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Abstract—Recently, a phonemic-based tactile speech
communication system was developed with the goal to transmit
speech through the skin for people with hearing impairments and
those whose auditory and visual channels are overloaded or
compromised. The display, called the TActile Phonemic Sleeve
(TAPS), consisted of a 4-by-6 tactor array worn on the dorsal and
volar surfaces of the forearm. Earlier work showed that people were
able to learn the haptic symbols for 39 English phonemes and reach
a mean phoneme recognition rate of 86% correct within one to four
hours of training. The current research evaluated the acquisition of
up to 500 words using TAPS. A total of 51 participants were trained
and tested in three studies with increasing number of phonemes and
vocabulary sizes. Individual achievements varied, but the results
clearly demonstrate the potential of transmitting any English word
using TAPS within a reasonable period of learning. Future work
will include increasing the speech transmission rate with TAPS by
improving the phonemic codes and reducing the inter-phoneme
intervals, addressing the reception of words and sentences composed
of strings of tactile phonemes, and assessing the performance of
TAPS as a speech communication system for people with severe
hearing impairments.

Index Terms—Tactile speech communication, phonemic coding,
tactile phoneme identification, tactile word identification, language
acquisition, learning rate, haptic symbols for English phonemes.

I. INTRODUCTION

WE have always known that speech reception through the

sense of touch is possible as demonstrated by natural

tactile speech communication methods, yet decades of research

and development on sensory substitution have not produced

tactile devices with performance levels that match those

achieved by natural methods. We tackle this challenge with our

ongoing efforts at enabling speech reception through the skin.

This article summarizes results from three longitudinal studies

to demonstrate tactile word acquisition mediated with a TActile

Phonemic Sleeve (TAPS). Our data from fifty-one participants

show that it is possible to acquire up to 500 English words on

the forearm at a learning rate of roughly 1 word per minute.

Evidence of tactile speech reception can be found in a wealth

of literature on natural tactile communication methods [1], [2],

particularly the methods used by individuals who are both deaf

and blind [3]–[10]. One noteworthy example is the Tadoma

method where a user places the hand on a speaker’s face, with

the thumb over the lips, the fingers spread across the cheek and

the little finger on the neck. In the absence of any visual or audi-

tory cues, the Tadoma user obtains tactual information associ-

ated with articulatory processes such as mouth opening and air

flow via the thumb, muscle tension via the fingers on the cheek,

and laryngeal vibration via the little finger. Performance with

the Tadoma method has been well documented: After years of

learning, Tadoma users can achieve a performance level of

roughly 55% correct at receiving consonants and vowels, 40%

correct at receiving isolated monosyllabic words, and 80% cor-

rect at receiving keywords in conversational sentences produced

at slow-to-normal speaking rates [8]. Two-way communication

rates are estimated to be in the range of 60-80 words per minute

(wpm) [11], which is comparable to the rates produced for slow

conversational speech [12]. Unlike other tactile speech commu-

nication methods that are often used with lip reading, informa-

tion available to Tadoma users is purely touch-based, thus

providing proof of an existing lower bound that can be achieved

with a natural (i.e., not device-mediated), touch-based speech

communication method. Therefore, the performance levels

achieved by experienced Tadoma users can serve as benchmarks

against which other natural and device-mediated tactile speech

communication methods, including our own, can be compared.

In general, performance levels with devices designed for tac-

tile speech communication do not approach the levels demon-

strated by Tadoma users [13]. Prosthetic devices for people with

profound deafness have been developed that include tactile aids

and cochlear implants. Due to the success of cochlear implants

where a significant fraction of implanted adults are able to

achieve high levels of speech reception through the implant

alone, and some children implanted at a very young age may

develop speech and language skills at levels comparable to their

normal-hearing peers [14], [15], the number of persons with

cochlear implants far outnumbers those using tactile aids.
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Nonetheless, over the years there have been systematic efforts on

the development and testing of wearable tactile aids [16]–[18],

including the more successfully commercialized Tactaid devices

[19] from Audiological Engineering Corp. (AEC, Somerville,

MA). The devices are useful to those for whom cochlear implan-

tation is not an option, and provide a non-surgical alternative to

people with hearing impairments. When used alone, the Tactaid

devices were capable of conveying useful information regarding

environmental sounds [20], but could not be used for understand-

ing speech without the use of lipreading [21]. When used in con-

junction with lipreading, the devices provided a limited

improvement to sentence reception accuracy with a typical

increase of around 10% (the so-called ceiling effect) [20]. The

Tactaid devices are no longer available commercially yet the

need still exists for persons with profound hearing loss as an

option for aiding lipreading and receiving environmental sounds.

In addition, tactile communication devices can potentially be

useful to individuals who are situationally deaf due to activities

such as firefighting, diving, military silent operation and in appli-

cations such as virtual and augmented reality.

Recently, work has been undertaken by the authors with the

goal of developing a tactile speech communication system

which permits recognition of any English word after a short

learning period. Several decisions were made early in this work

regarding a strategy that would optimize the chances of success

of this ambitious goal. Firstly, we decided against the use of

Braille symbols as the basic unit. Braille codes can be displayed

on the skin using a 6-tactor display. Recognizing the Braille pat-

terns on the forearm requires the user to localize and enumerate

all vibrating tactors that correspond to the “on” dots in a Braille

code. This would require a sparsely-spaced six tactor layout on

the forearm as the two-point discrimination threshold on the

forearm is at least 30 mm [22] and our ability to localize tactors

on the forearm is limited [23], [24]. An additional challenge is

that numerosity judgment on the skin is poor especially with

tactors placed on a regular grid [25], [26]. In terms of familiarity

with Braille codes, fewer than 10% of the 1.3 million people

who are legally blind in the US are Braille readers [27], and the

learning of Braille may prove to be time-consuming and chal-

lenging for users who experience degenerative visual loss and

those of older age [10]. Therefore, a Braille-based system will

benefit only a small fraction of the blind population and impose

additional learning time on other potential users.

Secondly, we decided against the use of Morse Code as the

basic unit. It is time-consuming to become efficient at receiving

words with the Morse Code. The code is also inherently slow

due to the need to maintain the 1:3 dot-dash duration ratio as

well as the space between dots and dashes. Previous research

has shown that the ability of two experienced Morse Code

operators to receive the code through short (for dot) and long

(for dash) vibration patterns is limited to about 20 wpm [28],

far below the 60-80 wpm demonstrated by Tadoma users.

Thirdly, we decided against the spectral-based encoding

approach based on the cochlear model that has been widely

used by most tactile aids for speech communication. As an

example, Tactaid VII made by AEC consisted of seven reso-

nant-type vibrators. The acoustic signal of speech was proc-

essed through an array of bandpass filters with increasing

center frequencies. The outputs of these filters were rectified

and used to modulate the amplitudes of the corresponding

vibrators [29]. One problem with the Tactaid VII is that the tac-

tors all vibrated at the same fixed resonant frequency, and such

a “homogeneous” display is prone to masking (a perceptual

phenomenon that refers to a reduced sensitivity to one signal in

the presence of stronger signals nearby). There is also the addi-

tional challenge of token variations both within and across

speakers, posing an extra burden on the user to learn to catego-

rize tactile sensations despite the sometimes large variations.

Our strategy is to encode English phonemes into perceptually

distinct haptic symbols that can be combined to “sound out” a

word. We reasoned that with the recent advancement of auto-

matic speech recognition technologies and text-to-speech tran-

scription, it is possible to convert any spoken or written English

into phoneme streams that can be displayed on the forearm. For

faster speech transmission, we decided to use phonemes as the

basic units instead of letters of the alphabet because the number

of phonemes in any English word is always less than or equal to

the number of letters. The tradeoff here is that the user needs to

learn 39 haptic symbols associated with the 39 English pho-

nemes, as opposed to only 26 symbols for letters. Our earlier

work demonstrated, however, that people can indeed learn the

39 haptic symbols for phonemes with a mean recognition rate of

86% correct within one to four hours of training [30].

There are two long-term objectives of our research program.

First, we are interested in the information transmission rates

achievable with our phonemic-based tactile speech communica-

tion system. By leveraging the English language knowledge and

skills of our participants, we hope to shorten the time required for

the reception of continuous speechmaterials. Second, we envision

our phonemic-based tactile speech communication system to be

used by people with all levels of sensorimotor capabilities, includ-

ing those who are deaf or deaf-and-blind. We are therefore focus-

ing on testing participants with normal vision and hearing before

addressing the specific language skills of people with hearing

and/or visual impairments. The present report is an extension of

the work presented in Reed et al. [30] where we presented the tac-

tile coding scheme and results on phoneme identification. We

report our findings on word recognition using the same haptic

TABLE I
OVERVIEW OF THE THREE STUDIES
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symbols representing English phonemes. In a series of three

studies (see Table I for an overview), the vocabulary size was

increased from 51 to 100 to 500 words, and the efficacy of pho-

neme-based (bottom-up) and word-based (top-down) learning

approaches was compared. A total of 51 participants were

recruited across studies (with some taking part inmultiple studies).

The results provide strong evidence that tactile speech communi-

cation is achievable within a reasonable amount of learning time.

II. GENERAL METHODS

This section presents the general methods that are common

to the three studies reported in this article. Information that is

unique for each study is included in subsequent sections for

the individual studies.

A. TAPS

The haptic interface is called TActile Phonemic Sleeve, or

TAPS. It consists of a 4-by-6 tactor array worn on the left fore-

arm (Figure 1). There are six tactors in the longitudinal direc-

tion (elbow to wrist) and four tactors in the transversal

direction (ring around the forearm). As seen in Figure 1, the 24

tactors are arranged in six groups of four, with three clusters on

both the dorsal and volar sides of the forearm. To “wear” the

interface, the participant places the left forearm on the lower

half of the tactor array (see Figure 1) with the volar side facing

down, wraps the upper half of the tactor array on top of the dor-

sal forearm, and fastens the gauntlet with Velcro straps.

The actuator is a wide-bandwidth tactor (Tectonic Elements,

Model TEAX13C02-8/RH, Part #297-214, sourced from Parts

Express International, Inc.). A MOTU 24Ao audio device

(MOTU, Cambridge, MA, USA) was used for delivering 24

channels of audio waveforms to the 24 tactors through custom-

built stereo audio amplifiers. A Matlab program running on a

desktop computer generated the multi-channel waveforms and

ran the experiments. With this setup, the tactors can be driven

independently with programmable waveforms.

During all experiments, the participant sat comfortably in front

of a computer monitor and wore noise-reduction earphones to

block any sounds from the tactors (see Figure 2). The elbow-to-

wrist direction of the left arm was adjusted to be roughly parallel

to the torso. The participant used the right hand to operate the

computer keyboard and mouse. Several gauntlets were con-

structed using different fabric materials during the experiments

reported here, but the layout of the tactor array on the forearm

was kept the same.

B. Haptic Symbols for Phonemes and Words

Thirty-nine haptic symbols were developed for the 39

English phonemes, i.e., distinct sounds of spoken English [31].

Table II shows the 24 consonants and 15 vowels making up the

phonemes in the form of our own capital letter symbols, the

corresponding International Phonetic Alphabet (IPA) symbols,

and sample words containing the corresponding phonemes. We

used capital letter symbols for ease of programming and data

storage in the text format. As an example, the phoneme tran-

scription for “ace” was “AY”�“S."

Each symbol consists of vibrotactile patterns using one or

more of the 24 tactors. The mapping of the phonemes and hap-

tic symbols incorporates the articulatory features of the sounds

of the English language, balanced by the need to maintain the

distinctiveness of the 39 haptic symbols. The stimulus proper-

ties included amplitude (in dB sensation level, or dB above

individually-measured detection thresholds), frequency (single

or multiple sinusoidal components), waveform (sinusoids with

or without modulation), duration (100 and 480 ms for short and

long, respectively), location (place of activation along the

TAPS array), numerosity (single tactor activation or multiple

tactors turned on simultaneously or sequentially), and move-

ment (smooth apparent motion or discrete saltatory motion

varying in direction, spatial extent, and/or trajectory). Exam-

ples of the use of articulatory features to construct the pho-

nemes include the use of location on the array to map place of

articulation (e.g., front sounds are presented near the wrist and

back sounds near the elbow), the use of unmodulated versus

modulated waveforms to distinguish voiceless and voiced cog-

nate pairs (i.e., vibrotactile modulation was used to encode

vocal-fold vibration), and the use of short and long signal

Fig. 1. Tactor layout of TAPS. The row and column numbering is the same
as that used in Fig. 1 and Table I of [30] for ease of reference. The superim-
posed hand and arm image indicates the placement of rows iii and iv under the
forearm (volar side), and rows i and ii above the forearm (dorsal side).

Fig. 2. Experimental setup.
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durations for distinguishing brief plosive bursts from longer

fricative noises, respectively.

To further differentiate consonants and vowels, all haptic

symbols for consonants occur at distinct locations on the fore-

arm, and those for vowels involve simulated movement sensa-

tions (e.g., from the wrist to the elbow for the “OO” sound).

Details of the phoneme mapping strategies and the resultant

haptic symbols can be found in [30], with supplemental mate-

rials detailing the more complex waveforms for vowels.

To display an English word, the haptic symbols corresponding

to the phonemes making up the word were delivered in sequence,

with a temporal gap (inter-phoneme interval) inserted between

phonemes. Theword duration varied from roughly 1 to 2 s.

C. Calibration of Perceived Intensity

In order for the haptic symbols to be well perceived despite

individual differences in detection thresholds for vibrotactile

stimuli and the variations in tactor characteristics, it is important

to calibrate the perceived intensity of the 39 haptic symbols

across participants and equalize the perceived intensity of the 24

tactors. This is achieved with a two-step calibration procedure.

First, detection thresholds at 60 and 300 Hz were estimated with

one tactor (i.e., the “reference tactor” in Row ii, Column 4,

Figure 1) using a one-up two-down adaptive procedure [32].

Second, the intensities of all 24 tactors were adjusted to match

that of the reference tactor using a method of adjustment [32].

The two-step calibration was performed for each participant

prior to the three studies reported in this article. A detailed

description of the calibration procedures can be found in [30].

III. STUDY I: 10 PHONEMES AND 51 WORDS

The first study examined the feasibility of learning 10 of

the 39 phonemes and 51 English words made up of the 10

phonemes.

A. Methods

1) Participants: Ten na€ıve participants (P01 to P10, 5

females; age range 18-30 years old, average 21.6 � 3.4 years

old) took part in Study I. All were right handed with no known

sensory or motor impairments. The participants came from

diverse language backgrounds. All participants were fluent in

English, including four native English speakers. Other lan-

guages spoken among the participants included Arabic, Bhoj-

puri, Bulgarian, Chinese, French, German, Hindi, Japanese,

Korean, Maithili, Nepali, Punjabi, Tharu, and Tibetan. Most

of the participants also received early childhood music train-

ing including piano, sax, clarinet, percussion, pipa, trumpet,

violin and zither.

Experimental data from participants P01-P04 were obtained

and reported in a previous study [33].

2) Learning Materials: The learning materials consisted of 10

phonemes and 51 English words. The phonemes were: EE, AY,

OO, I, D, M, S, W, DH, and K. Table III lists the 51 words

made up of the 10 phonemes divided into two groups. The full

set of 51 words consist of 23 VC (vowel-consonant) or CV

(consonant-vowel) words and 28 CVC (consonant-vowel-

consonant) words. Each word was transcribed into the corre-

sponding English phonemes and presented as a concatenated

TABLE II
THE THIRTY-NINE ENGLISH PHONEMES USED IN THE PRESENT STUDY

TABLE III
THE FIFTY-ONE ENGLISH WORDS USED IN STUDY I (C ¼ CONSONANT; V ¼ VOWEL)
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sequence of the corresponding haptic symbols, with an inter-

phoneme interval of 300 ms between adjacent phonemes. The

haptic symbols for the 10 phonemes used in Study I were as

described in Tables I and II and Figures 2 and 3 of [30], with

the following two exceptions. The haptic symbols for “D” and

“S” used an earlier version of the codebook in which the wave-

form for “D” was 60 Hz and the location of “S” was on the

volar mid-forearm.

3) Learning and Testing Procedures: The learning of the 10

phonemes and 51 English words were divided into four tasks

that got progressively more difficult. They were:

� Task 1: 6 phonemes (AY, S, D, OO, M, EE);

� Task 2: 24 words (Group 1) made up of these 6

phonemes;

� Task 3: 10 phonemes (4 new added to Task 1: I, W, DH,

K);

� Task 4: 51 words (Group 1 þ Group 2) made up of the

10 phonemes.

Each learning task consisted of “free play” and “practice

identification test.” During the free play, the participant

selected a phoneme or word to be learned, and felt the haptic

symbol(s). During a practice identification test, the participant

felt a phoneme or word, gave a response, and received trial-

by-trial correct-answer feedback. Time spent in both learning

activities was logged as learning time. Additional testing was

conducted without any feedback to gauge the participant’s

performance level for the self-paced group (see below). Time

spent on the tests without feedback was not included in the

calculation of cumulative learning time. The identification

tests for phonemes and words employed closed-set testing

where the complete list of stimuli for a given task was made

available to the participants, from which they were instructed

to select a response on each trial. The layout of the phonemes

or words on the computer screen was the same for learning

and testing in each task.

To compare the performance with a timed vs. self-paced

procedure, the ten participants were randomly assigned to two

groups. For participants P01-P05, the learning time was lim-

ited to 10 minutes on each learning day, for a total of six days.

Each of the six learning days included 5 minutes of “free play”

followed by 5 minutes of “practice identification test.” No test

without feedback was conducted for the participants in this

group. The short time period allowed for learning on each day

helped the participants to maintain full concentration during

the time spent learning the phonemes and words. By spreading

the 60-min learning time over six days, we sought to take

advantage of memory consolidation; i.e., improvement in pho-

neme and word recognition performance after a period of time

when the participant was not actively engaged in the learning

task [34]. Evidence for memory consolidation during the

learning of all 39 phonemes was reported earlier in [33] (see

Section 6, Exp. II).

The learning activities for participants P01-P05 were orga-

nized as follows:

� Day 1: Task 1 (6 phonemes learned and tested);

� Day 2: Task 2 (Group 1 words learned and tested);

� Day 3: Task 3 (4 new phonemes learned, 10 tested);

� Day 4: Task 4 (Group 2 words learned, 51 words

tested);

� Day 5: Task 4 (51 words reviewed and tested);

� Day 6: Task 4 (51 words reviewed and tested).

The number of trials for the tests was as follows: 54 trials

for 6 phonemes (Task 1), 40 trials for 24 words (Task 2), 50

trials for 10 phonemes (Task 3), and 40 trials for 51 words.

The remaining participants (P06-10) followed a self-paced

learning procedure conducted within one or two 2-hour labo-

ratory sessions. They were trained and tested on the four tasks

described above. For each of the four tasks, the self-paced

training began with the use of “free play,” followed by a

“practice identification test” with trial-by-trial correct-answer

feedback as described above. When a criterion level of perfor-

mance � 80%-correct was achieved on a practice test, the par-

ticipant was tested without feedback, and then advanced to the

next task on the list.

On the phoneme identification task, 24 trials were presented

in each of tests with and without feedback for Task 1 and 32

trials for Task 3. For the word identification testing, 30 trials

were employed in each run of testing with feedback and 50 tri-

als in the non-feedback testing for both Task 2 and Task 4.

B. Results and Discussion

The percent-correct scores for phoneme recognition (Task 1

and 3) and word recognition (Task 2 and 4) from the identifica-

tion tests without feedback are shown in Figure 3 as a function

of cumulative learning time in minutes. For Task 1 (learning of

6 phonemes; see the upper-left panel of Figure 3), all ten partici-

pants reached a phoneme recognition rate of 96.3 to 100% cor-

rect within the first 10 minutes of cumulative learning time, with

the self-paced group (P06 to P10, filled symbols) doing sowithin

4.15 to 8.81 minutes. For Task 2 (learning of 24 words), the par-

ticipants reached a word recognition rate of 77.5 to 100% correct

Fig. 3. Results of Study I on the learning of 10 phonemes and 51 words for
the ten participants. Each panel shows the results for one of the four tasks. The
open symbols represent participants P01 to P05 who followed a timed learning
procedure. The filled symbols represent participants P06 to P10 who followed
a self-paced learning procedure.
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within 32.33 minutes of cumulative learning time. For Task 3

(learning of 4 new phonemes and testing with 10 phonemes), the

participants reached 90.3 to 100% correct within 39.64 minutes.

There are more data shown in Figure 3 for Task 4 (see the lower-

right panel) because participants P01 to P05 did the task from

Day 4 to Day 6. These participants in the timed learning proce-

dures were able to learn all 51 words with a recognition rate of

97.5 to 100% correct by the end of Day 6 (60 minutes). With the

self-paced learning procedure, participants P06 to P10 reached

78.0 to 100% within 56.98 minutes. Specifically, three of the

participants (P07, P08, and P09) achieved criterion performance

on the 51-word task within one 2-hour session. One participant

(P06) achieved 78.0% correct which was considered close

enough to the 80% criterion. The remaining participant (P10)

required a second session to achieve the goals of the study. There

does not appear to be any systematic difference in the perfor-

mance level and learning time between the two participant

groups.

It was relatively easy for the participants to learn the 10

phonemes. Phoneme recognition rate was nearly perfect for

Task 1 (6 phonemes) and above 90% for Task 3 (10 pho-

nemes). For some participants, the transition from phonemes

to words required some familiarization, as seen comparing the

results from Task 1 (6 phonemes) and Task 2 (24 words made

up of the 6 phonemes). This indicates that additional learning

was needed to process phonemes delivered in a sequence.

Despite the initial “dip” in performance for Task 2 and Task 4

when the participants transitioned from phonemes to words,

word-recognition improved quickly for Task 4 as seen in the

large performance improvement by P01 (82.5 to 97.5% cor-

rect) and P04 (62.5 to 97.5% correct) from 40 to 60 minutes.

With additional learning time, participants P06 and P10 might

have improved their Task 4 performance levels significantly

as well.

Despite some individual differences, all participants suc-

ceeded in learning the 51 words with very few errors within

one hour, which is a very reasonable amount of cumulative

learning time. The average of the cumulative learning time for

all participants (using 60 minutes for P01-P05) was 49.33

minutes. It corresponds to an average learning rate of 1.0

word per minute.

IV. STUDY II: 39 PHONEMES AND 100 WORDS

Encouraged by the high performance level achieved in Study

I within one hour of learning, the second study expanded the

phoneme list to include all 39 English phonemes and increased

the word list to 100 words made up of all the phonemes. The

objectives of Study II were threefold. First, it was important

that we assess the learning of all English phonemes, so that any

English word can potentially be presented and acquired on the

skin. Second, the learning time should be manageable so that

our tactile speech communication system has a practical impact.

Third, we compared the relative merits of phoneme-based

(bottom-up) and word-based (top-down) learning approaches to

find the most efficient learning paradigm. The results of Study

II were reported earlier in [35] and re-analyzed here.

A. Methods

1) Participants: A total of twenty-four new na€ıve partici-

pants took part in Study II. Twelve of them (P11-P22;

6 females; age range 18-26 years old, average age 21.9 � 1.7

years old) were randomly assigned to the phoneme-based

learning group. The remaining twelve (P23-P34; 6 females;

age range 19-39 years old, average age 25.0 � 5.7 years old)

were assigned to the word-based learning group. All were right

handed with no known sensory or motor impairments. Six of

the participants in each group are native English speakers. The

other participants speak English fluently and their first lan-

guages include Bulgarian, Chinese and Korean. Most of the

participants received early childhood music training including

piano, violin, guitar, flute, and cello.

2) Learning Materials: The learning materials consisted of

39 phonemes and 100 common English words. The haptic

symbols for the 39 phonemes were as described in Tables I and

II and Figures 2 and 3 of [30]. The words were organized into

eight groups (see Table IV; the groups are explained later in

Section 4.1.5). They consisted of 50 two-phoneme (CV or VC)

words and 50 three-phoneme (49 CVC and 1 VCV) words.

Each word was transcribed into the corresponding English pho-

nemes. Each phoneme was mapped to the corresponding haptic

TABLE IV
THE ONE HUNDRED ENGLISH WORDS USED IN STUDY II
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symbol, with an inter-phoneme interval of 300 ms between

phonemes. The word duration varied from roughly 1 to 2 s.

3) General Learning and Testing Procedures: For both pho-

neme-based and word-based groups, the learning procedure

was based on a 10-day curriculum where learning time was

capped at 10 minutes per day, for a total of 100 minutes. On

each day, the participants engaged in free play and practice

identification testing, and the total time was recorded as learn-

ing time. The participants were encouraged to spend time with

both activities during the 10-min learning period, and could

decide how to divide their time between them. In order to

assess learning progress, a closed-set phoneme or word identi-

fication test without feedback was conducted after the 10-min

learning period. The test typically took less than 10 minutes

and did not count towards learning time since no correct-

answer feedback was provided. The procedure was followed

by the participants in both the phoneme-based and word-based

learning groups, so their results could be compared under

comparable conditions.

The combined experimental time, excluding the pre-experi-

ment threshold testing and tactor intensity calibration time,

reached 80 hours (24 participants � 10 days � 1/3 hour per

day). The procedures followed by the two groups of partici-

pants are outlined below for phoneme-based and word-based

learning, respectively.

4) Procedure for Phoneme-Based Learning: The 10-day cur-

riculum for phoneme-based learning was as follows:

� Day 1: 6 Cs (consonants) – P T K B D G;

� Day 2: 12 Cs – Day 1 þ F V TH DH S Z;

� Day 3: 18 Cs – Day 2 þ SH ZH CH J H W;

� Day 4: all 24 Cs – Day 3 þM N NG R L Y;

� Day 5: 8 Vs (vowels) – EE IH AH OO UU AE AW ER;

� Day 6: 15 Vs – Day 5 þ AY I OW OE OY UH EH;

� Day 7: all 39 phonemes (> 90% correct required before

learning words);

� Day 8: 50 VC/CV words (if > 90% correct with 39 pho-

nemes, otherwise repeat Day 7);

� Day 9 & 10: all 100 words (after one day with 50 VC/

CV words);

With the phoneme-based learning approach, participants

P11-P22 learned the haptic symbols associated with the 39

phonemes before learning the 100 words presented as sequen-

ces of phonemes. As shown above, the 24 consonants were

divided evenly into 4 groups and learned from Days 1 to 4.

The 15 vowels were divided into two groups and learned dur-

ing Days 5 and 6. On Day 7, all 39 phonemes were available

for learning and each participant had to achieve at least 90%

correct on a phoneme identification test before proceeding to

learning words. Therefore, all 12 participants had the same

learning tasks from Day 1 to 7.

From Day 8, the participants who had successfully passed

the 90%-correct phoneme identification criterion spent their

10-min learning time on free play and practice identification

test, this time with words instead of phonemes. Again, the par-

ticipant completed a word identification test without any feed-

back after the 10-min learning period was over. The 100 words

were divided into two groups: the first 50 words consisting of

only two-phoneme words and the remaining 50 consisting of

three-phoneme words. After reaching the 90% criterion for

phoneme learning, each participant learned the 50 CV/VC

words for one day only regardless of their performance level.

This was followed by all 100 words on the following day until

10 days were reached. It follows that the participants may pro-

ceed at different paces from Day 8 to Day 10 due to differences

in individual progress.

5) Procedure for Word-Based Learning: With the word-

based learning approach, participants P23-P34 started with

word learning on Day 1. To gradually increase the difficulty

levels, the 100 words were divided into 8 groups with an

increasing number of phonemes contained in each group (see

Table IV). For example, the 13 words in Group 1 were made

up of 6 phonemes: D, M, S, AY, EE and OO. Each successive

group contained 12 to 13 additional words with 4 to 5 addi-

tional phonemes, as shown below.

� Group 1: 13 words (6 phonemes);

� Group 2: 13 words (4 new phonemes);

� Group 3: 12 words (5 new phonemes);

� Group 4: 13 words (5 new phonemes);

� Group 5: 12 words (5 new phonemes);

� Group 6: 12 words (5 new phonemes);

� Group 7: 13 words (5 new phonemes);

� Group 8: 12 words (4 new phonemes).

A performance level of 80% correct had to be reached

before a participant could proceed to the next group of words

on the following day. At the end of each day, the participant

was tested with all the words s/he had learned so far. The pro-

cess continued until 10 learning days were completed. Partici-

pants who reached Group 8 before Day 10 continued with all

100 words until Day 10. As an example, a participant who suc-

ceeded in passing the performance criterion at the end of each

day would be tested with 13, 26, 38, 51, 63, 75, 88, 100, 100,

and 100 words from Days 1 to 10, respectively.

B. Results and Discussion

The results in terms of learning time and performance levels

are presented below, first for the phoneme-based and word-

based groups separately, then combined for comparison. By

design, different tasks were performed on different learning

days, with some tasks much easier than others. Instead of report-

ing the percent-correct scores which are task dependent, we

report the “equivalent number of words learned (ENW)” by

multiplying the percent-correct scores (PC) with the corre-

sponding number of words (NW) in the closed stimulus set used

in tests conducted at the end of each day without any feedback.

ENW ¼ PC� NW

For phoneme-based learning, we also calculate and report the

“equivalent number of consonants/vowels/phonemes learned.”

1) Results of Phoneme-Based Learning: The participants in

the phoneme-based learning group all performed the same tasks

from Day 1 to Day 7. The equivalent number of consonants,

TAN et al.: ACQUISITION OF 500 ENGLISH WORDS THROUGH A TACTILE PHONEMIC SLEEVE (TAPS) 751

Authorized licensed use limited to: Purdue University. Downloaded on December 26,2020 at 15:19:47 UTC from IEEE Xplore.  Restrictions apply. 



vowels and phonemes learned are shown in the left panel of

Figure 4. The numbers under “Consonants,” “Vowels,” and

“Phonemes” indicate the total number of items tested at the end

of each 10-minute learning period. For example, six consonants

were learned and tested at the end of 10 minutes of learning

(Day 1), and 15 vowels were tested at 60 minutes (Day 6). In

order for the participants to meet criterion > 90% correct with

39 phonemes on Day 7, the number of items learned needed to

be at least 35 phonemes. Only two participants (P16, P18) suc-

ceeded at 70 minutes. They proceeded to practice with 50 CV/

VC words on Day 8 and learned 47 and 50 words, respectively

(see the right panel of Figure 4 at 80 minutes). Both participants

practiced with 100 words on Days 9 and 10, and learned 90 to

95 words by the end of the 10-day period. From the left panel

of Figure 4, it can be seen that the remaining ten participants

continued with 39 phonemes on Day 8. Six of the ten partici-

pants (P12, P13, P14, P19, P21 and P22) passed the perfor-

mance criterion, practiced with 50 words on Day 9 (right

panel), and tried all 100 words on Day 10. They learned

between 50 to 90 words by 100 minutes. Among the remaining

four participants, P11 and P15 learned 37 and 38 phonemes,

respectively, at 90 minutes (left panel), and practiced with 50

words on Day 10 (right panel). The remaining two participants

(P17 and P20) reached the 39-phoneme performance criterion

by Day 10 (left panel at 100 minutes), but never tried any

words.

The results obtained with the phoneme-based learning

approach demonstrate that all the participants were able to

learn the haptic symbols associated with the 39 English pho-

nemes with a > 90% accuracy within 100 minutes. Individual

learning outcomes varied, and half of the twelve participants

were able to learn the 100 English words with scores > 80%

correct by the end of the 10-day learning period.

2) Results of Word-Based Learning: Figure 5 shows the

equivalent number of words learned for the word-based learn-

ing group. Recall that the participants in this group were

required to reach > 80% correct when tested with the cumula-

tive groups of words practiced so far before a new word group

could be added to the learning. Of the twelve participants, 2

participants (P23 and P27; filled symbols in Figure 5) were

able to reach the criterion with all 8 groups of words (totaling

100 words) and learned 95 and 90 words, respectively, by the

end of 100 minutes. Five participants (P24, P25, P28, P29,

P32) reached the criterion with the first 5 groups of words (63

words), 4 participants (P26, P30, P31, P33) with 4 groups (51

words), and 1 participant (P34) with 3 groups (38 words). It

thus appears that there is a large performance gap between the

top 2 participants and the remaining 10 participants. This is

clearly observable in Figure 5 where the learning rate for P23

and P27 remained roughly one word per minute throughout

the course of the study, but rate of learning for the remaining

participants decreased as time went on. The data points for the

top two performers and the rest of the participants started to

diverge after 30 minutes of learning. The performance of the

10 participants plateaued at 57 or fewer words and averaged

44 words (about half the number of words learned by P23 and

P27) at the end of 100 minutes.

3) Comparison of Phoneme-Based vs. Word-Based Learn-

ing: The performance comparison between the phoneme-

based and word-based learning groups focuses on the word

learning tasks using the common metric “equivalent number

of words learned” (Figure 6). Recall that the participants in

the phoneme-based learning experiment did not reach word

learning until Day 8 or later. Thus, the data from the two

groups are replotted for the final 30 minutes (Day 8 to Day 10)

for ten of the participants in the phoneme-based learning

group (excluding P17 and P20 who never reached word learn-

ing) and all twelve participants in the word-based group. For

the participants in the phoneme-based learning group (left

panel of Figure 6), two participants (P16, P18) learned 47.5

Fig. 4. Results of phoneme-based learning in Study II: Equivalent number of
items learned as a function of cumulative learning time. The left panel shows
the learning of consonants, vowels and all phonemes. All participants per-
formed the same task up to Day 7 (70 minutes). Those who did not meet the
>90% correct criterion continued with all phonemes on Day 8, etc. The right
panel shows the progress for word learning. As an example, if a symbol starts
at 90 minutes (e.g., tu), it means that the corresponding participant (i.e., P12)
achieved the phoneme performance criterion on Day 8 and proceeded to word
learning on Day 9. The data points for 50 words and 100 words are separated
by the dashed line drawn around 50 items in the middle of the right panel.

Fig. 5. Results of word-based learning in Study II: Equivalent number
of words learned as a function of cumulative learning time. The solid line
corresponds to a learning rate of one word per minute.
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and 50 words on Day 8, jumped to 80 and 95 words on Day 9,

and ended at 95 and 90 words on Day 10, respectively. Six

participants joined word learning on Day 9 and two more on

Day 10. The lines demonstrate a clear upward trend for each

participant, with the four participants in the middle of the per-

formance range (P13, P14, P21 and P22) showing the largest

improvement from Day 9 to Day 10. Although to a lesser

extent, the two remaining participants (P12 and P19) clearly

improved from Day 9 to 10. It appears conceivable that given

more learning time, the participants in the phoneme-based

learning group would continue to improve and eventually

learn the 100 English words with an error rate � 20%.

Data for the participants in the word-based group (right panel

of Figure 6) show a different pattern. There are clearly two

groups of learners, with the 2 participants P23 and P27 (filled

symbols) significantly outperforming the remaining 10 partici-

pants. Furthermore, the 10 participants appear to be reaching

plateaus fromDay 8 to Day 10, leaving it unclear whether these

10 participants in the lower performing group would ever reach

100 words. During post-experiment debriefing, the two top per-

formers attributed their success to learning the phoneme codes

early in the learning process. The other participants took longer

to realize that words were composed of phoneme sequences.

Several possible reasons may account for the plateau observed

in their performance. For example, they may have only learned

a limited number of phonemes, thus reducing their ability to

identify the words. Or, if their strategy had been to memorize

words as a whole, they were likely limited in the number of

words that could be acquired in this manner.

Focusing on the last day of performance for both learning

approaches (see data points at 100 minutes in both panels of

Figure 6), there is a large spread of words learned among the

participants in each group. Both phoneme-based and word-

based learning approaches appear to be feasible for the acquisi-

tion of 100 English words in that there are examples of high-

performing participants who have acquired at least 90 words in

either group. However, the performance distributions for the

two groups suggest that the phoneme-based approach leads to a

consistent pattern of improvement, with half of the 12 partici-

pants acquiring at least 80 words in 100 minutes. In compari-

son, only 2 of the 12 participants in the word-based learning

group achieved the same. The comparatively poorer perfor-

mance of the word-based group may be considered in light of

the phoneme-based coding strategy taken in constructing the

words, which may have introduced a bias in favor of the partici-

pants who were introduced to the phonemes first.

V. STUDY III: 39 PHONEMES AND 500 WORDS

The objectives of Study III were to demonstrate that there

was no limit to the vocabulary size and that the same learning

rate could be maintained. Due to the need for manual tran-

scription of words into phoneme strings and for performance

testing, a closed word list containing 500 English words was

constructed (see supplemental materials). The vocabulary size

was large enough that this study can be effectively considered

as an open-vocabulary study.

There were two parts to Study III. First, a group of experi-

enced participants who had already acquired the 39 phonemes

and 100 English words on TAPS learned the expanded word

list of 500 words. This “generalizability” experiment allowed

us to gauge the feasibility of learning a much larger vocabulary

while leveraging the hours already spent on acquiring 39 pho-

nemes and 100 words. Upon the encouraging results obtained

with the experienced participants, an additional group of na€ıve
participants was recruited to acquire all 39 phonemes and 500

words from scratch, so that their learning time could be docu-

mented through the entire process.

A. Methods

1) Participants: A total of twenty-one participants took part

in Study III. Eleven of them (P05, P18, P23, P27, P35-P41)

had already learned the 39 phonemes and 100 words prior to

Study III. They included one participant (P05) who was in

Study I, three participants (P18, P23, P27) who were in Study

II, and seven participants (P35-P41) who did not take part in

either Study I or Study II. Participants P05 and P35-P41

learned the 39 phonemes and 100 words in other earlier studies

that are not reported here. The remaining ten (P42-P51) were

na€ıve participants who had not been exposed to TAPS before.

Among the twenty-one participants, there were 10 females,

and an age range of 18 to 27 years old, averaging 21.5 � 1.9

years. All participants were right handed with no known sen-

sory or motor impairments. Fifteen of the participants are

native English speakers, and the remainder are fluent in spo-

ken English. Other languages spoken by the participants

include Arabic, Chinese, French, German, Korean, Portu-

guese, Spanish, and Swedish. Most of the participants received

early childhood music training including piano, cello, clarinet,

flute, guitar, violin, and trumpet.

2) Learning Materials: The learning materials consisted of

39 phonemes (for the na€ıve participants only) and 500 com-

mon English words (for both the experienced and na€ıve

Fig. 6. Comparison of equivalent number of words learned on Days 8, 9, and
10 by participants in the phoneme-based learning group (left panel) and word-
based learning group (right panel). The data points for the same participant are
connected to show rate of improvement.
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participants). The tactile phonemic codes used in the current

study were as described in Tables I and II and Figures 2 and 3 of

[30], with the following exceptions. The durations of the six plo-

sive phonemes (P, B, T, D, K, G in Table I and Fig. 2 of [30])

were increased from 100 to 140 ms, and the durations of the 11

vowel and diphthong stimuli that were previously 480 ms were

decreased to 400 ms. The changes in signal durations made the

plosives easier to perceive and did not significantly impact the

performance with the vowels and diphthongs. The experienced

participants showed no difficulty in adjusting to the modified

signal durations. For the na€ıve participants, the phonemes and

words were organized into ten groups (see Table V). The 39 pho-

nemes were divided into eight groups, each containing 4-6 pho-

nemes. Once the participant reached the performance criterion

of 80% or higher for the phoneme group, the next group of new

phonemes was added. This way, the phonemes were learned in a

cumulative way and the number of phonemes in each group

grew from 6 to 39 phonemes from Group 1 to Group 8. Concur-

rent with phoneme learning, words made up of the phonemes

that participants had learned up to that point were introduced,

from 24 to 201 words from Group 1 to Group 8, 251 words in

Group 9, and 500 words in Group 10 (see Table V). The words

in Groups 1 through 8 consisted of 2-phoneme (CV or VC) and

3-phoneme words (primarily CVC). Of the 201 words in Group

8, 63 were 2-phoneme words and 138 were 3-phoneme words.

For the Group 9 set, an additional 50 words were added to Group

8: 10 2-phoneme words and 40 3-phoneme words. Of the full set

of 500 words in Group 10, 2 words had 1 phoneme, 89 words

had 2 phonemes, 359 words had 3 phonemes, 49 words had 4

phonemes, and 1 word had 5 phonemes. In addition to CV, VC,

and CVC structure, words in the 500-word set also included con-

sonant blends, as in VCC constructions (e.g., ask), CCVC (e.g.,

glad), and CVCC (e.g., coast).

The experienced participants started with a review of the

100 words they had already learned, and proceeded with word

lists consisting of 150, 200, 250 and 500 words.

The inter-phoneme interval was reduced from 300 ms to

150ms for all the words. This corresponded to word presentation

rates of roughly 36 words/min assuming a 500-ms interval

between words.

3) Learning and Testing Procedures: The design of the

learning curriculum for the na€ıve participants took into

account the insights gained from Studies I and II. A major

finding of Study II was that phoneme-based learning led to a

continuous improvement in performance. Therefore, the na€ıve
participants in Study III spent time learning the individual

phonemes prior to and during the learning of English words. A

key finding of Study I was the temporary drop in performance

when the participants switched from phoneme to word learn-

ing. In Study III, the na€ıve participants practiced with a group

of words composed from the set of the cumulative number of

phonemes they had been learned up to that point, and the num-

ber of words in the list grew with the number of phonemes

learned. It was hoped that the phoneme-based learning would

build a solid foundation for word learning, and that the mix of

phonemes and words during the learning process would intro-

duce the participants to the reception of multiple phonemes

making up a word early in the learning process.

The procedures for the na€ıve participants were more consis-

tent than those for the experienced participants, and are

described here first. The participants spent up to two hours per

day over a three-to-four-week period in learning and testing,

except for P51 whose sessions were spread out over seven

weeks due to scheduling issues. For each group of phonemes

and words, the participants began with free play. They could

select any phoneme or word to be practiced, and either feel the

stimulus on TAPS or look at a visual representation of the tactor

activation sequence. When ready, the participants proceeded to

practice identification tests for phoneme or word identification

with correct-answer feedback. They were allowed to re-play

any stimulus as they wished. The total time spent on free play

and practice identification tests was logged as learning time. At

the end of each day, a phoneme or word identification test was

conducted to gauge the participant’s performance level. The

performance criteria as specified in Table V had to be met for a

group for both the phonemes and words before a participant

could move on to the next group.

Within each group, the participants always learned the pho-

nemes before the words. When words were tested, the full list

of words was shown on the screen up to Group 4 (101 words),

TABLE V
THE TEN PHONEME AND WORD GROUPS FOR THE NA€IVE PARTICIPANTS IN STUDY III
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and the participants could select one of the displayed words as

the response. For Group 5 and higher where the number of

words in the list exceeded 101 words, the list was no longer

shown on the screen. The participants had to type a word into

a text box as a response. The migration from closed-set

responses to open-set responses was important for the assess-

ment of performance in a real-word communication scenario.

The performance criterion for phonemes was 80% or higher

for Groups 1 to 8. We found from previous studies that this

percent-correct level demonstrated an adequate proficiency and

allowed the participants to continue to improve with the subse-

quent groups. The performance criterion for words was set to

50-60% or higher initially for Groups 1 to 3, when the partici-

pants were still getting used to acquiring multiple phonemes at

a time. The criterion was raised to 75-85% for Groups 4-7, 80%

for Group 8 (201 words), and dropped slightly to 70% for Group

9 (251 words). The participants aimed for 70% or higher perfor-

mance with Group 10 (all 500 words). If this criterion was not

achieved within four 50-trial runs with feedback, they were

allowed to proceed to the testing phase. At the end of the experi-

ment, each participant was tested with 10 runs of 50 trials for a

total of 500 trials with open-set responses and without feedback.

For each of the 10 runs, 50 words were randomly selected from

the 500 word list (i.e., randomization with replacement).

The procedures for the experienced participants varied in

the way that phonemes were acquired. Of the eleven experi-

enced participants, three (P18, P37-P38) learned all 39 pho-

nemes prior to learning any words. Six participants (P05, P35-

P36, P39-P41) followed a learning procedure similar to that of

the na€ıve participants outlined above, and learned the 39 pho-

nemes and some words together. The remaining two partici-

pants (P23, P27) acquired words directly without learning

phonemes individually. Most of the experienced participants

practiced and were tested with word lists containing 100, 150,

200, 250 and 500 words, except for four participants (P35-

P36, P40-P41) who were only tested at 250 and 500 words.

During training, the participants identified words selected at

random from a given word list. Open-set responses were

entered into a text box. On error trials, the correct word

appeared as written text on the computer screen. During test-

ing, the participants performed word identification without

feedback. Like the na€ıve participants, the experienced partici-

pants were tested on the 500-word vocabulary with 10 runs of

50 trials at the end of the experiment with open-set responses

and without any feedback.

B. Results and Discussion

1) Results of Experienced Participants: Performance levels

of the experienced participants are converted to “Equivalent

Number of Words Learned” by multiplying the percent-

correct score by the number of words in the closed vocabulary

list, and are plotted as a function of additional learning time in

minutes after the acquisition of 100 words (see Figure 7).

Each of the seven participants shown with open symbols has

five data points that correspond to the equivalent number of

words learned with a word list containing 100, 150, 200, 250

and 500 words, respectively. Each of the four participants

shown with half-filled triangles has only two data points for

250 and 500 words, respectively. Some inter-subject variabil-

ity can be observed in Figure 7. The additional learning time

(beyond the first 100 words) required to reach the 500-word

vocabulary ranged from 50 min (less than an hour) to 299 min

(5 hours). The 500-word test scores ranged from 63% to 94%

correct across the eleven experienced participants, with eight

scoring higher than 78% correct. Across all the experienced

participants, the highest equivalent number of words learned

ranged from 315 words (P37) to 469 words (P18). In terms of

learning time, the best participant P18 took the second shortest

additional time (88 min) and the worst participant (P37) took

the second longest additional time (283 min).

The results with the experienced participants demonstrated

the capability of open-set word identification with good accu-

racy within a reasonably short period of learning timemeasured

in hours rather than months. The results proved the 39 haptic

symbols used to represent the 39 English phonemes to be ade-

quate. Furthermore, the data trend indicated that word recogni-

tion accuracy would continue to improve with further practice,

and performance could be reasonably maintained with further

increases in vocabulary size. The promising results obtained

with the experienced participants encouraged us to proceed

with the group of na€ıve participants (P42-P51) to (1) test their

ability to acquire 500 English words from scratch, and (2) docu-

ment the total learning time needed to acquire 500 words.

2) Results of Na€ıve Participants: The phoneme identification

performance of the na€ıve participants is shown in Figure 8.

Phoneme identification scores were in excess of 85% correct

for most participants within each phoneme group. With the

full set of 39 phonemes in Group 8, 9 of the 10 na€ıve partici-
pants scored above 90% (92%-99%) correct, and one partici-

pant (P46) reached 84% correct. Although P46’s performance

was sufficient for moving onto the next group, this participant

consistently scored the lowest with word recognition, as

shown in Figure 9.

Fig. 7. Word identification performance of experienced participants in Study
III after they had acquired the initial 100 English words. Shown are equivalent
number of words learned as a function of the additional learning time.
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The results of phoneme identification indicated that the hap-

tic symbols were sufficient for conveying information about

the 39 phonemes and were well recognized when presented in

isolation.

Figure 9 shows the na€ıve participants’ word identification

performance as a function of the cumulative learning time for

each individual participant. The percent-correct scores fluctu-

ated for each participant. We again calculated the equivalent

number of words learned by multiplying the percent-correct

scores by the number of words in the word list, for each of the

ten groups shown in Table V. The cumulative learning time

included time spent in “free play” and “practice identification

tests with feedback” on the phoneme and word groups up to

the current word group. It follows that there are 10 data points

per participant corresponding successively to an increasing

vocabulary size of 24, 51, 76, 101, 126, 151, 176, 201, 250

and 500 words. The only exception is the 8 data points for par-

ticipant P46. This participant had a relatively lower phoneme

identification accuracy with 39 phonemes in Group 8 (see

half-filled diamond symbols in Figure 8), and was consistently

ranked the lowest with word identification (see half-filled dia-

mond symbols in Figure 9). It typically took 2-3 days for P46

to reach the performance criterion with each group. By the

time the three-week experimental period was over, this partici-

pant had only reached a vocabulary size of 201 words (Group

8) and scored 65% correct.

The solid straight line in Figure 9 corresponds to a learning

rate of one word per minute. Within the first 100 minutes of

learning, the learning rate among the na€ıve participants clus-

tered around the reference line of one word per minute. The

learning rate then dropped for cumulative learning time

between 100 and 200 minutes as the number of phonemes and

words increased with group number. Individual differences

among the participants became more pronounced after the first

200 minutes of learning. The performance of some partici-

pants (e.g., P49, P51) shot up rapidly while that of others (e.g.,

P42, P45) continued at a slower pace. The participants can be

grouped into three categories. The six participants in the top

group (P43-44, P48-51) acquired 325 to 417 words within 266

to 423 minutes (about 4.5 to 7 hours) of cumulative learning

time. The three participants in the middle group (P42, P45,

P47) acquired 250-288 words within 7-8 hours of learning.

The bottom participant (P46) advanced only to Group 8 and

acquired 131 words after 7.5 hours of learning. Generally

speaking, the learning curves were steeper between 250 to 500

words than for the first 250 words. For the top performing par-

ticipants on the 500-word test, the average word acquisition

rates were roughly 1.3 words/min. This was slightly higher

than the rates achieved by the top-performing participants in

the word-based learning group in Study II (see Figure 5).

VI. GENERAL DISCUSSION

We have reported three studies that assessed people’s abil-

ity to acquire English words through a vibrotactile display that

encoded the 39 English phonemes and delivered them as

building blocks on the forearm. We have developed a learning

procedure that involved the gradual introduction of the 39

phonemes in 4-6 phoneme groups, and mixing phoneme and

word learning early on to facilitate the reception of phoneme

streams. Learning was spread over multiple sessions and an

entire experiment lasted several weeks for each participant.

Data from 51 participants (4 of them participated in more than

one study) are reported in this article. Forty-one of the partici-

pants learned all 39 phonemes and at least 100 English words.

Twenty-one participants learned up to 500 words and used

open-set responses by typing words during word identification

tests. The cumulative learning time for each participant was

up to 8 hours, rather than weeks or months as has been

reported for other tactile word learning studies [36]– [40]. The

results provide ample evidence that any English word can be

transmitted through our phonemic-based tactile speech com-

munication system TAPS, learning occurs in small chunks of

time, and the total learning time is reasonable.

Our results can be compared to those from several recent

projects aimed at transmitting English speech through the

skin. Table VI shows the studies in two groups and compares

the key parameters of all studies. The first group consists of

three studies: two conducted at Facebook using tactile arrays

Fig. 9. Performance with word identification by the na€ıve participants in
Study III. Shown are the equivalent number of words learned as a function of
the cumulative learning time.

Fig. 8. Percent-correct scores for phoneme identification by the na€ıve partici-
pants in Study III. The number of phonemes in each group was 6, 10, 15, 20, 25,
30, 35, and 39 from Group 1 to 8. See Table V for the phonemes included in each
group.
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on the arms by Zhao et al. [41] and Turcott et al. [42], and

one study that used radial squeeze and lateral skin stretch

in addition to vibratory stimulation on the upper arm by

Dunkelberger et al. [43]. These studies used 6 to 16 actuators,

learning time varied from 30 to 100 minutes, and the number

of phonemes encoded was 9 to 23. The two Facebook studies

trained and tested the participants on 20 words. The

Dunkelberger et al. study [43] trained on 150 words and tested

with 50 words. During the word tests, Zhao et al. [41] required

the participants to type the perceived word without looking at

the word list. We call this open-set responses in that the partic-

ipants were not limited in the words they selected for their

responses. The corresponding chance level is listed as less

than 1 divided by the number of word alternatives in the stim-

ulus set, as the participants may not have memorized all the

words. The other two studies used closed-set responses in that

the participants chose their responses from a list of words;

thus, the chance levels for word identification tests were sim-

ply 1 divided by the number of words in the test lists. It should

also be mentioned that the Dunkelberger et al. study [43]

allowed the participants to initiate the presentation of each

phoneme in a word (i.e., resulting in a self-paced rate of pho-

neme presentation) instead of presenting the phonemes of a

given word in a sequence with a pre-determined inter-

phoneme interval. We discuss the issue of timing and presen-

tation rate in another paper (see [44]). The three studies

reported word recognition rates in the range of 76% to 87%

correct that were significantly higher than chancel levels (2%

to 5%). The results clearly indicate the feasibility of encoding

speech on the skin. However, the number of phonemes

employed in the three studies do not allow for the coding of all

English words. There is the possibility that phoneme identifica-

tion rate may deteriorate as more phonemes are introduced,

possibly impacting word recognition accuracy. It is therefore

unclear whether the same high level of word recognition could

be maintained once the number of phonemes is increased to

allow for any English word to be encoded and delivered with

the haptic displays described in the three studies.

The remaining 5 studies listed in Table VI are based on

approaches that can encode any English word. The list includes

findings from three tactile speech communication systems: a tac-

tile vest [45], the “skin reading” glove [46], [47], and our own

TAPS (the studies presented in this article). Novich developed a

haptic vest containing 27 tactors and tested a spectral-based

approach with 50 words in a 4-alternative forced-choice identifi-

cation paradigm (the correct answer was among the four response

alternatives) [45]. After 11 to 12 days of training with 300 trials

per day (training time was not reported), participants achieved

scores of 35-65% correct (cf. chance performance of 25% correct

on the task). It is unclear what the word identification score

would have been if the participants in Novich’s study had to

choose one word from all 50 alternatives. Luzhnica et al.’s tactile

glove used 5 tactors at the back of each digit and 1 tactor at the

back of the palm to encode the 26 letters of the English alphabet

[46]. After 300 min of training, the participants were tested with

a stimulus set of 98 words and were instructed to type any

English word as a response. Word recognition performance was

calculated as the percentage of correctly entered letters rather

than percentage of “whole” words. In a more recent study [47],

Luzhnica & Veas added an additional tactor on the back of the

palm and reported improved performance levels with an

“optimized” set of vibrotactile codes for letters of the alphabet.

This time word accuracy was computed by measuring the

Levenshtein distance between the presented and recognized

words [47]. The “skin reading” glove is relatively simple in terms

of the number of tactors. The two studies show impressive

performance of> 90% accuracy calculated from letters, demon-

strating the potential for the glove as a tactile speech communica-

tion device. One caveat is that the ability to “chunk” individual

symbols into meaningful words is not a trivial process and in

some instances may take months to achieve [48]. Therefore it

remains to be seen whether the participants in Luzhnica et al.’s

studies [46], [47] received meaningful word information, or if

the same high performance level can be achieved when word

accuracy is calculated onwhole words.

In terms of our TAPS system, Study II and Study III both

included all 39 phonemes and had the relatively large word

vocabulary size of 100 and 500 words, respectively. Our partici-

pants responded by either selecting a word from a list (for the

100-word list) or typing any English word on a keyboard (for

TABLE VI
COMPARISON OF RECENT STUDIES OF TACTILE SPEECH COMMUNICATION SYSTEMS (SEE TEXT FOR ENTRIES MARKED WITH

�)
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the 500-word list). A response was counted as correct only if it

matched or is a homonym of the word presented. In Study II, 8

of the 12 participants in the phoneme-based group achieved an

average word recognition rate of 80% correct, and 2 of the 12

participants in the word-based group achieved an average of

92.5% correct, with a total learning time of 100 minutes. In

Study III, 9 of the 10 na€ıve participants (excluding P46,

Figure 9) achieved an average of 65% after 266-490 minutes of

learning. Given the differences in vocabulary size and hence

task difficulty, word-recognition percent-correct scores cannot

be directly compared. In terms of the number of words learned

(defined by word-recognition percent-correct score multiplied

by number of words in the vocabulary), the results of Study II

and Study III in this article represent the largest number of

words that have been learned using a tactile speech communica-

tion device among the recent studies summarized in Table VI.

From a practical point of view, there are several factors that

are necessary for any tactile speech device to become a useful

means of communication. These include a reasonably short

period of learning before the system can be used for meaningful

interactions, as well as the need for a growth in vocabulary size

with increased experience with the device. Throughout our

project, we have been experimenting with the training curricula

to gain insight on the best practices for helping users become

proficient at receiving English words through TAPS. We found

that the general principles of memory consolidation [34] and

distributed practice [49] work well in the acquisition of a tactile

language (see evidence in Fig. 5, [33]). Participants spent lim-

ited time per day and continued with the learning over several

weeks, as opposed to devoting long hours in intensive training.

In addition, we found it effective to interleave phoneme and

word practices to gradually build up vocabulary size and compe-

tency [50]. In our experiments, we tracked learning time in

minutes so that learning rates could be estimated. The data

reported in this article show an average learning rate of roughly

1 English word per minute up to a vocabulary size of 500 words

for the best performers. With a 500-word list, it is unlikely that

the participants could memorize all the words. Our results there-

fore provide evidence of transmitting any English word through

the skin with an open vocabulary.

VII. CONCLUSION AND FUTURE WORK

We have developed a phonemic-based tactile speech com-

munication system called TAPS for delivering speech to the

skin. The feasibility of our phonemic-based approach was sup-

ported by the phoneme identification results in Reed et al.

[30]. The present work focused on word recognition perfor-

mance. Fifty-one participants took part in three studies with

increasing number of phonemes and vocabulary sizes. Our

results show that the best participants were able to learn up to

500 English words with a rate of roughly one English word

per minute. The findings demonstrate the feasibility of trans-

mitting (potentially) any English word using TAPS within a

reasonable period of learning.

Ongoing and future work will proceed in several directions.

To expand the capability of TAPS, we have implemented a

text-to-speech front end to TAPS so written text can be auto-

matically transcribed to phoneme streams. An automatic

speech recognizer front end is also being implemented at this

time so that any spoken English word can be readily presented

via TAPS. This has enabled two highly-experienced partici-

pants to communicate with each other via text messages trans-

mitted through two TAPS systems. Their performance will

shed light on the information transmission rates that can be ulti-

mately achieved through a tactile speech communication sys-

tem. Another important research goal is concerned with the

need for an increase in the speech transmission rate in an effort

to match the 60-80 wpm rate demonstrated by Tadoma users.

The results reported in this article are based on word transmis-

sion rates in the 30-40 wpm range. Increased communication

rates may be accomplished by shortening the haptic symbols

used to encode phonemes as well as by creating additional sym-

bols to represent frequently-occurring phoneme pairs. There is

also the need to embed learning in more engaging activities

(such as games) to facilitate better learning outcomes. Future

research will involve people with severe hearing impairments

and assess their ability to use TAPS for speech communication.

These activities will contribute towards a practical tactile

speech communication system for people with all levels of sen-

sory capabilities.
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