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SUMMARY

Wearable computing devices can now provide haptic stimulation for extended periods

of time in the background of other tasks. I suggest that this wearable tactile stimulation may

be advantageous to haptic training and rehabilitation. Extended periods of stimulation can

provide intensive repetition, and stimulation without attentional focus can be used for pas-

sive learning. For therapeutic applications, extended wear can enable hours of stimulation

outside a clinical environment and in the background of daily life.

Ambient stimuli can enable passive learning: training while users are occupied with

other tasks. Most research on this topic has used audio or visual stimuli, and few have ex-

plored the use ofhapticstimuli for passive learning. In this dissertation, I present evidence

thatwearable vibrotactile stimulation can help train a variety of skills including those

involving rhythm, simultaneous actions, and various body parts. This work also provides

essentialguidelines on how to construct wearable computing systems that apply this

technique to practical problems. Results suggest that this passive training method may

allow users to recall dozens of motor actions with little practice and learn challenging skills

with less dif�culty.

Wearable vibrotactile stimulation may also help re-train sensorimotor functions, for ex-

ample, diminished arm function after a stroke. Stroke can lead to chronic physical disability

in the limbs. In fact, stroke is the leading cause of adult disability in the US. Preliminary

evidence suggests that peripheral tactile stimulation may facilitate limb rehabilitation, but

current methods for applying this technique are limited to laboratory settings.

Currently, there is no device available to administer and study therapeutic tactile stimu-

lation for extended periods of time or outside the clinic environment. I presenta low-cost,

wireless wearable device to provide tactile stimulation therapyand an initial random-

ized controlled trial in stroke survivors over 8 weeks. Results suggest thatwearable vibro-

tactile stimulation may also be a powerful tool to reduce disability after a stroke.

xvi



CHAPTER 1

INTRODUCTION

Passive learning is knowledge acquisition through stimuli that are in the periphery of atten-

tion. For example, while focused on an unrelated task, people can gain knowledge about

other things through sounds in their environment [75]. Most research on this topic has used

audio or visual stimuli, and few have explored the use oftactilestimuli for passive learning.

Wearable computing devices can now provide tactile stimuli for extended periods of time

in the background of other tasks. I suggest that ambient tactile stimuli may be a powerful

tool for skill acquisition, motor learning, and may introduce new information in the area

of neuroscience and motor memory storage. Huang et al. introduced the concept of “pas-

sive haptic learning (PHL)” (or “passive tactile learning”), but prior research has focused

exclusively on teaching songs on the piano using this technique. There are currently no

guidelines on how to apply this training method to teach other skills, or guidance on what

applications are suitable for using this technique.

This dissertation provides evidence that more than just a simple melody on the piano

can be taught using passive tactile stimulation. I present evidence thatrepeated vibro-

tactile stimulation can help train a variety of skills including those involving rhythm,

simultaneous actions, and various body parts. This work also provides essentialguidelines

on how to construct wearable computing systems that apply this techniqueto practi-

cal problems. Results suggest that this passive training method may allow users to recall

dozens of motor actions with little practice and learn challenging skills with less dif�culty.

Wearable vibrotactile stimulation may also help users re-learn functions, for example,

diminished hand function after stroke. Stroke and other central nervous system (CNS) in-

juries lead to chronic physical disability in the limbs. In fact, stroke is the leading cause

of adult disability in the US. However, current clinical treatment options are limited to
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strenuous exercises and only about 50% of survivors are eligible to participate. Prelim-

inary laboratory evidence in animal and human subjects suggests that peripheral tactile

stimulation may facilitate sensorimotor recovery after CNS injury, but current methods for

applying this technique are limited to laboratory settings [71, 91].

Currently, there is no device available to administer and study therapeutic tactile stim-

ulation for extended periods of time or outside of the clinic environment. A wearable

computing device could provide tactile stimulation for extended periods of time in the

background of a patient's daily life. I suggest that wearable tactile stimulation may be a

powerful tool for sensorimotor recovery and spasticity relief. Here, I present aninitial

device and randomized controlled trial using tactile stimulation therapyin stroke sur-

vivors over eight weeks. Results suggest that intensive passivetactile stimulation may

indeed help reduce disability after a stroke.

This work leads to mythesis statement: Repeated vibrotactile stimulation, without

movement or attentional focus from the user, can help teach a plurality of discrete ac-

tions and their associated meanings and reduce sensorimotor disability after a stroke.

The studies conducted to examine this thesis have led to several contributions:

� I show that a plurality of discrete actions or cues and their associated meanings can be

rapidly taught using repeated tactile stimuli. This result is illustrated through several

studies of teaching Braille, typing systems and codes.

� I present several computing systems that enable passive tactile learning and introduce

guidelines for their design.

� I present evidence that repeated passive tactile stimuli can help users with stroke

improve upper limb sensorimotor function. This method is illustrated through a pre-

liminary clinical trial on stroke survivors using this technique at home.

� I present a wearable computing system that enables therapeutic tactile stimulation

outside the clinical setting, on-the-go or at home, and for extended periods of time.
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The experiments in this thesis focus on what vibrotactile stimulation can enable, by

using a wearable device to apply the stimulation at length and in the background of other

tasks. In Chapter 3, I use passive stimuli to teach discretegroups of simultaneous actions

and theinformation they encode. Participants were able to learn the entire Braille alphabet

in less than four hours. Chapter 4 focuses on teachingcomplex sequences of actions. I

apply this technique to piano teaching. Chapter 5 covers how passive haptic training can

improve skill performance, even when given a visual guide that provides the answers.

This work aims to help users practice typing and other motor skills with less effort. I

examine how commercially available wearable devices can be used for haptic training in

Chapter 6; this work also shows howrhythm or temporal sequencesandtheir meanings

can be taught passively using tactile stimulation. Chapter 7 introduces background on

stroke and rehabilitation in preparation for Chapter 8. In Chapter 8, I develop and test a

wearable device and novel stimulation method to help stroke survivorsrecover upper limb

function. Chapters 9 and 10 discuss main �ndings and future work.
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CHAPTER 2

BACKGROUND: PASSIVE LEARNING AND HAPTIC TRAINING

2.1 Active Haptic Training

Haptic technology interacts with the sense of touch. These technologies interact with the

body using methods such as tactile stimulation (i.e., vibration), limb manipulation (i.e.,

with a robotic structure or exoskeleton), and interactive force feedback (i.e., variable force

of a joystick).

Haptic systems have been used to help individuals learn and perform skills. Williams

et al. produced a review of these haptic systems and better de�ned different methods that

they use [146]. Using a haptic system for practice before task performance might be con-

sideredhaptic training . This method traditionally requires the attention of the user and

may include limb manipulation [32, 45, 55, 90, 151]. Other systems provideinstructional

haptic feedbackduring task performance – guiding or cuing the user for example. For

instance, this feedback may be giving users directions or correcting an incorrect motion

[63, 70, 79, 131, 137, 138]. Haptic systems also commonly providerealistic feedback to

simulate objects or effects in virtual environments (Figure 2.1). Such feedback can be key

to simulating situations like tissue manipulation in robotic surgery or object interaction in

video games [25, 67, 102]. This feedback can help with learning but is designed to be

realistic rather than instructional.

2.2 Vibration and the Sensory Receptors

Haptics research has led to devices that provide tactile feedback using techniques includ-

ing vibration, skin-drag, electrical stimulation, and light touch, among several others [65,

132, 135]. Each of these techniques have their advantages and disadvantages regarding
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Figure 2.1: Haptic training using physical guidance and active feedback.Image from NASA
[141]. Creative Commons.

hardware, mobility, interaction and resulting perception.

The use of vibration in haptic systems is often limited to providing alerts and simulating

objects, likely because it is dif�cult to convey complex or continuous information using this

modality. However, vibrotactile feedback has a number of advantages. It is low-cost and

can be simple to drive using circuitry. Tactile actuators are also easy to integrate into mobile

and wearable devices, and because vibration does not physically manipulate the limbs, it

does not physically interfere with other concurrent tasks.

The response of human sensory receptors to vibration has been studied. The body has

several types of cutaneous (skin) and proprioceptive (muscle and tendon) sensory organs

which all respond differently to sensory stimuli.

In the skin, there are four main types ofcutaneous sensorymechanoreceptors[69].

The Pacinian corpuscles (FA2) are located deep in the skin and respond preferentially to

deep pressure and high-frequency vibration. These receptors have large receptive �elds and

are “rapidly adapting,” meaning that they respond only to the onset and offset of a stimulus.

Meissner corpuscles (FA1) are another type of rapidly adapting sensory receptor and have

small receptive �elds. These �bers respond to low-frequency vibration and brushing across

the skin. Merkel disks (SA1) are “slow adapting,” meaning they respond continuously

to static or tonic stimuli. These receptors respond to sense tactile details and have small
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receptive �elds. The Ruf�ni endings (SA2) are slowly adapting, respond to skin stretch

and have large receptive �elds. These cutaneous receptors respond to vibration. Pacinian

corpuscles respond to direct vibration and vibration transmitted through the body at a fre-

quency range of over 10-400 Hz (preferentially responding to around 200 Hz). Meissner

corpuscles respond most to vibration at 30-50 Hz [69].

The body also containsproprioceptive sensory �bers. The muscle spindles sense

stretch of a muscle and include types that respond in a continuous or dynamic manner.

These afferent �bers respond to vibration up to about 220 Hz (type I) and 100 Hz (type

II), respectively [14, 43]. Golgi tendon organs sense muscle tension, and some research

suggests they respond to vibration during muscle contraction at frequencies of 20-120 Hz

[43].

Vibration on the hand may reach all of these afferent �bers. At suf�cient amplitudes,

including those used here, vibration will be conducted through the skin to reach the various

mechanoreceptor types. The distribution of certain mechanoreceptors on the hand is not

uniform. Meissner corpuscles and Ruf�ni endings are more dense near the �ngertips of

the glabrous skin on the ventral (palm) side of the hand [68]. Pacinian corpuscles and

Merkel disks are evenly distributed throughout this skin. Merkel, Pacinian, Ruf�ni �bers

are present around hair follicles on the hairy skin of the dorsal hand [19]. Proprioceptive

afferent �bers may be reached through hand stimulation by vibration conducted through

bones and tendons.

Here I focus most stimulation on the proximal phalanx. For hand stimulation, this

combines the practical and physiological considerations: leaving the �ngertips free for

normal use and snug �t, while still individually stimulating each �nger.The devices used

in this work were designed to stimulate cutaneous Pacinian corpuscles(which respond

most to the high-frequency vibration produced using small actuators) which are not more

densely populated at the �ngertips. In addition, muscle afferents are likely also activated

by stimulation at this location,(dorsal phalanx) as stimulating away from the �ngertip
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Figure 2.2: Passive learning can occur from background auditory, visual, or implicit infor-
mation – such as audio from the television in this image.Image from Pxhere [62].

has more access to extensor tendons and bone not covered by signi�cant �esh.Both

of these structures may carry the vibration to muscles in the forearm. These afferent �bers

provide proprioceptive sensory activation that occurs during normal movement. In fact, as

mentioned by Cordo et al. , vibration produces enhanced proprioceptive activation, but does

not include all components of sensory activation that occur with actual movement [29].

2.3 Passive Learning

Passive learning is knowledge acquisition through stimuli that are “in the background” and

are not the focus of attention [75]. Research has demonstrated passive perceptual and motor

learning from ambient visual [42, 144, 145] and auditory information, for example in Fig-

ure 2.2 [75, 153]. Similarly, implicit learning is a well-de�ned area of cognition whereby

knowledge is acquired largely without the involvement of conscious top-down conceptual

processes. Examples of this include speech acquisition through exposure and classical con-

ditioning [33]. Learning occurs without the person's awareness and the knowledge is often

“highly resistant to explication [111].” Research on this type of learning has shown that

continued exposure or practicecan imbue skills such as sequential motor actions [113].

Since some controversy remains as to the exact de�nition of implicit learning, especially

when users later try to actively recall their skill, here we maintain the use of “passive learn-

ing” to describe skill acquisition without study.
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2.4 Passive Haptic Learning

This thesis explores a form of haptic training: “passive haptic learning (PHL)” or “passive

tactile learning.” Like other forms of haptic training, instructional haptic cues help train

users before skill performance is tested. Here, however, instructional cues are applied

while users focus on unrelated tasks – making learning passive. Like other cases of passive

learning and implicit learning, stimuli providecontinued exposure or practice. 1

Passive training has a number of signi�cant potential bene�ts: passive haptic train-

ing may reduce practice time and help teach complex motor skills with less initial confusion

and clumsiness. Limited research has been done on passive haptic learning. Prior work fo-

cuses on teaching short piano songs using tactile instruction. In this work, users wear a

haptic glove while performing unrelated tasks. The glove uses vibrotactile actuators to

“tap” one �nger at a time in a short sequence (Figure 2.3). After a period of passive learn-

ing, users removed the glove and were able to repeat the sequence on the piano [59, 60,

73]. This work showed that tactile stimulation can enable passive learning.Only a short

sequence of key presses was taught using this method, but there may be signi�cant

potential in this technique.

Figure 2.3: The haptic interface glove used in teaching piano melodies.Image from Geor-
gia Tech [99].

1The term “passive haptics” is used to refer to physical properties of objects such as shape and material.
In contrast, “active” haptics may in�uence users by actively stimulating or moving. Here, we use the term
“passive” for “passive learning,” meaning that stimuli are ambient or in the background. “Active” learning,
on the other hand, requires the user's active attention and focus. Therefore “passive haptic learning,” a term
de�ned in prior work, refers to passive learning or training using haptic technology.
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2.5 Contribution

Wearable devices can now easily provide tactile stimulation.The wearable form factor

allows stimulation for extended periods of time, providing stimulation in the back-

ground during other primary tasks. Unlike robotic limb manipulation or interactive

haptic feedback, tactile stimulation is unobtrusive and does not preclude other tasks. Yet

the use of tactile feedback is largely focused on alerts and virtual reality.

How can we take advantage of wearable, tactile stimulation?If the stimulus encodes

information, tactile feedback may be able to help train complex skills.But traditional

learning and haptic training can be confusing and time consuming. I suggest that by apply-

ing the stimulationrepeatedly for extended periods of time while the user focuses on

other tasks, cognitive bottlenecks of initial learning and time required for initial practice

can be reduced.

Prior work has shown that thispassive haptic trainingis possible in a limited context.

My work aims todemonstrate passive tactile training in a variety of new contexts and

enable others to apply this technique.Not all skills can be taught using passive haptic

training; however, my results suggest that this technique is a powerful tool for a number

of applications. Here, I outline how passive tactile training can help teach motor actions

and improve skill performance, teach users to associate sensations with meaning, and teach

information that can be conveyed via haptics.
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CHAPTER 3

TEACHING BRAILLE

In this chapter I present evidence that passive haptic training can help teach Braille. Prospec-

tive users of Braille are in critical need of a teaching aide, and this application presents new

challenges in haptic interface design and passive learning.

Braille typing is a similar skill to piano – requiring the use of the �ngers to perform

simple actions (pressing keys). However typing on the Braille keyboard (used to produce

tactile dots of Braille) is different and more complex than the piano songs that were previ-

ously taught using passive haptic training.

Here, I present two studies on passive haptic training of Braille typing – with the goal

of addressing this real-world problem and learning more about passive haptic training.

I hypothesized that instructional passive stimuli, if designed with a low cognitive load

and ef�cient perception, could help train dozens of simultaneous motor actions and their

associated meanings.

Passive Learning Challenges

A piano song is simply one short sequence of actions, whereas typing language requires

knowledge of manydiscrete actions and their meaning(the key(s) required to produce

each character). Prior work on passive haptic training has not explored teaching a plurality

of discrete actions. Though this chapter focuses on the application of Braille, I aim to

enable others to use the guidelines from this chapter to train other applications involving

discrete motor actions.
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Haptic Interface Challenges

The Braille keyboard is chorded, requiring multiple simultaneous buttons to produce one

character. It is unknown howsimultaneous actionsshould be conveyed through passive

tactile stimulation. This skill also requires the use of both hands. Previous work taught

skills to only one hand.

3.1 Motivation

39 million people in the world are affected by blindness. Learning to type the Braille system

is time consuming and a major component of the rehabilitation and independence training

for individuals who are blind or visually impaired. Braille is especially dif�cult to learn

for those who lose their sight later in life, such as the aging population, wounded veterans,

and the increasing number of diabetics. What's more, Braille instruction is neglected in

schools; 40% of school-age children who are blindor visually impairedare considered

illiterate. Overall, only 10 percent of those who are Blind learn Braille [8].

The National Federation of the Blind calls illiteracy among the Blind a “crisis” [8]. Be-

cause of a lack in certi�ed teachers and bureaucratic barriers to providing education, blind

and low vision students are not being taught Braille. For these individuals, though, Braille

equates to reading and writing, and without this education, they are illiterate [10, 139].

The problem does not end here; Braille literacy directly correlates with academic success

and employment (even in contrast with those pro�cient with screen-readers) [10], leaving

74% of blind individuals unemployed. Mainstreaming blind students in the public school

system, where signi�cantly less time is available for learning Braille, is another signi�cant

cause for this crisis; the in�ux of speech in technology is also causing neglect in Braille

instruction. Listening alone is not enough, however, as research shows that Braille provides

a critical advantage for students in learning math, grammar, language, spelling, and science

[139]. Blind individuals, adults and students alike, even try to attend Rehabilitation Centers
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to gain these necessary skills for independent living. However, access to these facilities is

dif�cult and requires a commitment to seven or more months of inpatient learning. There

are only 12 such facilities in the United States, and for many, access to instruction here

is also impossible because of �nancial or geographic constraints. Current technology for

Braille instruction is limited to refreshable Braille displays and electronic Braillers. Meth-

ods used to teach Braille today involve tactile �ash cards, block models of the Braille cell

and hand guidance of the individual's �ngers. Users �rst learn to read then type letters [9].

The lightweight and wearable system that I developed aims to teach Braille typing to

those without access to instruction. My work aims to reduce learning time and dif�culty

by allowing individuals to passively learn while doing other tasks such as cane training,

orientation and mobility or even tasks in their daily life or at home. With knowledge of the

direct mapping between the keys of the Braille keyboard and the dots that comprise Braille,

my system for teachingtyping skillscan help individuals learn to read Braille as well.

This research aims not only to explore the subject of passive tactile learning, but also to

create this system to aid Braille instruction.

3.2 Apparatus

This section details the wearable computing system that was designed to provide passive

haptic training for both studies in this chapter.Design decisions made within these ap-

paratus sections can be used to inform future interface design for projects applying

passive haptic training. Based on testing,stimulus designandteaching structure are

key to successful passive tactile training.

Wearable Device

The wearable haptic training system includes a pair of gloves with one vibration motor in

each �nger and a programmed microcontroller to drive the glove interface (Figure 3.1).

The gloves are �ngerless for optimal �t on different size hands, enabling the motors to rest
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�ush near the base knuckle of each �nger. Each motor is secured to the stretchy glove

layer using adhesive and is located on the back of the hand (dorsal, non-palm-side) inside

the glove. These gloves utilize eccentric rotating mass (ERM) vibration motors (Precision

Microdrives model #308-100) and are driven high or left �oating through a Darlington

array chip attached to an Arduino Nano with buffered circuitry. They are driven at 1.3 g1

amplitude and 200 Hz frequency. The microcontroller coordinates vibration timings and

sequences to correspond with audio prompts for two phrases. For convenience, I created a

Braille keyboard from two BATT M keyboards.

Figure 3.1: Haptic training system to teach Braille typing. Each �nger can be stimulated
individually by a vibration motor. Stimulation occurs when users are focused on other
tasks.

Conveying Simultaneous Stimuli

It may be necessary for many applications of tactile training to indicate multiple body

parts simultaneously (i.e., to convey tapping both feet or to de�ne different cues based on

multiple actuators). However, I suggest there is a perceptual barrier to simple simultaneous

1“g” throughout this paper refers to the constantacceleration due to gravity– used for vibration ampli-
tudes. Force in grams is refereed to using “grams” – in reference to the Semmes-Weinstein mono�lament
exam
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stimulation, and I present a workaround.

Braille typing is “chorded,” meaning that it required multiple keys to be pressed simul-

taneously to make each character. In the process of designing a haptic interface to convey

these simultaneous actions, I found that it was too challenging to perceive a plurality of

stimuli at once. For this reason, I altered the stimuli system to present these stimuli groups,

I applied a small temporal offset and presented the groups of stimuli sequentially instead

of simultaneously. After this change, perception and learning using the system dramati-

cally improved. For this reason I did afollow-up study, presented in Appendix A, that

further suggested that tactile perception of simultaneous stimuli is poor and simulta-

neous stimuli should be avoided if discrete recognition is necessary.

Teaching Structure

Preliminary trials of teaching Braille typing passively had no teaching structure. Partic-

ipants were exposed to letters at random, with only a few repetitions during a learning

period. However, I suggest that repetition is key to passive training, just as repetition is

key to traditional practice.I hypothesized that teaching skills incrementally in parts,

and thus providing ample, sequential repetitions of each part, would enable passive

training. I applied this teaching structure here and in other chapters.

This work aims to teach the key presses to type each letter of the Braille alphabet.

� In the �rst study of this chapter, a short group (phrase) of letters is trained.

� In the second study of this chapter, I use a pangram sentence to group letters into

words and teach one word at a time.

This results in approximately 60 repetitions of the phrase or word during the learning pe-

riod.
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Stimuli

Vibrotactile stimuli are used to teach one word or short phrase at a time. Since Braille is

typed using multiple keys for each character, each letter in the word is a short, grouped

sequence of tactile “taps” – one on each of the 1-5 �ngers used to type that letter.

An audio cue and a pause precedes each word and each letter. This pause and cue

help separate each group of stimuli and associate meaning to the stimuli. The audio is

presented before tactile stimuli begin, and doesnot overlap. Overlapping tactile and audio

stimuli was found to be confounding in initial rounds of testing and related projects. It is

conceivable that the audio could be removed if the user is told what word they are learning

beforehand. Audio was found to be unnecessary for piano [73].

Actuators were activated fordurations of about 400 ms with very short pauses of 0-

100 ms in between grouped stimuli(for each letter) and 100 ms between letters of a word.

Any stimuli in a letter were activated left to right on the hands, rather than in a random

order. In addition, tactile stimuli ofadjacent body areas were separated by a small

delay. Based on pilot testing, active localization of stimuli was improved when a pause of

70-100 ms was inserted between stimulating adjacent body areas (�ngers). Without this

pause, stimuli tended to be recognized in the �rst location only. I believe this perception

challenge would prevent passive training without adding the delay.

3.3 Study 1: Design and Methods

In this �rst experiment, containing 16 participants (ages 18-25), I examine the feasibility of

teaching Braille typing skills passively. The study is a within-subjects design and each user

participates in two sessions, each with a different condition. The order of these conditions

is counterbalanced. The structure of each session is as follows:

� Pre-test

� Distraction task and training condition (30 min.)
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� Testing

Conditions

Under the experimental condition (Passive Haptic Learning (PHL)), participants receive in-

structional haptic stimulation (details are in the apparatus section) to teach a Braille phrase

in the background while focusing on their distraction task. In the control condition (Con-

trol), participants wear the gloves but have haptic stimulation disabled.

Measures

I hypothesized that users would improve on their knowledge of typing the Braille phrase af-

ter the passive training condition, measured as a reduction in uncorrected error rate (UER).

Pre-test

Baseline performance is determined through a typing pre-test. Study administrators use

a verbal set of instructions and gestures to introduce participants to the keyboard and the

nature of typing chords. At the start of the pre-test, participants hear audio of the phrase

and feel the corresponding vibration sequence once before being prompted to try typing the

phrase. Users are given one trial at typing the phrase during the pre-test. During this �rst

vibration-guided pre-test, they are asked to pay attention to understanding the meaning

conveyed by the vibrations, and to use the pre-test to understand how to correctly type

chords on the keyboard. Results from this pre-test are used as a baseline for users' typing

performance.

Post Test

After the distraction task, users are given a typing (post) test. During this test, participants

are �rst prompted to type the entire phrase. They are given three trials to type the full
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phrase, three trials to type each word in the phrase, and three trials to type each letter in the

phrase (presented in random order). Participants feel no vibrations during the test.

Braille Reading Quizzes

The goal of this research is to examine the potential of passive haptic training of Braille

typing skills. However, I hypothesized that this system could teach Braille reading as

well, because there is a direct mapping between the Braille keyboard and the dots of the

tactile Braille cell.The objective of haptic training is to train a tactile memory for the

body parts (�ngers) used to type each letter. However, users may be able to recall

each sensorimotor memory and “translate” it into declarative information. To test

this theory I chose to add Braille reading quizzes in addition to Braille typing tests on the

chance that participants could use the typing skills they passively learned to understand and

read Braille as well. The quizzes were designed to determine if this transfer occurred or

not. Recruiting from a pool of sighted individuals that do not know Braille; we understood

that tactile perception may be dif�cult for these untrained individuals. For this reason, I

included reading quizzes that use visual representations of Braille (“visual quizes”), in

addition to “tactile quizzes” using embossed Braille representations.

At the beginning of both quizzes, instructions are provided that describe how the �nger

mapping of the keyboard aligned with the dots of the six-dot tactile Braille cell. Study

administrators also demonstrate this mapping using our hands in combination with a verbal

set of instructions to ensure participants correctly understand the relationship. The picture

used on the quizzes to convey the mapping can be seen in Figure 3.2.

Visual Quiz This quiz is given at the end of each session, before the tactile quiz. The vi-

sual quiz is comprised of images of Braille cells with dots �lled-in or left empty to illustrate

what would be embossed on a printed Braille document. I created one question for each

letter from the phrase they were assigned (“add a bag” or “hike fee”).Add a bagsession

users are quizzed on the phrase's letters in the consistently randomized order: d, g, b, a. For
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Figure 3.2: (a.) Mapping diagram on quizzes. (b.) Visual quiz question example. (c.)
Tactile quiz answer sheet example.

thehike feesession they are quizzed in the order: f, i, e, k, h. Each question shows a Braille

cell image (Figure 3.2) and asks users to write-in the letter it represents. This test may be

the simpler of the two quizzes; while the tactile quiz combines Braille typing-to-reading

“translation” with tactile perception.This quiz makes participants extract declarative

information from the haptic stimuli they received.

Tactile Quiz This quiz is given at the end of each session. The Tactile Quiz was de-

signed to understand whether the student can perceive the Braille cells with their �ngers,

and whether they can identify the letter from what they perceived. For this quiz, the sub-

ject places their dominant hand into a box, open only on one side, which contains a card

embossed with the current letter from the quiz. This setup allows the subject to slide their

hand in and access the Braille with their �ngers without glimpsing the Braille on the card.

Participants were given the same letters that appeared in their visual quiz but in a different

consistently randomized order (b, g, a, d and h, e, f, I, k). After the student feels the Braille

cell using their �ngers, they mark a blank Braille cell on the quiz – three rows of two small

empty circles (Figure 3.2)to indicate what they perceived. Subjectsalso complete a

blank with their identi�cation of the embossed letter. Once users determine the dot

con�gurations that they feel with their �ngers, they must once again usedeclarative

information to identify the letters. Haptic stimuli is the only source of information
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about Braille in this study.

Distraction Task

After the pre-test, subjects in both PHL and control conditions participate in a distraction

task for 30 minutes. Both groups wear the gloves and ear buds during this time, but only the

PHL condition receives passive haptic training stimuli in the background.Haptic stimuli

are the only thing providing information on Braille to the users. Users are told to

focus only on the primary task (an online game) and give any audio and vibrations no

attention. During the task, both groups are also asked to score as high as possible at

the game task.At the end of each distraction task period, their scores are logged.

The game Fritz! [47] was selected as the distraction task. This distraction task is a

similar condition todual task training, however participants are told to only focus on the

distraction task so it is instead aprimary task. Before the game, all subjects are provided

with instruction on how to play. The goal of Fritz is to clear levels of blocks by aligning

those of similar patterns through moving adjacent blocks. Figure 3.3 shows an example

screen. For the purpose of the study, PHL groups are speci�cally told not to pay any

attention to the vibrations or audio and to focus entirely on this distraction task. This

game was chosen as a primary task because of several conditions: focus required to play,

containing no reading/words, emit no sounds/mutable, and log a score. This task does make

use of the �ngers during training. Participants must use their �ngers to click the mouse and

navigate the game. These actions are unrelated to the training.

I wished to characterize performance on the task when users were focused solely on the

game versus focused elsewhere at times. A student not in the study conducted three trials

of his game play. Each trial consisted of 10 minutes of a focused session and a distracted

session. During the focused session, the player played the game only. For the distracted

session, the player was instructed to play the game while attending a television program as

well. The player showed reduced scores during distracted game sessions by an average of
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Figure 3.3: The game used for a dual or primary task during training.

19.36%.

Figure 3.4: Phrases used in our �rst study.

Keyboard and Typing Software

The Braille keyboard used in this study consists of two Infogrip BATs. BAT keyboard

inputs are translated into Braille keyboard entries. Key presses generate ASCII characters

that are translated to the appropriate Braille value from a hash-map. Both “staggered”

entry (pressing one key down at a time and then releasing all of them) and simultaneous

entry (pressing all the required keys down at the same time) are supported. This technique

produces a chorded input system that follows the Perkins Brailler standard as digital Braille

keyboards do, such as Freedom Scienti�c's PAC Mate.
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Typing software administers typing tests. The software prompts the user via audio

and shows a blank screen. Upon each successful entry of a Braille letter or space, the

screen displays an asterisk (to prevent learning during testing, and to let the user know

that a character was entered) [126]. The software logs user input and performance, and

calculates statistics like uncorrected error rate (UER) and words per minute (WPM) using

formulae detailed by MacKenzie & Tanaka-Ishii [89].

Phrases

This study has two sessions per user. Each session focuses on one Braille phrase. Two

phrases are used in this study:“add a bag” (AAB) and“hike fee” (HF). The order of these

phrases is counterbalanced. These phrases were chosen for easy identi�cation via verbal

audio clips, in view of �ndings in previous related work [126, 130]. These phrases do not

include homophones, dif�cult or little-known spellings, and have coherent meanings for

easy understanding and memory. They were also chosen to be of comparable length (15-

18 keystrokes), a length used in prior work on passive haptic training of piano [73, 126].

Finally, these phrases consist of Braille letters requiring no more than three keys each to

type and have comparable complexity (repeated letters, 4 or 5 unique letters, containing

words of 3-4 characters).

3.4 Results

With the aid of passive haptic training, participants signi�cantly reduced typing error rates

on the Braille keyboard, often reaching 100% accuracy. Users also learned to read nearly

75% of the Braille letters presented.

Typing

The typing software calculates uncorrected error rate (UER) and words per minute (WPM)

[89] which is used for analysis of the participants' performance. As this study was within-
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subjects, paired t-tests are used to compare the effect of receiving training versus control.

My a priori hypothesis is that training will improve performance on phrase and letter typing

accuracy and visual and tactile recognition of letters, so no familywise multi-hypothesis

correction was necessary. Threshold of signi�cance was set to 0.05.

Comparing the typing error rate in the pre-test trial with the average error rate of the

three phrase-typing trials on the post-test, the UER (uncorrected error rate) difference was

calculated and graphed for each user's sessions. For both phrases, as seen in Figures 3.5

and 3.6, users reduced their typing error (increased accuracy) signi�cantly after passive

training sessions (31.55% and 42.78% on average).

Figure 3.5: Typing accuracy improvements for participants who typed “add a bag” in their
control session and “hike fee” for their PHL session.

This result was not true for control sessions, where minimal to no improvement (2.68%)

was the norm foradd a bagand increased errors (up 7.14%) was the norm forhike fee.

These data are represented in the average improvements in accuracy for each phrase (Figure

3.7). A paired t-test suggests a statistical difference in the conditions: Participants given

PHL have a larger AER difference (39.14) between pre-test baseline performance and post-

test performance (M=37.16, SE=30.22) than people not given PHL (M=-1.97, SE=11.98;

BCa 95% CI[22.0, 56.27], t(15) = 4.87, p=0.00001). When a participant was asked to type

each single letter from the phrase, the number of correctly typed letters was signi�cantly

higher for PHL sessions than for control (Fig. 3.8).

22



Figure 3.6: Typing accuracy improvements for participants who typed “hike fee” in their
control session and `'add a bag” for their PHL session.

Figure 3.7: Average typing accuracy differences.

Figure 3.8: Letters typed correctly between conditions for both sessions.

T-tests illustrate that there is a statistical difference (2.31) in the number of correct let-

ters typed between the conditions when participants are given PHL (M=3.25, SE=1.69) than

people not given PHL (M=.94, SE=1.12; BCa 95% CI[1.33, 2.31]; t(15) = 5, p=.00001).
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Distraction Task

All 16 subjects played the game for each PHL and control sessions and cleared up to level

�ve during the 30 minutes. Results for performance differences were noisy due to the

nature of the game, but average score differences between PHL and control were found

to be within 10% as seen in the graph at the right. These results help to demonstrate and

recon�rm the sensitivity of our chosen distraction task at monitoring user attention and

mental resource sharing.

Figure 3.9: Distraction task score trends between PHL and control groups.

Reading Braille

Average score (letters identi�ed correctly) is used to compare the tactile and visual quiz per-

formance of participants that were given PHL and those that were not (control group). For

sessions assigned either phrase, participants that were given PHL performed signi�cantly

better on reading (identifying) Braille letters. All users had near perfect tactile perception

of the Braille cells; thus, PHL had little to no effect on the perception of letters on the

Braille cards.

“Add a bag” Phrase Performance As seen in Figure 3.10 left, performance on the

Braille reading quizzes was better in PHL than in control. Users were able to read 91.7%

of the phrase's letters in Braille after receiving passive haptic training. Perception (of em-
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bossed Braille dots with the �ngers) was nearly even between the groups, and on average,

untrained users' tactile perception of the dot con�gurations was excellent (near 4 of 4 let-

ters). Identi�cation accuracy (# of correctly recognized letters) of the embossed (tactile)

Braille was close to the same as identi�cation accuracy during the visual test. If a partic-

ipant was able to correctly perceive a Braille letter, their accuracy at correctly identifying

that letter typically mirrored their ability on the visual quiz.

Figure 3.10: Reading scores between conditions for both sessions. Left bars are from visual
quiz results, while right bars present results from the tactile quiz.

“Hike fee” Phrase Performance Findings from theadd a bagquizzes remained consis-

tent inhike feesessions as well, with the PHL group far outpacing the control group. As

also seen in typing scores, group differences were more evident in HF performance. The

average number of accurately identi�ed letters differed between the control group and the

PHL group by three letters out of �ve. PHL participants again showed no difference in per-

ception of Braille dots using the �ngers (on the tactile quiz) from those that did not receive

passive learning; while identi�cation on the tactile quiz for the PHL group was on aver-

age 2.3 letters better. Passive haptic training participants did signi�cantly better in reading

Braille than the control group. This result is shown in Figure 3.10 right.
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3.5 Discussion

Results of this initial study suggest that passive haptic training can teach users a plural-

ity of discrete actions and their associated meanings (groups of keystrokes and the letters

they produce) [120]. Typing test results indicate that users can rapidly learn to type Braille

through vibration and audio stimuli. Study administrators observed users typing not only

staggered input for each letter, but also simultaneous chorded input. This observation sup-

ports the idea that, using our current haptic system, users were able to grasp the nature of

chorded typing.

A larger performance gap is found inhike feesessions. This effect may be indicative of

the phrase's higher dif�culty. Though I designed phrases to be as well-matched as possible,

hike feehas �ve unique letters and more vibrations which undoubtedly results in some

increased dif�culty. This dif�culty lets users learn less of the phrase during the pre-test,

the source of any knowledge in the control group; while PHL users could successfully

passively learn the dif�cult phrase.

Distraction task performance helped con�rm that users paid little attention to the vi-

bration and audio stimulation during PHL. Score differences were minimal. Pilot studies

were used to assess the game's sensitivity as a metric for distraction. In prior work passive

training piano melodies, the audio was a larger distraction than the vibration [te]. Perhaps

an improvement to study design would be to have the control condition also receive the

same audio stimuli as the passive condition. In practice, however, our goal is to create

a system by which users can acquire Braille typing skills with little perceived effort. If

passive stimuli is a mild distraction while performing another task, our goal is still reached.

Remarkably, users could transfer knowledge learned in typing on the Braille key-

board to reading Braille. This acquisition of Braille reading skills through (passive learn-

ing of) Braille typing has intriguing implications. During the entire study, users were shown

asterisks in response to each keystroke.This uninformative feedback [126] means that

26



users never see what they type on screen and had no indicators whatsoever of their

correctness throughout the entire study. The only Braille information that participants

received was guided by the haptic interface – an appropriate mechanism considering the

target audience (users who are blind). I intend to make use of this �nding, and our �nd-

ings here on successful passive haptic training of Braille typing, to affect this audience.

Application of this technology may beused to help improve Braille literacy.

Several components of our �ndings on Braille reading are of note. As could be ex-

pected, perception using the �ngers was the same for both PHL and control groups. In-

terestingly though, our sighted, untrained pool of users were able to correctly perceive

embossed Braille using their �ngertips. The signi�cant difference in reading error between

those with passive learning and those given only the pre-test introduction coincides with re-

sults of user typing performance – further suggesting that users passively learned.Encour-

aged by the results of this feasibility study, I expand this work to examine teaching

the entire Braille alphabet passively.

3.6 Study 2: Design and Methods

Above, I focused on the internal validity of whether passive haptic training can help teach

Braille typing skills. Here, we are motivated by a larger goal: making and studying a

system that enables passive training of the full alphabet in Braille.

I conducted a randomized, controlled, between-subjects study on eight participants

(ages 18-28, sighted, native English speakers who did not know Braille). For this study, I

increased the number of sessions and decreased the amount of time spent in each passive

training period. This study consists of four visits, each approximately 24 hours apart. The

structure of each visit is as follows:

� Testing: word 1

� Distraction task and training condition (20 min.): word 1
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� Testing: word 1, word 2

� Distraction task and training condition (20 min.): word 2

� Testing: word 2

Conditions

Each participant was randomly assigned to either the PHL (passive learning) or control

condition and received only that condition throughout the study. Participants assigned to

the PHL condition receive passive training during each distraction task, while those in the

control group receive only audio of the current word repeated on a loop. I chose to reduce

the time for passive haptic training because oftentimes in the �rst study users encountered

a ceiling effect (0% error in PHL) for the 15 keystroke phrase in 30 minutes.

Pangram #1

As detailed in the apparatus section, I use an 8-word pangram to divide the alphabet into

parts. A pangram contains all 26 letters of the alphabet at least once, and forms a sentence

in English. I train one group of letters (a word from the pangram) at a time, incrementally

covering the entire alphabet (eight words = four visits, two distraction periods per visit).

The main pangram is “the quick brown fox jumps over the lazy dog.” The pangram's

words were used in order (the repeated “the” was omitted between “over” and “lazy”). This

pangram was chosen over others for four primary reasons. The sentence is coherent and

familiar to many English speakers, which enables users to remember and understand the

phrase seamlessly. This pangram was chosen also because it uses non-ambiguous words

with few homophones, an important consideration when using audio prompts [126, 130].

Words in the pangram are also of nearly equal lengths, with 3-5 letters and 10-17 vibrations

each, remaining consistent with previously determined optimal lengths for PHL phrases

[73, 126]. Finally, this sentence contains just eight unique words and repeats only four

letters.
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Measures

Tests assess Braille typing and reading throughout the study.

Pre-test

During the �rst pre-test of the study, users feel the full pangram #1 “tapped” on their �n-

gers once. Participants then have a chance to type the full pangram as a baseline measure

of knowledge (all users are novices). This initial vibration-guided trial, is followed by a

standard pre-test present before all distraction periods. This pre-test consists of one trial

each at typing the entire pangram #1 and then each word that it contains (presented in a

random order). Pre-tests form the baseline in user performance before each distraction task

(with or without passive training).

Post Test

Following each distraction task period, users are given a typing (post) test. Participants

feel no vibration during the test and hear audio prompts provided by the typing software.

The test consists of three trials at typing the session's word, followed by three trials typing

each of the letters in that word (in a randomized order), and three trials at typing the full

pangram #1.

The test then prompts users to type each word in a second “untaught” #2 pangram,

giving them three trials for each of these words as well, before concluding with one trial

typing the full #2 pangram. This pangram represents seven new words to type, by knowing

individual letters in Braille. The #2 pangram is “when zombies arrive quickly fax judge

pat.” The same factors used to select the #1 pangram were used to choose this pangram:

contains coherent meaning, similar word lengths (10-18 key-presses each), and contains

few repeated letters.

At the end of the fourth visit, quizzes of all 26 letters are given. The full typing test

consisted of three trials at typing every letter of the alphabet.
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Braille Reading Quizzes and Tests

The structure and administration of the visual quizzes and tactile quizzes was the same as

the �rst experiment. There was a unique quiz for the letters in each of the eight words in

pangram #1. At the end of the fourth visit, quizzes of all 26 letters are given.

Distraction Task

Users in the PHL condition receive audio and vibration stimuli (designed to train a word

in Braille) in the background during each distraction task. The same online game is used

in this study as in the �rst study.Users are reminded not to pay any attention to the

vibrations or audio and to focus all their attention on doing their best at the game.

Typing Software

The typing software (used in typing tests) provides prompts via audio. Prompts for pan-

gram #1 consisted of only audio of the phrase or word. Audio prompts for #2 pangram

(introduced in the post-test section) consisted of the word, followed by its spelling. This

procedure was done for clarity of understanding on the part of the user, as this pangram is

both uncommon and unfamiliar, and contains words with potentially unknown spellings.

This method also emphasizes the composition of the word, allowing the participant to type

the letters that they have already learned even though they have not learned the full/self-

contained word.

The typing software was also updated to display letters rather than asterisks [126]. I

made this change from displaying only asterisks to displaying letters typed because of

the goal for the this study, which is to examine whether passive training can be used to

teach typing of the entire Braille alphabet. The feedback may help reinforce learning and

encourage con�dence.
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3.7 Results

Users receiving PHL outperformed those that did not. This �nding was true for the full

alphabet as well as for individual words.

Typing Phrases

Participants receiving PHL throughout their learning time showed greater improvements in

performance, often reached perfect performance, and did so in less time than those without

passive learning.

As illustrated in Figure 3.11, participants experiencing PHL were able to reduce their

errors in typing the main pangram #1 phrase more rapidly and consistently. A single-factor

ANOVA was also performed on the groups' pangram typing error rates over the study's 16

tests, and it found a statistical difference between the conditions (F=10.05, p< 0.0001). Be-

cause of the informative feedback [126] used during testing periods, control users learned

some letters through active practice trial-and-error; however, their learning was highly vari-

able and more gradual. No users in the control condition achieved 0% error; while 3/4 users

receiving PHL reached perfect performance on average before the �nal session.

Figure 3.11: Pangram #1 (“the quick brown”) phrase error rates for each user through all
eight mini-sessions (pre-test and post test each).

These results suggest that passive training can be used to reduce learning time and

dif�culty for people learning Braille typing. Users not receiving PHL had signi�cantly

more variation in their number of typing errors. The near monotonic decrease in error for

participants given PHL suggests that, as in previous work [60], passive learning may be

31



aiding in passive rehearsal as well. Similar effects can be seen in user performance of the

second “untaught” #2 pangram during the tests, as is illustrated in Figure 3.12. Single-

factor ANOVA results for this pangram's (#2) typing error rates over the eight tests again

found statistical difference (F=7.138, p< 0.0001).

Figure 3.12: Pangram #2 (“when zombies”) phrase error rates through all eight mini-
sessions (phrase is only in the post test).

Typing Words

As in the �rst study, users receiving PHL illustrated UER differences between pre-tests

and post-tests for each word. These improvements in PHL users' performance can be seen

in Figure 3.13, which shows differences in error rates before and after passive instruction

(or lack therof) of that word. Words at the beginning of the pangram are highlighted in

the image because this performance difference is most visually noticable in initial sessions,

before PHL users achieve 0% error on that word (while there is still room for improvement).

Distraction Task

From distraction task scores analysis, data show that the control subjects showed no signif-

icantly better average performance than PHL (3.03% difference between conditions). The

more equitable performance between groups compared to our �rst study may be due to

the addition of audio stimuli during the distraction task in the control group. This result

suggests that users undergoing passive haptic training heeded instructions and did not pay

attention to the vibration stimuli.
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Figure 3.13: Pre and post test error rate differences for “the” and “quick” in the mini-
session devoted to learning that word. PHL participants are labeled here as 1-4, whereas
control participants are labeled 5-8.

Figure 3.14: Pre- and post test error rates for “dog” in the mini-session devoted to learning
that word. PHL participants are labeled here as 1-4, whereas control participants are labeled
5-8.

Reading Braille

As seen in Figure 3.15a, PHL participants also out-read users in the control group to achieve

high levels of correct Braille reading in all words' tests. Those who received passive haptic

training correctly read within one letter of possible on average for each word's quizzes;

while control users identi�ed fewer letters. Identi�cation accuracy on tactile quizzes fol-

lowed that of visual quizzes, as was also true in the �rst study. For 3-letter words in the

PHL pangram the, fox, dog – as seen in the �rst study, perception accuracy was consistent

between groups; however, words of 4-5 letters saw a difference in tactile perception accu-

racy between PHL and control users. This result is present in word quizzes, as well as the
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full quiz (Figure 3.15b). On the �nal quiz, PHL participants successfully read 93.3% of the

Braille alphabet on average.

Questionnaire

A nine-question survey is given at the end of the study. Seven-point Likert scales are

used on some questions (Strongly Agree (7) to Strongly Disagree (1)). Select results are

tabulated below.

Figure 3.15: Questionnaire snapshot.

3.8 Discussion

In this expansion of our validity study,users receiving passive haptic training succeed in

learning to type the full Braille alphabet and reach 0% typing error within four hours.

Results indicate that those with training were able to complete learning more quickly. All

users were able to learn some letters through trial-and-error during the tests, and I project

that those with PHL reached 0% error rapidly by needing only to actively learn a few

unknown letters (i.e., “z” before they were passively taught “lazy”).

Full study results also suggest that typing practice can act as reading practice. Those

receiving training again read more than those with only control (active practice). The gap

in perceptive ability in those without passive haptic training is unexpected though. What

is the reason for this added bene�t from PHL? Perhaps those experiencing passive haptic
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training are able to match what they sense with their expectations and knowledge of the

letters. What these results mean to future Braille instruction methods is yet unknown.

Results support the promise in a system for passive haptic training of Braille typing

(and reading). This system shows promise to reduce time and dif�culty for people learning

Braille. One of the most cited causes for the crisis in Braille instruction is the growth of

technology [8, 10, 139]. The idea that schools can neglect literacy instruction because of

screen readers or audio recording is ubiquitous. Perhaps work in wearable, tactile interfaces

and passive haptic training can rede�ne technology as a solution, rather than a cause of the

problem.

Figure 3.16: Reading scores for sessions 1, 2, 7 and 8's quizzes. Here, ID is visual Braille
reading, “Percep.” is tactile perception and “Tact. ID” is tactile reading score.

3.9 Conclusion

In this chapter I present a system and two studies. Passive haptic training of Braille is ex-

amined for validity and found to be robust. In an initial study containing 16 participants,

users demonstrated signi�cantly reduced error typing a phrase in Braille after receiving

passive training versus control (32.85% average decline in error vs. 2.73% increase in er-

ror). These participants also gained reading skills through their typing skills, ultimately

able to recognize and read 72.5% (vs. 22.4%) of Braille letters from the phrase. The ap-

paratus for providing instructional haptic stimuli is also detailed here, including important

considerations in the presentation of simultaneous stimuli.

In the second study, I passively train the full Braille alphabet in under four hours. Partic-

ipants receiving training increased accuracy and knowledge more rapidly and consistently,
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with 75% of PHL vs. 0% of control users reaching zero typing error. By the end of the

study, the experimental group was also able to read 93.3% of all Braille alphabet letters.

These results suggest that passive haptic training using wearable computers may be a fea-

sible method of teaching Braille typing and reading.

The goal of this chapter was toapply passive haptic training to teaching Braille,

and in the process shed light on how to enable passive training. Braille typing consists of

many discrete actions, each yielding a character, which is unlike the simple sequence of

actions that was taught in previous work on passive haptic training for piano. In addition,

Braille typing is a skill that requires use of both hands, and requires users to perform up

to �ve simultaneous actions to yield each character. Results of my work show that passive

training can help teach thesedozens of discrete and simultaneous actions– revealing new

potential in the technique. The wearable device and teaching structure that I developed in

this work may helpenable others to apply this technique to training other skills. In

the following chapter, I convolve the �ndings of this chapter and that of prior work to train

complex sequences of actions for advanced piano songs.
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CHAPTER 4

ADVANCING PIANO

In the previous chapter, I demonstrated that passive tactile training can help users learn

dozens of discrete motor actions involving two hands. In this chapter I apply this �nding

to an existing challenge in music training.

Prior work on passive tactile training has only explored training one-note-at-a-time,

one-handed piano melodies [59, 73]. However, most piano songs include chorded notes

and a melody performed by one hand with a harmony performed by the other. Learning

these songs poses a challenge to students, as it is typically too challenging to learn both

hands' pieces together.

Perhaps passive haptic training can overcome this learning challenge. Here I present a

study on passive haptic training of complex piano songs. I hypothesize that passive haptic

training will allow users to learn chords in music and enable practitioners to learn both the

melody and harmony of a piano song simultaneously.

Passive Learning Challenges

Initial research on passive haptic learning focused on piano. This prior work showed that

a sequence of single-�nger taps could be trained using repeated tactile stimuli in the back-

ground of attention [60]. Most piano students would want to perform more complex pieces.

Here, I expand �ndings on tactile training for Braille chords and instead teach asequence

of actions that include two-hands and simultaneous actions (chords). Though this

work applies to piano learning, I aim to help others apply the �ndings presented here to

similar applications: for instance, training a series of dance steps.
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Haptic Interface Challenges

Here, I present and contrast two successful methods of teaching complex piano songs via

haptics. Oneteaching structurebreaks a piece into parts and teaches one hand at a time (as

is typical of piano instruction), The other teaching structure breaks the piece into parts but

teaches both hands together to examine if haptic training makes this usually confounding

method possible. I use the same temporal offset method to convey grouped stimuli as was

used in the previous chapter.

4.1 Motivation

Learning a musical instrument requires hours of practice, and every new song is a new

sequence of notes. Passive haptic training may make it easier for practitioners to learn the

actions composing each new song, allowing them to focus more quickly on the joy and

artistry of playing. Results of previous work suggest that by wearing a tactile interface,

students may be able to train or rehearse the “muscle memory” routine and reduce practice

time or refresh their memory of a song too [92]. Young musicians might �nd this approach

more rewarding than traditional focused and time consuming drills and, as a result, may

be encouraged to persist in their education in the arts. Conversely, experienced musicians

who are experiencing repetitive stress injuries due to practice might use passive training to

reduce their active practice sessions to a minimum while maintaining skill. Prior work has

taught simple melodies using this technique, but many music students will want to learn

more complex pieces. Here I explore passive training of more complex piano songs.

There exists a dichotomy in the musical methodology regarding how to learn two-

handed pieces. Typically, when learning a piece of music that uses both hands, piano

students learn to play one hand and then the other before playing both parts together. How-

ever, music research literature views it as more advantageous to learn both hands together

from the start [12, 39, 118]. Unfortunately, in teaching and practice, learning both hands

38



together is viewed as largely too challenging – a stance with which research concurs [12,

39, 48, 118, 152]. Dif�culty is posed by having to divide attentional resources between

both limbs when learning the dexterity skill [12], resulting in widespread practice of learn-

ing one hand �rst, and then the other hand (“especially when playing a more complicated

piece of music”) [48, 152]. This common practice suggests that learning one hand at a

time may make learning more palatable. Here I examinewhether passive tactile training

can help students learn both the left and right hand's parts simultaneously – overcoming

this learning challenge and reducing time spent coordinating. I hypothesize that passive

training of both hands together is possible, and thus allows for a more rapid reduction of

errors in playing the piece as compared to learning one hand at a time.

4.2 Apparatus

This section details the wearable computing system that was designed to provide passive

haptic training for this chapter.Design decisions made within these apparatus sections

may be used as guidelines for future projects applying passive haptic training.

Wearable device

To provide instructional passive stimuli in this experiment, I designed a pair of gloves out-

�tted with a vibration motor (Precision Microdrives eccentric rotating mass (ERM) coin

tactors) on the back of each �nger near the knuckle. This placement and motor type was

selected in compliance with previous research [60], and in consideration of additional per-

ception studies conducted by me. 3.3V DC was used to provide the constant current used

in this system, resulting in peak recommended vibration amplitude of 1.3 g and 200 Hz

vibration frequency. The tactors were driven by TI ULN2003 Darlington array chips that

buffer the systems microcontroller and provide the necessary ampli�ed current. All motors

are held �ush with the �ngers by the fabric making up the gloves. The gloves are �ngerless

to provide optimal �t for varying hand size.
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Teaching Structure

In this study I compare two passive teaching structures for learning a two-handed musical

phrase. I selected the phrases from Mozart's “Turkish March” and Vivaldi's “The Four Sea-

sons, 2nd movement: Spring.” These phrases were chosen to contain chords (simultaneous

keystrokes) using both hands as well as dissimilar parts for both the left and the right hand.

In both teaching structures used here, the phrase is split into two parts. In prior work

on passive tactile training, parts of about 10-17 stimuli are trained in 20-30 minutes. The

success of this “dose” may vary depending on the complexity and number of actions being

taught, and the clarity of the tactile interface. In pilot testing for this work,more repetition

of shorter parts led to more learning and less confusion.Therefore, here, we compare

two incremental/piecemeal teaching structures: users either learn the left hand portion of

the song phrase followed by the right hand part, or they learn the �rst half of the song

phrase (both hands together) then the second half of the phrase. See Figure 4.2.

Stimuli

Song phrases are �xed sequences of keystrokes. During passive haptic training, each �nger

used to play a key in the sequence is “tapped” using the vibration motors in the gloves.

It takes about 15 seconds to stimulate the sequence, and then there is a 20 second pause

before the stimulation repeats again. There are about 30 repetitions of the sequence during

20 min of training.

Stimuli in the sequence are grouped by timing – some keystrokes in music are supposed

to be simultaneous (chords). Simultaneous keystrokes produce one auditory tone/note, just

like individual keystrokes. Working from the previously established paradigm of using

song music to accompany passive haptic stimuli,each tone in the song phrase is played

into the participant's earbuds, and the �nger or �ngers required to play this tone

are then stimulatedsequentially (in view of the �ndings in Chapter 3). Then the next

tone is played and so on. This audio punctuates the haptic stimuli: sequences yielding
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chords are broken-up by tones while keeping stimuli temporally tight, and users may have

understanding of the tones to be expected when they “type” on the piano keyboard.

Actuators were activated for durations of about 400 ms with very short pauses of ap-

proximately 100 ms in between grouped stimuli on adjacent �ngers (for chords). Any

stimuli in a tone were activated left to right on the hands, rather than in a random order.

4.3 Study: Design and Methods

Eight participants (ages 20-30) with no knowledge of piano and conducted a within-subjects

study to compare two passive training structures [122]. Each user attended two sessions

during which they are passively trained on one of two music phrases under adifferent

teaching structureeach time. The study is counterbalanced for phrase and condition. Each

session is divided in half, and each half focuses on one part of the song phrase. The struc-

ture of each session is as follows:

� Testing

� Distraction task and training condition (20 min.): part 1

� Testing

� Distraction task and training condition (20 min.): part 2

� Testing

Conditions

The conditions examined here concern how the haptic gloves passively teach participants.

All users receive passive training for one part of the song phrase during each distraction

task, but the way the phrase is divided depends on condition:

1. “LR” condition: users learn one hand's part followed by the other's (as piano stu-

dents typically learn)
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2. “Sync” condition: users learn both hands together (as they would perform the song)

Figure 4.1 shows how the music relates to the conditions: the phrase is split according to

the different conditions.

Figure 4.1: One music phrase used in the study (from “Turkish March”). Divisions show
what parts were learned during what condition's �rst and second learning period (i.e., parts
1 then 2 for the synchronized condition or left then right for the one-hand-at-a-time condi-
tion).

Measures

I hypothesized that users would be able to perform a musical phrase with more accuracy

(measured using a Dynamic Time Warp) after passive training, and that haptic training in

the “Syncronized” teaching structure would result in greater reductions in error.

Both experiments tested users' performance on a Casio lighted-keys piano keyboard.

The piano was connected to a PC using a USB cable which enabled recording of what is

played into MIDI format. The MIDI (Musical Instrument Digital Interface) format is a

technical standard allowing discrete, clear data direct from the instrument with no noise

generated by audio recording [133]. Each participant's performances were recorded in

MIDI format and evaluated using a Dynamic Time Warping (DTW) algorithm, to account

for errors of substitution, insertion, and deletion. DTW evaluates the costs associated with

various types of errors and attempts to minimize the costs, while �nding the optimal match

between two sequences. This metric is similar to the ISO standard for speech recognition

accuracy.
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Each session begins with a pre-test of the entire phrase to establish baseline perfor-

mance. For the pretest, users watch the music phrase being played on the lit keys of the

piano keyboard (the phrases are programmed into the keyboard by us). We then tell them

where to place their hands and ask them to play what they know. They are given one try at

playing the phrase during the pretest. All participants are piano novices.

After the pre-test, users spend 20 minutes receiving haptic training while focusing their

attention on the distraction task. After the �rst distraction task and training, users are tested

on their performance of the part of the song they learned passively. Users are given three

attempts at playing the part. Before the �rst attempt, administrators play the song's audio,

and before the last two attempts users are shown the piece played automatically by the

piano itself, where the piano lights the corresponding keys as each note is played. This

structure clari�es �nger positioning and sharps during the piece.

During the second half of the session, there is a second distraction task and test (regard-

ing the other part of the song phrase). The structure is identical to the �rst. At the end of a

session, users are given a full test where they are asked to play the entire phrase (either by

playing the left and right parts together, or the �rst part followed by the second part). As

above, participants are shown the phrase played automatically by the keyboard before each

of the three given attempts.

Distraction Task

The primary task from Chapter 3 [120] was used to occupy participants during the dis-

traction period. During this time, participants wear the gloves and feel vibrations on their

�ngers associated with the music for the part of the song they are learning (see Apparatus

section). Participants are told to not pay attention to the stimuli and to focus only on

getting a high score at the game.
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4.4 Results

Performance data was captured in MIDI format which represents what notes are played

and on/off times. These data were then translated into ASCII for easier visual perusal and

rapid, automated processing. A Dynamic Time Warping algorithm was used to analyze

the distance between the sequences produced when testing users and the correct sequence

of notes in each musical phrase. In the algorithm, each chord the user had played was

either found to be entirely correct (a match) or was labeled incorrect (insertion, deletion,

or substitution). For example, when looking for the chord “62-70-72” (three simultaneous

keys) only an exact match would contribute no increase in distance (error); “62-70” or the

like would be counted as entirely incorrect. This distance measure is then divided by the

max length of the phrase or input to yield percentage error, as is the de�ned standard in text

entry [89].

To examine the feasibility of passively teaching a sequence of two-handed key sets via

haptics, without the active attention of the learner, we examine differences in performance

error between the pretest and the average of the full post tests. In both conditions (LR and

Sync), as well as overall, users demonstrated reduced error after receiving passive haptic

training. Paired t-tests reveal that error differences between pretest and full tests (LR:

M=33.60%, SE=0.0531; Sync: M=49.55%, SE=0.0547; All: M=41.58%, SE=0.0560) are

signi�cant (LR: t(7) =4.47, p< 0.0015; Sync: t(7) =6.41, p< 0.00019; All: t(15) =7.42, p

< 2E-06).

A Dynamic Time Warping distance measure was also devised for better analysis of cor-

rect song content in which chorded inputs may be recognized as fractionally (rather than

entirely) correct. This measure was developed to be more sensitive to learning differences,

in case users often did not learn or perform note groups (chords) correctly. Though non-

typical in applications like text entry, where a similar Mean String Distance measure is used

to examine only whether a letter is entirely correct even in high keystrokes-per-character
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Figure 4.2: Performance error by condition. Before PHL (gray) re�ects pretest perfor-
mance, and after PHL (blue) re�ects average full post test performance (using original
DTW).

systems, applications such as this where learning, dexterity, and performance are evaluated

may bene�t from such a metric. The standard DTW measure was found to be re�ective

of learning (difference in performance) so this secondary measure was not needed in hy-

pothesis testing. It too re�ected a signi�cant effect on error reduction between pretest (LR:

M=82.76%, SE=0.0359; Sync: M=78.02%, SE=0.0412; All: M=80.39%, SE=0.0267) and

full tests (LR: M=37.61%, SE=0.0398; Sync: M=27.40%, SE=0.0524; All: M=32.51%,

SE=0.0331) when compared with a paired t-test (LR: t(7) =6.13, p< 0.0003; Sync: t(7)

=6.93, p< 0.0002; All: t(15) =9.46, p< 1E-07).

Teaching structure conditions (LR or Sync) were compared for effectiveness. When

users were given passive training in the Sync structure, they presented both better ultimate

performance and improvement from the pretest. Ultimate performance (best full post test

score (lowest error)) was examined for differences between conditions (LR: M=44.22%,

SE=0.0562; Sync: M=23.12%, SE=0.0690) and compared with a paired t-test which sug-
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gests differences are signi�cant (t(7) =1.98, p=0.0443). Improvement, which is de�ned

as the error difference between the pretest and the average test performance, was also

compared (LR: M=33.60%, SE=0.0531; Sync: M=49.55%, SE=0.0547), and signi�cant

differences were again found with a paired t-test (t(7) =-2.19, p =0.0322). See Figure 4.2.

Content-sensitive DTW re�ected closer performance on the full test between conditions

which illustrates an observed performance behavior difference: users who were in the LR

condition learned and played the notes for each hand, but failed to synchronize them into

the correct chord arrangements for the piece when tested. This partially-present content

was re�ected in lowered error rates for this group when using the content-sensitive met-

ric versus the original all-or-nothing DTW measure. Further examination of performance

improvements demonstrated no ordering effect or signi�cant difference in song dif�culty

(errors by song). Comparison of performance on the distraction task (online memory game)

showed no signi�cant difference when compared with a paired t-test (t(7) =0.554, p=0.300).

4.5 Discussion

These results suggest that to learn a piece without reading music and with minimal prac-

tice, passive training can help.Learning the piece using both hands at once is pos-

sible with haptic training and yields the best results. It was also observed that users

correctly played the notes of a chord together – despite each stimuli being presented se-

quentially for perception. Before passive training, users are told that each tone they hear

is followed by stimulation on the �nger or �ngers to press that make that tone. With only

this instruction, the interface successfully enabled users to parse the stimuli and seamlessly

self-synchronize.

4.6 Conclusion

Here I present results teaching two-handed, chordedpiano songsto novices using passive

training. A study compared two teaching structures and found that, with the aide of passive
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haptic training, users can learn both left and right hand's tunes at once – enabling more

rapid reduction of error.

Prior work on passive haptic training investigated teaching a sequence of simple actions

for one-handed piano melodies. The previous chapter detailed how passive training can

teach simultaneous actions involving two limbs. Here, I combine these �ndings to teach

complex sequences of actions. Passive haptic training is currently ideal for discrete tasks

such as piano, where each action is binary rather than continuous. This work shows how

repeated, vibrotactile stimulation canencode such discrete actions and train users one

part at a time. In the next chapter, I examine if passive haptic training can be used to help

individuals not only learn a skill, but improve performance.
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CHAPTER 5

IMPROVING PERFORMANCE ON KEYPAD TYPING

In previous chapters, I explored passive tactile training for initial learning of sequences and

discrete actions yielding meaning. Here, I examine passive tactile training beyond initial

learning – by designing a system to teach and improve typing speed on a labeled keyboard.

Many skills require extensive practice to improve performance, such as typing on the

QWERTY laptop keyboard. Repetition is often the hallmark of this practice. Passive tactile

stimuli can teach skills and provide extensive repetition; therefore, in this chapter I perform

a preliminary test of whether continued tactile training may improve performance speeds.

Here I suggest a wearable computing solution for learningand improvingkeyboard

typing skills. I hypothesize that passive tactile training can help teach users learn a spatial

layout even when visual cues (key labels) are present, and I hypothesize that continued

haptic training can improve their speed.

Passive Learning Challenges

Again here, I aim to teach discrete actions and their meanings – this time the key presses to

type on a keypad. Here, however the skill is aspatial task where each action may require

movement. In addition, both numeric keypads and QWERTY keyboards have each key

labeled with the corresponding symbol so that even a novice can begin typing accurately

immediately. However, typing by “hunt-and-peck” limits entry speed. By pre-training the

layout and reducing “hunt-and-peck” time, does passive tactile training give users a perfor-

mance advantage on a multi-row “spatial” typing task with labels present? Beyond learning

how to typeeach letter on a keyboard layout, in text entryspeedis a key to performance.

Can tactile training improve typing speedover time? Such questions have not been ex-

amined in previous work, but if these goals are feasible, I aim to provide data to enable
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others to apply this method to improve performance on other tasks that require practice.

Haptic Interface Challenges

Most keyboards have multiple rows of buttons, and each �nger needs to move to control

multiple keys. I hypothesize that users can learn spatial actions (movements) passively, as

long as the haptic interface can convey these actions to the user. To do this, an unobtrusive

wearable interface must be designed that provides this instructional stimuli. In this work, I

present one such system implementation.

5.1 Motivation

Learning text input systems is challenging, and teaching techniques rely largely on repeti-

tive typing practice that frustrates learners [13, 143]. More ef�cient layouts and keyboards

may exist, but they often rely on the same laborious learning techniques. For example,

a high school typing class may require 40-60 hours of QWERTY transcription practice

and expect highly performing students to reach speeds of 40 word per minute (WPM) [58,

115]. As another example, stenotype students must spend years practicing to achieve the

180 WPM required for courtroom reporting, and over 85% of courtroom reporting students

will not complete their training [57, 66]. Once a system of typing is learned, users are

also reticent to learn other typing systems, inspiring work on creating partially optimized

layouts that resemble the familiar QWERTY [7, 94]. Most typists will never learn DVO-

RAK even though they may believe it is faster than QWERTY [114]. I seek to lower these

barriers through passive haptic training.

Current techniques for learning the desktop or similar keyboards are often limited to

active practice. Conventionally, users wishing to improve their skill perform typing drills

or games [13, 143]. This repetitive practice of a motor skill is the state-of-the art to achieve

automaticity [127]. Research has been done on the learning curve that characterizes this

learning process for QWERTY [28, 89] and other keyboards [23, 87, 96], and even cog-
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nitive models have been developed to simulate it [28, 35]. Text entry learning is a well-

de�ned problem [23, 87, 96]. Many “crutches” exist, such as auto-complete and search

suggestions, to boost interaction performance despite these learning challenges. Research

on interventions for improving keyboard learning is mostly limited to tutoring software

and teaching structures in schools [13, 21, 115, 116, 142]. Other research suggests differ-

ent keyboard layouts, but with the same laborious learning methods [87, 96].

Most text entry research in haptics focuses on tactilefeedback(such as a vibration each

time a key is tapped) to bene�t in-situ typing performance as opposed to impact learning

[11, 76]. Other haptics research uses hapticcues or guidanceduring motor tasks like typ-

ing [80, 84, 129]. Since these cues are presented during task performance though, they

may only serve to be a crutch to participants and have demonstrated mixed results on fa-

cilitating learning and performance. In addition, most research on haptic training focuses

on accuracy metrics, and improvement on task performance speed is largely uninvestigated

[150].

5.2 Apparatus

This section details the wearable computing system and stimuli that were designed to pro-

vide passive haptic training for these studies. Design decisions made within these apparatus

sections can be used as design guidelines for future projects applying passive haptic train-

ing.

Wearable device

In these studies, a single right-hand glove with embedded vibration motors is used to pro-

vide instructional tactile stimuli (Figure 5.1). The glove is �ngerless for improved �t on a

variety of hand sizes. A small, coin-shaped vibration motor (Precision Microdrives 310-

113) is attached tothe top and bottomof each �nger and these are driven by a small circuit

board. See Figure 5.2. These eccentric rotating mass (ERM) motors are driven with 3V DC
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Figure 5.1: The wearable computing glove used to provide haptic training.

to provide the constant current required for peak recommended vibration strength (1.38 g)

and a 200 Hz vibration frequency. The motors are driven by TI ULN2003 Darlington array

chips to provide the necessary current and buffer the system's microcontroller.

Teaching Structure

We aim to teach the layout of a 10-key keypad and then improve user typing performance.

The layout of the keypad is 3 x 3 with one key below the third row. I will divide the keypad

into parts and train users incrementally, one row at a time. During each passive learning

period, users passively “learn” one row of the randomized keypad layout shown in Figure

5.3. Teaching a row at a time allows for “chunking” [119] and infers an already-present

spatial grouping both of which bene�t spatial memory and may make learning easier.

To improve their performance in the second study of this chapter, I will repeat the stim-

uli identically in two follow-up visits. This study is a simple preliminary test of whether

identical training after initial learning will result in continued performance improvements.

Stimuli

Learning periods are 15 minutes long. The middle row is taught during the �rst period,

then the top row, and then the bottom row and thumb key (key 9 in Figure 5.3) in the

last period. Each number in the row is spoken (using a previously recorded text-to-speech
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Figure 5.2: The top and bottom vibration motor locations. Stars highlight these locations
on the example �nger.

voice). Immediately after a number is spoken, a vibration “taps” the correct �nger used to

type that number key. Vibrations are about 500 ms in duration, with a 100 ms pause before

the next number. There are seven second pauses between repetitions of the row, resulting

in about 80 repetitions.

Here I train users on not only what �nger types each key, but also whether that �nger

should move up to type the upper row or down to type the bottom row. I hypothesize

that training of movements or “spatial tasks” is possible as long as the tactile interface

can convey this to the user. Therefore, here I present one way to convey this movement

using tactile taps. For keys in the upper row, the motor on the top of that �nger vibrates.

Similarly, for keys in the bottom row, motors on the bottom of the �ngers vibrate. If a key

is in the middle row, both motors vibrate. The large key on the bottom of the keypad (here

labeled 6) is operated by the thumb and taught along with the bottom row. The pinky �nger

is not needed for typing on this keypad and is therefore not stimulated.

5.3 Study 1: Design and Methods

Twelve users (18-25 years of age, 6 male / 6 female) participated in a between-subjects

study to examine entry performance on a randomized, multi-row keypad with or without

passive haptic training. I hypothesize that users receiving passive training will show better

performance than those without, as measured by increase in words per minute.
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Figure 5.3: The keypad and randomized layout.

The reduced keyboard used here is the 4x3 number pad, which is typed in the same way

as the QWERTY keyboard but uses only the right hand. The numeric keypad is the simplest

commonly available keyboard where each �nger controls multiple keys. It requires only

one hand, reducing the amount of hardware needed for testing. Numeric data entry is a

task that has been well covered in the literature making it easier to study in laboratory

conditions. In addition, while not as ubiquitous as the need for QWERTY text entry, fast

numeric data entry is still a required skill for many jobs, and a method of increasing learning

speed could be bene�cial to schools that teach those skills. Since most individuals have

varying, non-negligible skill at desktop QWERTY typing I use a randomized mapping in

this experiment. Unlike in previous research on passive haptic learning, the keyboard being

learned here is labeled (as are most QWERTY keyboards); this labeling enables users to

look for the correct key to type. To provide more information on this behavior in our study,

I use an eye tracker during typing tests. Will users exposed to passive training show higher

typing speeds? Can training help users learn, even on a grid-shaped keyboard where each

�nger must control multiple keys?

Users were randomly assigned to either the passive haptic training or control condition.

Each user visited the lab for one session with the structure in Table 5.4.
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Figure 5.4: Session structure. All users have the same tests and same distraction task.

Conditions

Under the experimental condition (Passive Haptic Learning (PHL)), participants receive

instructional haptic stimulation (details in Apparatus section) in the background while fo-

cusing on their distraction task. In the control condition (Control), participants receive no

training. All participants have access to key labels during testing.

Measures

Typing Tests

Tests gauge users' typing performance on the randomized keypad. They are given a pre-test

at the beginning of the session and a test after each distraction task period (when users in the

PHL condition passively “learn”). During all tests, users sit at a desktop computer and type

on the keypad with the right hand (Figure 5.5). They are asked to type whatever prompts

appear onscreen. The prompt corpus for each test is �ve randomized strings containing

all numbers on the keypad (0-9), presented in 5-character halves. Proper hand position is

enforced by the study observers in both studies: participants must use the correct �nger to

type each key. They are told to use the index �nger for the leftmost keys, middle �nger for
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