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Abstract

An electrolarynx (EL) is a valuable rehabilitative option for individuals who have undergone laryngectomy, but current monotone ELs do
not support controlled variations in fundamental frequency for producing tonal languages. The present study examined the production and
perception of Mandarin Chinese using a customized hand-held EL driven by computer software to generate tonal distinctions (tonal EL). Four
native Mandarin speakers were trained to articulate their speech coincidentally with preprogrammed tonal patterns in order to produce mono-
and di-syllabic words with a monotone EL and tonal EL. Three native Mandarin speakers later transcribed and rated the speech samples for
intelligibility and acceptability. Results indicated that words produced using the tonal EL were significantly more intelligible and acceptable
than those produced using the monotone EL.
© 2016 Elsevier B.V. All rights reserved.

Keywords: Electrolarynx; Mandarin Chinese; Tonal control; Speech intelligibility.

v
i
q
t
d
a
L
p
a
t
I
(
t
h
T

1. Introduction

Each year, thousands of individuals undergo a total laryn-
gectomy, a standard surgical treatment for advanced laryn-
geal cancer that results in complete removal of the larynx
and leaves them without the ability to phonate normally. For-
tunately, several voice prostheses, including the commonly
used electrolarynx (EL) provide an alternative source of ver-
bal communication for these individuals. To produce speech,
the EL transmits electromechanical vibrations, which can then
be shaped by movements of the articulators, through the neck
tissue. Due to its portability, ease of use, and readiness to
serve as a backup when experiencing difficulty with other
modes of alaryngeal speech, the EL is chosen by more than
half of Laryngectomees as their primary mode of communi-
cation (Hillman et al., 1998).
∗ Corresponding author at: Massachusetts General Hospital Center for La-
ryngeal Surgery and Voice Rehabilitation, 1 Bowdoin Sq, 11th Floor, Boston,
MA 02114, United States.
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Although the EL requires little training for users to achieve
oicing, most ELs generate little, if any, pitch variation dur-
ng phonation, contributing to a robotic, unnatural speech
uality. Conventional ELs that vibrate on a single fundamen-
al frequency (F0) have been shown to create a particular
eficit in the speech intelligibility of tonal languages such
s Thai, Mandarin, and Cantonese (Gandour et al., 1988;
iu et al., 2006; Ng et al., 1998). For words to be correctly
erceived in a tonal language when context clues are lacking,
listener needs to hear not only the speech sounds, but also

he underlying pitch changes within each syllable (tones).
n Mandarin, each syllable contains one of four basic tones
plus a fifth, neutral tone) that make use of F0 to differentiate
he meaning of words with the same sound pattern. Tone 1
as high-level (HL) pitch, Tone 2 middle-rising (MR) pitch,
one 3 falling-rising (FR) pitch, and Tone 4 high-falling (HF)
itch. For example, the syllable “ma,” produced with the
our tones, means “mother,” “numb,” “horse,” and “scold,”
espectively. Liu et al. (2006) found that speakers using a
onventional, monotone EL produced F0 contours that were
nvariably level. Consequently, listener identification of tones
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Fig. 1. A TruTone® EL modified to receive an input sine wave determin-
ing the instantaneous fundamental frequency (F0) of the EL voice. Quarter
provides size reference.
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as significantly poorer than those produced by normal
aryngeal (NL) speakers.

Studies have found that compared to other phonetic com-
onents, including duration and amplitude, F0 contour pro-
ides the most important cue for tone perception for tonal lan-
uages (Whalen & Xu, 1992; Zhang, Qi, Song & Liu, 1981).
herefore, ELs that provide dynamic pitch variation can po-

entially better serve the communicative needs of Mandarin
L speakers. Current EL devices have the capacity to mod-
late F0 through several methods: applying varying amounts
f finger pressure on a single button (e.g. Western Electric
5, Western Electric; TruTone EL, Griffin Laboratories); con-
rolling expiration pressure from the neck stoma (Uemi et
l., 1994); filtering electromyographic (EMG) signals obtained
rom neck muscle contractions (Goldstein et al., 2004); and
djusting forearm tilt movement (Matsui et al., 2013). These
evices have allowed speakers to convey natural intonation
atterns in English and Japanese with varying degrees of suc-
ess; however, effects on the vocal rehabilitation of tonal lan-
uages have not yet been shown.

Whereas F0 contours of intonation can occur over the
ourse of several seconds, tonal contours typically span mil-
iseconds (Xu, 1997). Effective application of these EL de-
ices to Mandarin requires the ability to modulate F0 rapidly
o successfully produce the four tones. To achieve optimal in-
elligibility, pitch contours generated by the ELs would also
eed to closely match the typical shape and frequency values
or each tone. Considering these factors, the aforementioned
L devices with real-time pitch control have limitations that
ay fall short of normal F0 control. Using expiration or finger

ressure to provide precise pitch control is difficult to master
nd may reduce normal speaking rate (Liu and Ng, 2007),
nd the responsiveness of the EMG-EL’s low-pass filter ap-
ears to be too slow to support tone production. Additionally,
he fixed initial F0 settings of the TruTone EL and EMG-EL
ake it difficult to generate appropriate starting tones and F0

eight for each tone.
Wan et al. (2012) presented a viable EL option for Man-

arin using the movement of a trackball to control pitch (WT-
L). Users were required to manipulate the trackball with

heir thumb by moving the direction of the trackball to re-
ect the differences in tones during phonation. They found

hat, compared to the monotone EL, the WT-EL performed
ignificantly better in measures of perceptual accuracy and ac-
eptability. However, technical limitations of the device (i.e.,
00 ms required to reset to initial F0) made it difficult for
sers to consistently generate tonal contours similar to normal
peech and produce continuous speech. Additionally, users
ay find the trackball difficult to master since they needed

dequate hand control to precisely manipulate the trackball.
To further enhance Mandarin EL speech, ELs need to

losely approximate natural tonal contours without sacrific-
ng convenience. The present study explores the feasibility of
chieving EL tonal control for Mandarin using an EL con-
rolled by computer software to generate tonal distinctions.
peakers were trained to articulate their speech coinciden-

ally with preprogrammed pitch patterns to produce words
n Mandarin. Use of preset pitch patterns allowed for gen-
rated tones to resemble those produced by the NL voice
hile reducing variability caused by individual speaker dif-

erences. This study examined the production and perception
f Mandarin using a tone-capable (tonal) EL compared to a
onotone EL.

. Methods

.1. Tonal EL design

A TruTone® electrolarynx (EL) was modified by Griffin
aboratories (Temecula, CA) to receive an input signal that
etermined vocal fundamental frequency (F0). The TruTone®
ormally detects the amount of pressure applied to its acti-
ation button and modulates F0 proportionally. The modified
ruTone® was physically altered to receive an external elec-

rical signal through a custom input channel (see the black
ire in Fig. 1) instead of using the pressure-sensitive ac-

ivation button. The circuitry within the TruTone® was re-
rogrammed to detect the instantaneous frequency of a sine
ave input and drive its mechanical transducer (e.g. sound

ource) at the same frequency. Sine wave patterns match-
ng the four Mandarin tones or a monotone condition (see
ection 2.2) were synthesized using audio editing software
Adobe Audition CS6, Adobe Systems), and inputted into the
ruTone® through the audio output of a personal computer.
o produce speech, users depressed the EL activation button

o initiate a ready state, began playback of a preset tone on
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Fig. 2. Comparison of tonal contours in Mandarin for NL speakers and com-
puter software-generated tones. The top panel is a reproduction of Figure 2
from Xu (1997) depicting average tonal contours of eight male speakers when
producing the syllable /ma/. The bottom panel shows preprogrammed lexi-
cal tones used as the driving signal for the tonal EL fundamental frequency
(F0). The tonal EL produced these F0 patterns consistently across different
speakers and syllables. The monotone F0 condition at 108 Hz is not shown.
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the computer, and moved their articulators to speak as they
normally would during EL voicing (while suppressing their
natural phonation). The EL could be used in a tonal mode
(tonal EL) or monotone mode (monotone EL) depending on
the frequency pattern of the input sound file.

2.2. Tone programming

Monosyllabic and disyllabic words were chosen for the
study to minimize the effect of contextual cues on intelligi-
bility judgments and to provide simple speech tasks for co-
ordinating the timing of articulation with preprogrammed EL
F0 patterns. Tones for monosyllabic words, based on typical
F0 patterns for each tone (Xu, 1997), were generated using
Adobe Audition at 16-bits/sample at 44,100 Hz (see Fig. 2).
The monotone sound file was set to 108 Hz, based on the av-
erage F0 of Chinese males documented by Traunmüller and
Eriksson (Unpublished results). To control for duration ef-
fects on listener identification of tones, duration for all tones
was conformed to the typical length of the longest tone, FR.
Reports of isolated tone production range from approximately
50 ms to 450 ms (Whalen and Xu, 1992; Xu, 1997); therefore
ound files for all tones were created in that range, in inter-
als of 25 ms (i.e. 350 ms, 375 ms, 400 ms, 425 ms, 450 ms).
wo native speakers of Mandarin later listened to the five dif-
erent syllable durations and concluded that 450 ms seemed
o be the most appropriate for producing monosyllabic words
ith the EL.
Tones for disyllabic words were created by combining the

ones to produce sound files that were approximately 900 ms
n duration. Several adjustments to tonal contours of the FR
one in disyllabic sequences were also made based on rules
or tones produced in succession, as discussed in Xu’s (1997)
esearch. Two native Mandarin speakers judged tones pro-
uced with the EL to be perceptually accurate and at an ac-
eptable rate to produce disyllabic words.

.3. Participants

.3.1. Speakers
Six male native Mandarin Chinese speakers with normal

eck anatomy were invited to participate in the study. Record-
ngs from two subjects were not included in the experi-
ent. The speech recordings of one participant were contami-

ated by electrical noise (60 Hz) introduced by a faulty power
dapter and could not be used for perceptual assessment. The
econd excluded speaker participant did not achieve resonant
L speech. The remaining four speakers were selected to pro-
uce target stimuli with the monotone and tonal EL. Speakers
anged in age from 23 to 28, with a mean age of 25.3 years.
hey had no reported history of speech or language problems
nd were able to read the given speech material in Chinese.

.3.2. Listeners
Four native speakers of Mandarin Chinese, two male and

wo female, who passed a hearing screening (at 250, 500,
000, 2000, and 4000 Hz at 25 dB HL) participated in the
erceptual experiment. These individuals were not part of the
peaker participant group. Data from one subject was omitted
ue to poor intra-rater reliability; therefore, data analysis was
erformed on the three remaining listener participants, two
ale and one female. Listeners ranged in age from 24 to 28,
ith a mean age of 26.0 years. They had reported no prior

xposure to EL speech.

.4. Speaker training

Speakers received basic training for EL placement, artic-
lation, and rate of production for both the monotone EL
ode and tonal EL mode. Instructions and materials were

resented on Microsoft PowerPoint slides and explained ver-
ally. Participants were initially trained to find proper neck
lacement to produce the clearest-sounding EL speech. They
ere instructed to hold their breath while speaking to (1)
revent phonation and air flows unachievable by Laryngec-
omees and (2) to approximate the acoustic effects caused by
natomical changes after laryngectomy. Using the EL in a
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tandard, monotone fashion, each speaker practiced produc-
ng a closed set of numbers, colors, and animals in Mandarin.
erbal and tactile feedback were provided to speakers to assist
ith EL placement and articulation, and training concluded

fter 10 min.
Participants who were able to achieve adequate sound

ransmission to produce resonant speech then underwent a
0 min training session with the tonal EL. Using the same
ist of training words, speakers learned to coordinate their
rticulation so that it coincided with preprogrammed tonal
atterns. To enable speakers to coordinate their articulation
ith the timing of tone output by the EL, a visual countdown
f three seconds appeared on the computer screen, followed
y playback of the preprogrammed tone on the tonal EL.

.5. Stimulus materials

Target words for production consisted of 104 monosyl-
abic and 104 disyllabic words. These 208 words were also
ivided evenly into the monotone EL and tonal EL condi-
ions. Single syllable words were randomly chosen from the
hina National Standards of the acoustic-speech articulation

esting method (GB/T 15508-1995), which was the same word
ank used in Wan et al.’s (2012) study. Disyllabic words were
ikewise randomly chosen, yet selected so that segmental con-
ext alone caused lexical ambiguity. Speaker participants pro-
uced one of the four sets of 26 monosyllabic and 26 di-
yllabic words, half with the monotone EL mode and half
ith the tonal EL mode (N = 13 words x 2 word lengths x
devices = 52 total words per speaker). Speakers were ex-

ected to say each target word only once but were given up
o two chances to record their productions before advanc-
ng to the next word if errors occurred in EL triggering, un-
ntended natural voicing, or other extraneous circumstances.
udio recordings were made with a headset microphone po-

itioned 5 cm from the lips, and acoustic data were saved as
wav files with a sampling rate of 44,100 Hz.

.6. Listener task and agreement

Speech samples were presented in a sound-attenuated room
n headphones set to a comfortable level by the listener. All
f the speech samples were combined and randomly sorted to
reate two sets of stimuli. The first set consisted of 208 tokens
52 words × 4 speakers) presented randomly for transcription
y a custom program written in MATLAB® (The Mathworks,
SA). Listeners were asked to transcribe the pinyin (pho-
etic transcription with corresponding tones) of the tokens
n a sheet of paper, listening to each stimulus no more than
wice. The second set contained 32 audio tokens (6 words

4 speakers+8 repeated to measure intra-rater reliability),
ach presented along with a visual label of the target word
sing Microsoft PowerPoint. Listeners were asked to score
he speech acceptability of each word on a 100 mm visual
nalog scale (VAS), ranging from 0 mm = not acceptable to
00 mm = very acceptable.
Intra-rater agreement was calculated for acceptability rat-
ngs by comparing each listener’s first and second ratings of
he eight repeated samples. Ratings were first converted to

seven-point equal interval scale, most commonly used for
oice evaluations (Eadie and Kapsner-Smith, 2011). Two dis-
rete judgments within ± 7.14 mm on a 100 mm VAS were
onsidered to agree exactly (Kreiman and Gerratt, 1998). One
istener participant had an intra-rater agreement of only 13%,
nd was subsequently excluded from the study. The remain-
ng three listeners whose data were used in the study had
0%, 75%, and 88% exact agreement, exceeding the level
f chance agreement (14%). Intraclass correlation coefficients
or inter-rater reliability of perceptual ratings were calculated
o be .77 for intelligibility and .75 for acceptability.

. Results

.1. Intelligibility and perceptual accuracy

Listener transcriptions of speech samples were placed in
ne of four categories: correct syllable only, correct tone only,
oth syllable and tone correct, or neither syllable nor tone
orrect. An average score for categorical judgments of each
timulus was then established based on the majority response
i.e., at least two out of three listeners in agreement).

Fig. 3 depicts the percentage of listener identification for
ach of the four categories for words produced using the
onotone EL and tonal EL. Results of a binary logistic re-

ression analysis for intelligibility (both syllable and tone cor-
ect) indicated significant differences among stimuli based on
he predictors word type, EL mode and speaker. A test of the
ull model with the set of predictors against the null model
ith no predictors was significant, χ2 = 54.96, p <.001;

his indicates that the predictors reliably distinguish correct
rom incorrect samples. The approximate in-group status ac-
ounted for by the predictors was .35 using Nagelkerke’s for-
ula. Model sensitivity was 90% and specificity 63%, with

n overall hit rate of 69%, when the cut value was adjusted to
173. Word type was significantly uniquely predictive of intel-
igibility (b = .96 (SE = .38), Wald (1)= 6.36, p <.05, OR =
.61), Specifically, disyllabic words had 2.6 times higher ad-
usted odds [95% CI, 1.24–5.49] of being correct than mono-
yllabic words (controlling for EL mode). EL mode was also
ignificantly uniquely predictive of intelligibility, b = 2.82
SE = .51), Wald (1) = 30.57, p < .001, OR = 16.75; words
roduced using the tonal EL were 16.75 times [95% CI, 6.17–
5.48] more likely to be correct than monotone words (con-
rolling for word type, p < .001). Differences among speakers
ere not statistically significant (p = .25).
Table 1 shows listener response patterns for tones produced

y both EL types for monosyllabic words. Tables 2 and 3
how the same information for disyllabic words. Fig. 4 com-
ares listener identification of tones based on perceptual data
or mono- and disyllabic words. Average tone identification
or monosyllabic and disyllabic words were nearly identical
within 1% of each other), and were therefore combined for
raphic presentation.
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Fig. 3. Perceptual accuracy of monosyllabic words (A) and disyllabic words (B) produced with the monotone EL and tonal EL.

Table 1
Confusion matrix of responses to Mandarin tones for monosyllabic words.

Stimulus
tones

Identified tones

Produced with monotone
EL

Produced with tonal EL

HL LR FR HF HL LR FR HF

HL 95.8 0.0 4.2 0.0 100.0 0.0 0.0 0.0
LR 90.7 1.8 5.6 0.0 2.4 97.6 0.0 0.0
FR 100.0 0.0 0.0 0.0 0.0 40.0 60.0 0.0
HF 97.4 0.0 0.0 2.6 0.0 0.0 0.0 97.9

Some rows may not equal 100% due to listeners assigning 2 tones to
monosyllabic words, in which case the responses were omitted.
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3.2. Acceptability

A 2 (EL mode) × 2 (word length) between-subjects
ANOVA yielded a main effect for EL mode, F(1,20) = 78.188,
p<.001, indicating that the mean acceptability score was
ignificantly greater for tonal EL speech (M = 86.4,
D = 10.8) than for monotone EL speech (M = 39.3,
D = 16.0). Although the mean acceptability score was higher
or disyllabic words (M = 68.1, SD = 25.1) than monosyllabic
ords (M = 57.6, SD = 29.9), the main effect of word length
as not statistically significant (F(1,20) = 3.888, p > .05). No

significant interaction was reported between EL mode and
word length (F(1,20) = .404, p>.05).

. Discussion

This study examined a method of generating tonal dis-
inctions in Mandarin Chinese using an EL controlled by
omputer software. Preprogrammed tones based on previously
eported average F0 contours across speakers were created
o allow for consistent tone production. To produce speech,
L users were required to coordinate computer-controlled EL
oicing with movement of their articulators. Speaker partic-
pants used the customized EL to produce words in either a
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Table 2
Confusion matrix of responses to Mandarin tones for disyllabic words when produced with the monotone EL.

Stimulus
tones

Response tones: produced with monotone EL

HL
+HL

HL
+LR

HL
+FR

HL
+HF

LR
+HL

LR
+LR

LR
+FR

LR
+HF

FR
+HL

FR
+LR

FR
+FR

FR
+HF

HF
+HL

HF
+LR

HF
+FR

HF
+HF

HL+HL 100.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
HL+LR 66.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 33.3 0.0 0.0
HL+FR 66.7 0.0 0.0 0.0 16.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 16.7
HL+HF 66.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 16.7 16.7 0.0 0.0 0.0
LR+HL 100.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
LR+LR 66.7 0.0 0.0 0.0 0.0 16.7 0.0 0.0 16.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0
LR+FR 100.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
LR+HF 66.7 0.0 0.0 0.0 0.0 0.0 0.0 33.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
FR+HL 72.2 0.0 0.0 0.0 0.0 5.6 0.0 0.0 16.7 0.0 0.0 5.6 0.0 0.0 0.0 0.0
FR+LR 33.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 33.3 0.0 33.3
FR+FR 66.7 0.0 0.0 6.7 6.7 0.0 0.0 0.0 0.0 0.0 13.3 6.7 0.0 0.0 0.0 0.0
FR+HF 59.3 3.7 0.0 7.4 4.0 4.0 0.0 0.0 0.0 0.0 0.0 14.8 0.0 0.0 4.0 4.0
HF+HL 77.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 11.1 0.0 11.1 0.0 0.0 0.0
HF+LR 55.6 0.0 0.0 0.0 11.1 11.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 11.1 0.0 0.0
HF+FR 100.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
HF+HF 76.7 0.0 0.0 3.3 0.0 0.0 3.3 0.0 0.0 6.7 0.0 0.0 0.0 0.0 0.0 10.0

Some rows may not equal 100% due to listeners assigning 3 tones to disyllabic words, in which case the responses were omitted.

Table 3
Confusion matrix of responses to Mandarin tones for disyllabic words when produced with the tonal EL.

Stimulus
tones

Response tones: produced with tonal EL

HL
+HL

HL
+LR

HL
+FR

HL
+HF

LR
+HL

LR
+LR

LR
+FR

LR
+HF

FR
+HL

FR
+LR

FR
+FR

FR
+HF

HF
+HL

HF
+LR

HF
+FR

HF
+HF

HL+HL 100.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
HL+LR 0.0 83.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 16.7 0.0 0.0 0.0 0.0 0.0 0.0
HL+FR 0.0 0.0 100.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
HL+HF 0.0 0.0 0.0 95.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 5.0
LR+HL 0.0 0.0 0.0 0.0 100.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
LR+LR 0.0 0.0 0.0 0.0 0.0 100.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
LR+FR 0.0 0.0 16.7 0.0 0.0 0.0 83.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
LR+HF 4.8 0.0 0.0 0.0 0.0 0.0 0.0 85.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
FR+HL 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 100.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
FR+LR n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a
FR+FR 0.0 0.0 11.1 0.0 0.0 0.0 11.1 0.0 0.0 0.0 77.8 0.0 0.0 0.0 0.0 0.0
FR+HF 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 100.0 0.0 0.0 0.0 0.0
HF+HL 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 83.3 0.0 0.0 16.7
HF+LR 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 100.0 0.0 0.0
HF+FR 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 100.0 0.0
HF+HF 0.0 0.0 0.0 8.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 8.3 0.0 0.0 0.0 83.3

Some rows may not equal 100% due to listeners assigning 3 tones to disyllabic words, in which case the responses were omitted.
The FR+LR tone combination was not included in the stimuli and is labeled “n/a” as a row.
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onotone mode (monotone EL) or tonal mode (tonal EL).
esults indicated that adding tonal information to the EL

ncreased the intelligibility of monosyllabic and disyllabic
ords by 32.5% and acceptability ratings by 47.1 out of 100
oints. For words produced using the monotone EL, listen-
rs were often unable to correctly identify either the syllable
r tone of monosyllabic words (neither correct in 65% of
nstances) and disyllabic words (neither correct 79% of the
ime). These findings suggest that listeners were better able
o understand and preferred speech produced with the tonal
L over the monotone EL.

Wan et al. (2012) similarly found increased word intel-
igibility with the addition of EL tone information via a
rack-ball interface (WT-EL), demonstrating the importance
f tone information typically absent in EL speech. Intelligi-
ility of single words in the present study was lower than
ndings reported by Wan et al. (2012) despite the use of
ords from the same word bank (China National Standards of

he acoustic-speech articulation testing method (GB/T 15508-
995). Specifically, listeners in the present study correctly
dentified approximately 10% fewer words for the monotone
ondition and 8% fewer tonal words than in the earlier study.
his may be related to differences in scoring criteria and data
nalysis. Whereas Wan et al. (2012) analyzed word accuracy
s a continuous variable based on the average correctness of
he speech samples, the current study treated intelligibility as
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Fig. 4. The percentage of correctly and incorrectly identified tones for mono-
syllabic and disyllabic words (combined) produced with the monotone EL
and tonal EL.
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a categorical variable based on the majority correctness score
(i.e. at least 2 of 3 listeners). In addition, EL speakers in
the previous study were Laryngectomees who had been us-
ing a monotone EL for daily communication for over three
years. Therefore, lower percentages of syllable identification
in this study may be in part related to the differences in EL
user proficiency. Nevertheless, overall tone identification for
monosyllabic words produced using the tonal EL (89%) was
comparable to that generated by the WT-EL (86%).

Patterns of tone confusion indicated differences between
the tonal EL and monotone EL. As expected, most of the
tones for monosyllabic words produced with the monotone
EL were identified as HL. HL was identified with 95.8%
accuracy, whereas LR, FR, and HF were recognized below
chance level. This pattern is generally in agreement with the
results reported by Wan et al. (2012), although in the current
study identification of HL was slightly higher and identifica-
tion of the other 3 tones was slightly lower (i.e. our listeners
more consistently identified all tones as HL). For monosyl-
labic words produced with the tonal EL, HL, LR, and HF
were correctly identified above 97%, while FR was mistaken
for LR in 40% of instances.

Although tone identification was significantly higher for
words produced with the tonal EL than with the monotone
EL, tone identification errors suggests that at least one of
the preprogrammed tone patterns used to drive the tonal EL
was not entirely natural. In particular, the most common tone
misidentification was labeling FR as LR (FR had only a 60%
correct identification rate). Had FR been identified as accu-
rately as the other tones, then overall tone identification for
monosyllabic words would have been 98.5% correct instead
of 88.9%. Interestingly, although FR was often misidentified
as LR, the reverse was never true. With normal laryngeal
(NL) speech, FR and LR are likewise the most commonly
confused tones for monosyllabic words, but LR is perceived
more often as FR than the reverse (Liu et al., 2006), which
is opposite the present findings for preprogrammed EL tones.
The common misidentification of FR as LR in this study sug-
gests that the preprogrammed pattern for FR was too LR-like.
f tonal confusion is related to differences between NL tonal
ontours and that of the tonal EL, this could be addressed
y providing the tonal EL with more accurate tone patterns.
or example, F0 changes for each tone could be created by
mathematical function that not only produces naturalistic

itch patterns, but also allows the system to generate tones in
elation to a wide range of habitual pitch (e.g. male versus
emale vocal registers) with flexible tone durations to support
ifferent speaking rates.

Additional work is needed to explore the effect of F0

ontours on tone perception, as well as the contribution of
uprasegmental cues mentioned above, such as tone duration.
or the present study, tone duration was kept constant to iso-

ate the effects of F0 contour on intelligibility and acceptabil-
ty. In reality, people typically speak with consistently differ-
nt durations for the four tones (Xu, 1997; Whalen & Xu,
992). Creating preprogrammed tones that accurately reflect
hose typical durations may improve naturalness, with addi-
ional improvements in intelligibility and acceptability. At the
ame time, although tones used in this study were substan-
ially longer than typical NL speech (450 ms per syllable; Xu,
997), longer syllable duration is appropriate for EL speech.
or example, clinical guidelines for EL speech described by
oyle (2005) recommend the use of a slightly reduced speech

ate to achieve the best EL signal transmission and optimize
ntelligibility. The tendency for EL users to produce all tones
ith longer duration than NL speakers has also been doc-
mented by Liu et al. (2006). Therefore, it may be helpful
o generate EL tones with increased duration for all tones,
hile maintaining particular duration ratios among the tones

o reflect natural, relative duration patterns.
Although the present report demonstrated speakers’ abil-

ty to produce intelligible mono and disyllabic words us-
ng computer-activated, preprogrammed tones, additional re-
earch is needed to determine the most practical and effortless
ethod of selecting tones for continuous EL speech. Man-

al selection of individual tones could be accomplished us-
ng multiple surface-mounted buttons similar to the activation
utton on conventional ELs, or some other finger-controlled
nterface such as a multi-axis rocker switch, track ball, touch-
ensitive strip, etc. Another possible tone-control interface
ould incorporate accelerometers or gyroscopes to detect EL
ovements or angles for tone selection. This may function

imilarly to the position-sensing capabilities of modern cam-
ras and mobile phones, or the wrist-watch-based control of
L activation described by Matsui et al. (2013).

Regardless of the particular interface, selection of indi-
idual tones would require dedicated concentration not only
n awareness of which tones are needed for each syllable
slightly in advance) throughout running speech, but also on
he manual gestures to select each tone. By using the selection
f preprogrammed F0 patterns rather than the manual control
f patterns we hoped to minimize the cognitive load and
anual dexterity required for continuous tonal EL speech.
lthough fluent tone selection could be challenging at first,
e hope that it might become a subconscious process in time,

kin to touch-typing on a keyboard. Studies are underway
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o develop an interface that allows for rapid, comfortable
one selection, and to determine Mandarin speakers’ ability
o select tones during running speech. In addition to young,
ealthy speakers like those participating in the present report,
uture work will need to focus on Mandarin speakers age
0 or older to better represent individuals having undergone
otal laryngectomy (Braithwaite, 1999), and of course test the
onal EL speaking capabilities in laryngectomized individuals
ersus their typical means of alaryngeal communication.

. Conclusion

This research study was conducted with the goal of testing
method for providing tone production in Mandarin Chinese
L speech. A customized hand-held EL driven by computer
oftware to control F0 enabled speakers to produce monosyl-
abic and disyllabic words with preprogrammed F0 variation
or the four Mandarin tones (tonal EL) and without F0 vari-
tion (monotone EL). Native Mandarin speakers with nor-
al neck anatomy and inexperienced with EL speech were

rained to articulate coincidentally with computer-controlled
L voicing (without phonating). Perceptual assessment from
ative Mandarin-speaking listeners indicated that words pro-
uced with the tonal EL were significantly more intelligible
nd acceptable than words produced with the monotone EL,
nd tones produced with the tonal EL were perceived more
ccurately. However, tones were not always identified with
00% accuracy or at the rate of NL speech, and the impact
f several suprasegmental features (e.g. duration and ampli-
ude) on tone identification has yet to be determined. Future
ork is needed to provide an intuitive method of tone selec-

ion and test tone selection capabilities during running speech
n the Laryngectomee population.
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