hand gestures. Roumen et al. [106] examined light, sound, vibration, poking, and

temperature manipulation on a ring. They found that the haptic modalities (vibration, and poking) were

among the most noticeable for notifications.

Other haptic methods are investigated to enrich output vocabulary on smartwears. Skin drag device

can be used on smartwatch [57] to provide more expressive and memorable messages such as characters

or simple icons. TactoRing [58] demonstrated the benefits of using skin drag haptics to encode messages

on fingers. Pin arrays move multiple tactors and create spatially distributed indentations into the skin.

Retroshape [56] leveraged pin arrays to provide co-located haptic feedback from the back side of smartwatch

to respond on-screen contents. A recent work RokeRing [59] investigated the pin-array’s adaptation into

ring formfactor and showed that it is useful on providing encoded information. Another popular approach is

providing pressure onto skin with pneumatic systems. Pohl et al. [100] developed a wristband that provides

pressure on arm by inflating air into the embedded bladder. Lee et al. [74] applied non-contact pressure

on skin with air-blow devices embedded on the back of smartwatches. HaptiClench [41] applied pressure

on wrist by squeezing a memory alloy. Other than this, Jetto [36] explored how lateral force could enrich

smartwatch applications.

The previous ones are leveraging tactile feedback through stimulating skin on finger or wrist, while

another group of research focus on kinesthetic feedbacks. Kinesthetic haptics are resulted from the use of

muscle, tendons, and joints, and are thus often involved with locomotion of body parts. Xiao et al. [130]

developed a watch that supports users to carry out mechanical operations such as pan, tilt, twist and click.

The operating hand feels kinesthetic feedback as a result of the motions. Similar approaches were introduced

in [4] where users used the edge of round-screen smartwatch to perform gestures, and in [132] where users

tilt and pan the watch without touching the screen. COMPASS [134] introduced a rotatory keyboard for

text entry on smartwatch by rotating the bezel of the device. Although the projects were more on discussing

input methods for smartwatches, they introduced the kinesthetic feedbacks on the operating hand. This fits

to our life experiences that kinesthetic feedback are often produced as a result of hand input. For instance,

haptic knob [44] [112] [113] produces haptic feeling when users rotate the knob, to simulate the real-life

situations like rotating a door knob, or volume knob on radio.

2.6 Finger Worn Haptic Devices

Finger-based wearable haptic devices have been well studied in recent years, as they have been shown

to be effective in providing localized cutaneous stimuli [8] to, for example, fingertips that are most often

used for grasping, manipulating and probing the environment. Pacchierotti et al. presented a comprehensive
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taxonomy of wearable haptic systems, including finger-worn devices [99]. Such devices are typically comprised

of two structures - one structure that houses actuators on the back of the finger and another structure that

is in contact with the volar surface of the fingertip. These devices can be categorized based on the cutaneous

sensations they produce, including but not limited to, indentation, lateral force, and vibration.

Indentation: Frisoli et al. [30] presented a fingertip wearable device to improve the curvature discrimina-

tion of virtual objects by placing a plate in contact with users’ fingerpads at different orientations. Using this

concept, many indentation haptic displays [18] have been developed which have various degrees of freedom

(DOF) and levels of contact force to improve the haptic exploration of virtual objects. Such indentation

displays have been successfully employed to convey pressure [63], and curvature [29].

Lateral force: Gleeson et al. [38] designed a fingertip-mounted tactile device that laterally stretches the

skin of the fingerpad along any path in the plane to provide navigational cues. In Gravity Grabber [84],

lateral force was applied to the fingertips to render gravity without proprioceptive sensations. It consisted

of two motors and a belt that were in contact with the fingertip and provided vertical or shearing stress

based on the rotational direction of the motors. Bianchi et al. [10] adopted the same two-motor approach

to control the tension of fabric, with the resulting stiffness being used to convey the softness of a surface.

LinkTouch [115] replaced the belt with a five-bar linkage mechanism to support contact and directional force

perception.

Vibration: Another common cutaneous feedback actuator built into wearable devices are vibrotactile

motors. As vibrotactile motors are very small, they can be embedded within wearable devices such as gloves

[19]. Vibrotactile feedback applied to the fingertips can be used to simulate contact events [76], texture [7],

etc. However, the rigidity of the vibrotactile actuators dampens the user’s sensations of the real world.

In recent years, there has been a growing need to develop wearable haptic devices that are capable of

conveying compelling interaction feedback with virtual objects, such as grasping, squeezing, pressing, lifting

and stroking. This normally requires combining multiple cutaneous stimuli into one compact device. For

instance, Schorr and Okamura [110] designed a fingertip wearable device that renders forces in multiple

directions to investigate users’ perceptions of mass, friction, and stiffness while manipulating virtual objects.

Altered Touch [87] was a fingertip haptic device with a dual motor design and a Peltier module that provided

shear and vertical force as well as thermal feedback. Grabity [20] demonstrated kinesthetic feedback with a

handheld device to support grasping in VR, including virtual weight, inertia forces, and stiffness.
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2.7 Organization of The Thesis

The rest of the thesis is organized as follows. Chapter 3 starts the exploration of the design space by proposing

page-flipping gestures on touchscreen to improve the touch input efficiency on wearable devices. Compared to

touch input, in-air gestures are considered promising as devices are getting smaller but challenging. Chapter

4 explores the use of audible acoustic signals produced by hand gestures for around device interactions

that expand the input space. In-air gestures can be efficient and expressive, but may face barriers for

social acceptance. On the other hand, as devices are getting smaller and closer to users’ body, interactions

become more body centric. Chapter 5 explores the use of devices as on-body sensors, which enables more

opportunities for users to interact with the devices via surrounding daily objects. Besides the input, the

transition of the device raises the challenge of designing output channels. Haptic feedback is gaining more

attention but faces the limited bandwidth problem. Chapter 6 explores the merge of passive force feedback

into wearable devices to extend the expressive of using the devices as haptic display. Beyond that, skin is

envisioned to be the future interface when devices are implantable. Turning skin into haptic display would

be valuable but undoubtedly challenging. Chapter 7 explores a hydraulic actuation method which helps

designing a skin-like haptic display, and demonstrates the unique benefits of the skin interface. In the end,

Chapter 8 summarizes the thesis content and discusses the future work.
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Chapter 3

Touch Input on Body-Worn Display

Touchscreen revolutionarily altered the way that mobile phone was designed and the way we interact with the

phones. Smartwatch is designed with touchscreen and supports touch input as a matter of course. However,

in many instances, interactions on these small devices are tedious and time-consuming, requiring minute

touch operations such as swiping and tapping while browsing alternatives and selecting an item of interest.

For instance, popular apps such as activity tracking, scheduling, and messaging employ sequential operations

such as feature invocation followed by value selection. Additionally, fine-grained control like continuous input

is not well supported on smartwatches.

Prior work on smartwatch interface design suggests using simple gestures such as a side tap [4], or

multiple taps [95] to support rapid command invocation. However, tapping on the small screen is known

to be error-prone due to small item sizes [72]. Swiping gestures are shown to be faster than tapping in

many instances such as in command invocation [68] and text-entry [17]. However, swiping requires multiple

actions and becomes time-consuming as the number of items grow. Additionally, complex gestures such

as drawing strokes are limited as they lack established guidelines and feedback [90]. Besides, these work

primarily focused on invoking discrete items instead of continuous input, and are therefore only applicable

in limited contexts.

This chapter looks into a touchscreen interaction approach that leverages a page-flipping gesture to

combine command invocation and value selection into a single action.

3.1 Page-Flipping Gestures on Touchscreen

The gesture of page-flipping has been digitalized in many applications. Pagination with curled edges and

translucent text rendered on the opposite page has a strong visual similarity to e-book readers. The tran-
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sition, compared with traditional page scrolling, is designed to blend the tactility of real-world pages [126].

On mobile devices, the page-flipping gesture was introduced by the iBook [1], and has been modified in

many other commercial apps such as FlipBoard [24]. Bezel-Flipper [64] demonstrated how multi-touch could

enhance the design of flipping interfaces for e-books. Beaudouin [70] designed the stacked windows metaphor

supporting page rotating and peeling. The page-flipping interface was also used in tangible interactions such

as in [114] and a recent work Flippin’ [137].

Interestingly, page-flipping gestures embody rich information, such as flipping directions, flipping dis-

tances, and number of pages to flip. These variables can be considered the attributes of the gesture. This

formalizes the idea of a touchscreen interaction approach that leverages a page-drag gesture to combine com-

mand invocation and value selection into a single action. Page-flipping gestures are executed via dragging

a corner on the screen to different directions and distances. Each corner is mapped to a certain command

and can be curled/peeled to browse values available under the command (Figure 3.1). Such target selection

and value adjustment with a single action has been demonstrated on desktop platforms (e.g., marking menu

[69]), but never been explored on smartwatches.

Figure 3.1: With Page-flipping gesture, a user selects a command (e.g. font size) by dragging the top-right
corner, and adjusts its values (e.g., text size) by ‘peeling’ the corner of the page.

The gesture’s novel features offer several advantages. First, it exploits users’ spatial memory for corner-

command mappings and reduces frequent swiping and tapping actions. Second, it provides real-time and

intuitive visual feedback (i.e., curled page effect that maps naturally to users’ dragging action) which indicates

the current dragging direction and distance from a corner. Third, it supports accessing items in advanced

menu layouts where hierarchal or sub-menu items can be accessed via directions and distances. Finally, it

allows users to interact with stacked page layouts to make the applications scalable.

3.2 Designing Page-Flipping Interface

The first study explored how to design Page-Flipping gesture as a command invocation mechanism. More

specifically, the interface aimed to support simultaneous command invocation and value selection with Page-
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Flipping gesture via hierarchically structured menus and sub-menus. This led to an evaluation of the in-

terface’s design parameters such as how best to use corners, drag directions and distances from corners for

invoking items hierarchically.

Corner. Though all edges and corners could be adopted on the design, only using the corners is considered

as this can be easily distinguished from existing swiping gestures on smartwatches. Accordingly, the interface

allows a page-drag gesture only from the top-left, top-right, bottom-left and bottom-right corners of the

screen.

Angular Segments. Intuitively, a page corner can be dragged to different angular directions to invoke

different commands. For instance, a page can be dragged from the top-left corner towards the bottom-left to

access a command feature (e.g., font size) whereas moving the curled corner towards the bottom-right corner

could be used to invoke another feature (e.g., font face). Each corner is divided into 3, 5, and 7 angular

segments to identify a suitable number of discrete angular directions i.e., Angular Segments that interface

can support without affecting users’ performance (Figure 3.2).

Distance Segments. Likewise, the corner can be dragged to different distances and be used to browse

discrete or continuous values such as font faces or font sizes. Ideally, a corner tip could at most be moved

towards the opposite corner of the touchscreen, revealing half of the second page. Therefore, this space

is included to place items. This distance is further divided into 3, 5 and 7 segments where performance

differences were expected. This creates a 90� semi-circular layout to place items as shown in Figure 3.2. The

region close to the tip of a corner is extremely small and not ideal for placing more than one menu items.

Therefore, this space is excluded in the study. It can be used for higher level commands and previews.

Figure 3.2: Visualization used to show (a, b) 5 (3) angular segments and 5 (3) distance segments at the
top-left (bottom-right) corner. (c) the intersection point between the line from the corner to the flipped tip
and the curled edge induces the currently highlighted item.

Selection and visual feedback. The page-flipping interface activates when a user starts dragging a corner

of the top page. This action creates a folded page and reveals the visible area on the second page. To show

the currently highlighted item, the interface calculates an intersection point of two lines: an imaginary line

from the origin corner to the flipped tip and the line created with the curled edge (Figure 3.1c). Due to
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indirect input, this visualization reduces finger occlusion and allows precise selection on the small-sized menu

items.

Participants and Apparatus

12 participants (3 females, average age 23.2) from a local community took part in the study. Most participants

were in their 20’s with a few between 30 and 40 years of age. All of them were right-handed and had no prior

experiences of using a smartwatch. An Asus ZenWatch-2 (1.63-inch screen, 320 x 320 pixels) was used. The

page-flipping interface was implemented using the OpenGL ES framework in an Android Wear application.

Task and Experimental Design

During the experiment, participants were asked to sit in a chair and wear the smartwatch on their non-

dominant hand (Figure 3.3). The watch band was adjusted to align with their natural viewing angle and to

fit on their wrists. They were only allowed to use the index finger of the dominant hand to operate on the

watch.

Figure 3.3: A participant in the study.

The study used a target selection task as shown in Figure 3.4. A trial starts with a visualization of

the next target position on the 90� semi-circular layout (Figure 3.4a). A participant then starts dragging

a corner to flip the top page. This action starts the trial time and unveils the visualization used to display

Angular Segments and Distance Segments (Figure 3.4b). A blue ‘x’ symbol was used to indicate the target

item that the user needs to select. A green ‘+’ was used as a cursor to represent the currently highlighted

item. When the cursor enters the target, the target turns into a green ‘∗’ symbol (Figure 3.4c). With the

cursor inside the target region, the participant releases the finger to confirm the selection. A successful

selection ends the timer and shows the next trial on the screen. A selection attempt outside the target item

is ignored, and the trial continues until the participant selects the target successfully.

A 4 × 3 × 3 within-subject design was used for factors Corner (top-left, top-right, bottom-left, bottom-

right), Angular Segments (3, 5, 7) and Distance Segments (3, 5, 7). Participants performed 15 repetitions
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Figure 3.4: Study design: (a) a target is shown when a trial starts; (b) a user drags the target corner to
start selection; (c) the target is successfully selected.

for each condition, yielding a total 540 trials per participant. Participants had practice trials until they felt

comfortable with the technique.

All conditions were presented to participants in a random order. The targets were placed randomly in

an Angular Segment and then in a Distance Segment. The participants were instructed to select the target

as quickly and accurately as possible. After completing all the trials, they were asked to fill a NASA-TLX

form to rate the workload the factors from 1 to 7. The study lasted about 50 mins for each participant.

Trial time was recorded from when a participant starts dragging a corner to the time she successfully

selected it. Error rate was calculated by first marking an erroneous trial when the participant failed to select

the target. The total number of erroneous trials was then divided by the total number of trials for each

condition to get the error rate.

Results

The trial time was analyzed using repeated measures ANOVA with Bonferroni corrected pair-wise compari-

son. The error rate was examined using Friedman tests and Wilcoxon tests for pairwise comparison.

Trial Time. The average task completion time (Figure 3.5) across all conditions was 1.40s. The repeated

measure yielded a significant effect of Corner (F3;33 = 14:75; p < :001), Angular Segment (F2;22 = 74:46; p <

:001) and Distance Segment (F2;22 = 109:06; p < :001) on trial time, but no significant interaction effect.

Post-hoc pairwise comparisons between corners showed that accessing item with the bottom-right corner (M

= 1.50s) was significantly slower than with the top-left (M = 1.26s), top-right (M = 1.25s) and bottom-left

(M = 1.31s) corners (all p < :05). There was no difference between the other corners. Post-hoc pairwise

comparisons between Angular Segments showed significant difference between each pair (3-segment: M

= 1.19s, 5-segment: M = 1.34s, and 7-segment: M = 1.46s) (all p < :001). Similar results were found on

Distance Segments where there were significant differences for each pair (3-segments: M = 1.15s, 5-segments:

M = 1.33s, 7-segments: M = 1.51s).
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Figure 3.5: Study results: (a, b, c) average trial time and (d, e) error rates across different conditions. T-L,
T-R, B-R and B-L represents Top-Left, Top-Right, Bottom-Right and Bottom-Left, respectively.

Error Rate. There was a statistically significant difference in error rate (Figure 5.6f and e) based on

the corners that the participants used (�2(3; N = 12) = 10:3; p < :05). Post-hoc pairwise comparisons

showed that using the bottom-right corner, with an error rate of 20.7%, was significantly more error-prone

than others (top-left: 13.2%, top-right: 14.5%, bottom-left: 14.7%). No significant difference was found

for other pairwise comparisons. The analysis revealed a significant effect of Angular Segments on the error

rate (�2(2; N = 12) = 6; p < :05). Accessing items with 3 segments, with an error rate of 12.1%, was

significantly less error-prone than with 5-segments (16.3%) and 7-segments (19.0%). There was no significant

difference for other pairwise comparisons. Results also revealed a significant effect for Distance Segments

(�2(2; N = 12) = 20:16; p < :05). The error rate was 9.8%, 15.4% and 22.1% for 3, 5 and 7 Distance

Segments, respectively, where all pairwise comparisons showed a significant difference.

Subjective Rating. The overall NASA-TLX ratings were less than 3.5. Results were analyzed using a

Friedman test with Wilcoxon signed rank tests for pair-wise comparisons. The Friedman test yielded a

significant difference in Corner (�2(3; N = 12) = 30:63; p < :001), Angular segments (�2(2; N = 12) =

18:43; p < :001) and Distance segments (�2(2; N = 12) = 19:16; p < :001).

The participants rated the top-left corner as the easiest (M = 1.59) one to access items, followed by the

top-right corner (M = 2.17) and bottom-left corner (M = 3.58). The bottom-right corner was rated as the

hardest one (M = 5.75) (all p < :05). For Angular Segment, 3-segments were rated as the easiest (M =

2.08), followed by 5-segments (M = 3.0) and 7-segments (M = 5.0) (all p < :05). Similarly, for Distance

Segment, 3-segments were rated as the easiest (M = 2.0), followed by 5 segments (M = 3.0) and 7-segments

(M = 4.42) (all p < :05).
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Discussion. The results revealed that selecting an item located at the bottom-right corner required longer

trial time and was more error-prone than selecting items located at other corners. This is most likely due to

the screen occlusion caused by the right-hand index finger for the right-handed participants. Additionally,

the result analysis on other factors can be anticipated: trial time and error rates increased with increasing

number of angular segments and distance segments. A higher error rate (e.g., around 15.8%) was observed

across the factors. This is primarily caused by the occlusion-prone bottom-right corner as well as higher

numbers of angular segments and distance segments that we used in our study. This rate could be reduced

by determining suitable design parameters (e.g., the average error rate for top-left, top-right and bottom-left

corners with 3 Angular Segment and 3 Distance Segments is 3.53%). Additionally, using the bottom-right

corner for single step tasks such as “next”, “cancel” or “reset” shall be suggested. As suggested in [118],

the results could be mirrored for left-handed participants where the bottom-left corner is likely to be less

efficient due to finger occlusion.

3.3 Evaluating Page-Flipping Interface

Page-Flipping interface leverages users’ spatial memory to recall items that are placed in a hierarchical layout

using corner-command mappings. It also combines command invocation and value selection into a single drag

action. Researchers have presented other techniques such as marking menus [69] or radial menus combined

with sliders [83] to support similar tasks. This study compares page-flipping interface with a functionally

equivalent radial menu, as well as a standard smartwatch touch technique using swipe and tap, for both

discrete and continuous selection tasks on smartwatches.

Task Type. This study explores selection performance of three techniques with two types of tasks:

discrete and continuous target selections. Besides the discrete item selection tasks, that were used in the

previous study, continuous tasks are often required on smartwatch interactions (e.g., adjusting music volume

or changing display brightness). Therefore, this study includes 3 discrete tasks: (1) select a letter from a set

of letters; (2) select a number from a set of numbers; (3) select an icon from an icon set; and 3 continuous

tasks: (1) change the size of a triangle to match with a given triangle; (2) change the color of a filled triangle

to match with a target color; and (3) change the stroke weight of a triangle to match a target stroke width.

Technique. The following techniques were studied with the six previously described tasks:

(Page-
ipping.) Results from the previous study revealed that using the top-right and top-left corners

for accessing items is faster and less error-prone than the other two corners. Therefore, this study included

the top-left corner for discrete tasks and top-right corner for continuous tasks. This study used 3 angular

segments and 5 distance segments as it showed faster trial time (1.14s) with less error rate (8.6%).
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With page-flipping interface, a user first sees a discrete item (e.g., Letter ‘E’ in Figure 3.6a) or continuous

value (e.g., blue color in Figure 3.6d) on the screen that they need to select. After reading this, the user can

start dragging the top-left or top-right corner to reveal the list of discrete items (Figure 3.6b) or continuous

values (Figure 3.6e). For discrete tasks, the currently highlighted value is shown with a different color (e.g.,

green). For continuous tasks, a preview (e.g., dark blue triangle) is included beside the target showing the

user’s currently acquired continuous value. The user can continue dragging the corner until it matches with

the target discrete item or continuous value. When the user believes they have found the item or value

(Figure 3.6c and f), they can lift-off their finger to commit the selection.

Figure 3.6: Page-flipping interface and workflow: (up) select a letter; and (below) change color. Note that
we implemented all six tasks, other pictures are omitted to save space.

(Radial Menu.) The study initially considered Control Menus [102], FlowMenus [40] and FaST Sliders

[83], which used radial or marking menus [69] for command selection followed by continuous value adjustment.

However, the choice was constrained by (i) the small screen size that made scalability and navigating a deep

hierarchy difficult [141]; and, (ii) drawing marks as in marking menus without a menu pop-up is likely to

conflict with default swipe gestures. To mitigate these challenges, the study used a one-level radial menu

design plus a slider-based value selection, and embedded a trigger mechanism. It adopted the design from

[83], which enabled Radial Menu to be used as a technique for command invocation and continuous value

selection.

In this technique, a user first sees an instruction screen showing a target item or value (Figure 3.7a and f).

Dwell time was used to activate the menu. The user then long-presses on the screen center to trigger a menu

where items are arranged in a radial layout around the initial touch position (Figure 3.7b and g). Menu items

for discrete tasks (e.g., letter, number and icon) are displayed on the right side and items for continuous
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