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The electrolarynx (EL) is an electromechanical device that enables patients to produce voice following the sur-
gical removal of their larynx. The purpose of this study is to understand the acoustic and perceptual charac-
teristics of Mandarin consonants produced by EL speakers. First, the acoustic characteristics (including speech
intensity, consonant duration, spectral peak, and F2 onset) of Mandarin EL consonants are investigated by com-
paring the EL and normal consonants. Then, a perceptual evaluation of EL consonants is conducted to identify
the relationship between acoustical characteristics and perceptual intelligibility. The results suggest three con-
sonant confusion types are mainly responsible for the poor intelligibility of Mandarin EL consonants: (1) the
“unaspirated-for-aspirated” confusion caused by the significantly shortened voice onset time of aspirated con-
sonants; (2) the “voiced-for-voiceless” confusion caused by the continuous pulsing of the EL device and low
consonant intensity; and (3) the “perceptual omission” caused by low intensity of consonants and / or consonant
omission. The results obtained are promising and potential for further improvements in Mandarin EL speech

intelligibility.

1. Introduction

Each year, more than 25,000 patients are diagnosed with laryngeal
cancer in China (Chen et al., 2016). Laryngectomy remains a widely-
used treatment method for patients diagnosed with advanced-stage la-
ryngeal carcinoma. However, laryngectomy results in the inability to
produce laryngeal voice due to removal of the larynx. The electrolarynx
(EL) is an electromechanical device that enables patients to produce a
voice even though their larynx has been surgically removed. Previous
studies have indicated that more than half of laryngectomees use an
EL up to two years post-laryngectomy due to a number of advantages,
including its ease of learning and operation, and continuous output
(Hillman et al., 1998). However, patients using ELs for communication
are still limited in their communication due to the unnatural speech pro-
duced, thereby leading to low intelligibility (Kaye et al., 2017; Liu and
Ng, 2007; Sluis et al., 2018; Verkerke and Thomson, 2014).

A number of speech characteristics have been previously reported to
affect EL speech quality and intelligibility. Significantly low-frequency
spectral energy deficit contributes to unnatural EL speech quality and
low intelligibility (Qi and Weinberg, 1991; Meltzner, 2005). Higher
fundamental frequencies have been shown to result in poorer intelli-
gibility for English-speaking laryngectomees (Nagle et al., 2012). Fur-
thermore, a lack of frequency variation has been shown to result in
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poorer intelligibility for tone-based languages, such as Thai and Can-
tonese (Gandour et al., 1988; Liu et al., 2006; Ng et al., 1998). Noise
leakage from the EL also contributes to some of the unnatural charac-
teristics of EL speech, again leading to poor intelligibility (Meltzner and
Hillman, 2005; Meltzner et al., 2001). Shortened consonants are also
an important factor that leads to low intelligibility of EL consonants
(Hewlett et al., 1997).

Based on these shortcomings, it has been shown that EL speech
quality can be enhanced by compensating for low-frequency energy
deficits (Pandey and Basha, 2010), controlling EL fundamental fre-
quency (Saikachi et al., 2009; Wan et al., 2012; Wang et al., 2018),
reducing noise leakage (Basha and Pandey, 2012; Niu et al., 2003;
Xiao et al., 2018), modifying the EL voice source (Espy-Wilson et al.,
1998; Ng et al., 2014) and compensating for the abnormal vocal tract
characteristics (Wu et al., 2013). While previous attempts have im-
proved the acceptability of EL speech, only limited improvement of the
intelligibility of EL speech was achieved. This is because the previous
efforts mainly focused on the improvement of vowels in EL speech and
largely ignored consonants. Wu et al. (2013) showed that current EL
voice sources produce more intelligible vowels than consonants. How-
ever, consonants are indispensable for speech meaning discrimination
(Owren and Cardillo, 2006). Consonant confusion in EL consonants
can therefore cause a significant reduction in EL speech intelligibility
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(Weiss et al., 1979). Therefore, the purpose of the present study is to
understand the acoustic and perceptual characteristics of Mandarin con-
sonants produced by EL speakers.

1.1. Acoustic and perceptual characteristics of el consonants

Several acoustic characteristics have been demonstrated to be closely
related with consonant perceptions. Consonants produced with larger
airflows are usually characterized by larger intensity and longer conso-
nant duration (Faulkner and Rosen, 1999; Shigeki et al., 2006), while
the spectral peak (defined as the highest-amplitude peak of the FFT
spectrum) is proportional to the airflow and inversely proportional to
the diameter of constriction (Narayanan and Alwan, 2000). With the
place of articulation moving to the glottis, the F2 onset (defined as the
starting frequency of the second formant at the consonant-vowel bound-
ary of voiceless consonants) gradually increases (Jongman et al., 2000;
Maniwa et al., 2009; Sussman et al., 1991). Therefore, in this study,
intensity and consonant duration were selected for acoustic analysis of
consonants with different manners of articulation, while the spectral
peak and F2 onset were selected for acoustic analysis of consonants with
different places of articulation.

So far, there have been several studies revealing that EL conso-
nants have shorter duration than normal consonants, including short-
ened voice onset time (VOT, the time interval between the onset of the
noise burst and the onset of the following vowel) (Gandour et al., 1987;
Hewlett et al., 1997) and friction noise duration (Hewlett et al., 1997).
However, there are only a few studies concerning other acoustic char-
acteristics of EL consonants, especially the spectral peaks and F2 onset.
Therefore, further analysis is necessary to understand these characteris-
tics and how they affect EL consonant intelligibility.

Regarding the perceptual characteristics, the low intelligibility of
EL consonants is mainly attributed to the voicing feature confusion
for plosives, although vowel confusion also plays a role (Weiss and
Basili, 1985; Weiss et al., 1979). It has been demonstrated that the VOT
of EL consonants is a major cause of this confusion (Gandour et al.,
1987; Hewlett et al., 1997). Further, the continuous pulsing of the EL
device creates a continuously ‘voiced’ signal that causes listeners dif-
ficulty in accurately identifying voiceless consonants, causing “voiced-
for-voiceless” confusion or perceptual omission of voiceless consonants.
However, the above studies did not involve Mandarin EL consonants.
At present, the acoustic and perceptual characteristics of Mandarin EL
consonants still remain unknown.

1.2. Acoustic properties of mandarin el consonants

Due to the separation of the upper and lower respiratory tracts dur-
ing laryngectomy, EL speakers are unable to access pulmonary airflow
during voice and speech production. Therefore, it is expected that the
smaller airflow will also lead to lower intensity, shorter consonant du-
ration and lower spectral peaks for Mandarin EL consonants. Due to
the shorter vocal tract length involved in EL speech production, the for-
mants of EL vowels had been shown to be higher than those of normal
vowels (Ng and Xiong, 2015). Therefore, it is inferred that EL conso-
nants should have larger F2 onsets than normal consonants. On the other
hand, since laryngectomy maintains the supraglottal vocal tracts intact,
it is also expected that the correlation of spectral peaks and places of
articulation and the correlation of F2 onsets and places of articulation
should remain unchanged.

1.3. Perception of mandarin el consonants

Laryngectomy removes the larynx, leading to a lack of airflow during
articulation but maintaining the major vocal tract structure for speech
production. Therefore, EL consonant confusion is mainly attributed to
confusion between different manners of articulation rather than con-
fusion between different places of articulation. This has been demon-
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strated by previous studies about other languages. The consonant con-
fusion in English EL speech has been mainly attributed to “voiced-
for-voiceless confusion”, e. g. voiceless plosives to voiced counterparts
(more than 50%), voiceless affricates to voiced counterparts (more than
35%), voiceless fricatives to voiced counterparts (more than 12%) and
voiceless to sonorant (about 7%) (Weiss et al., 1985). In addition, more
than 80% of voiceless aspirated stops in Thai were perceived as voiceless
unaspirated stops (Gandour et al., 1987), which refers to “unaspirated-
for-aspirated” confusion. VOT, low intensity and radiated noise were
considered as the main factors leading to these confusions. Likewise,
suffering from these acoustic defects, it is expected that the Mandarin EL
consonants should also be degraded by consonant confusions between
different manners of articulation, such as “voiced-for-voiceless” confu-
sion and “unaspirated-for-aspirated” confusion.

1.4. Hypotheses

This study was designed to answer two questions concerning Man-
darin EL consonants. First, what changes of acoustic properties are made
in Mandarin consonants due to the use of ELs? Based on previous stud-
ies, we hypothesize that Mandarin EL consonants have smaller inten-
sity, smaller spectral peaks, higher F2 onset than normal consonants but
unchanged correlation between acoustic properties (including spectral
peak and F2 onset) and place of articulation. Second, what confusion
types are involved in Mandarin EL consonants? Our hypothesis is that
Mandarin EL consonant confusion is mainly attributed to confusion be-
tween manners of articulation rather than confusion between places of
articulation.

2. Method and experiments
2.1. Participants

Fifteen male laryngectomees (mean age: 69 years; range: 58 to 80
years) and fifteen male laryngeal speakers (mean age: 67 years; range:
59 to 73 years) participated in speech recordings. All subjects were Chi-
nese natives. Nine laryngectomees spoke standard Mandarin Chinese as
their primary language (originating from Peking, China) and six spoke
the Wuhan dialect as their primary language (originating from Wuhan,
Hubei province, China). The six Wuhan laryngectomees also spoke stan-
dard Mandarin. All laryngectomees had been using an EL as their main
form of communication in daily life for a mean of approximately 3.5
years (range: 2 to 8 years) and confirmed this was their primary form of
alaryngeal communication. The laryngeal speakers were recruited from
the Xi’an Jiaotong University professor population and spoke standard
Mandarin Chinese as their primary language. The laryngectomees and
laryngeal speakers were free of any upper respiratory infection in the
two weeks prior to recording. The laryngectomees reported no history
of speech or language disorders other than the laryngectomy. The la-
ryngeal speakers reported to be in good health at the time of study with
no known history of voice, speech, or language disorders. For percep-
tual evaluation, twenty male subjects (mean: 26 years; range: 23 to 29
years) were recruited from the Xi’an Jiaotong University student pop-
ulation. The listeners were Chinese natives and spoke standard Man-
darin Chinese as their primary language, reporting no history of speech
and listening disorders. All participants volunteered for the experiments
without monetary compensation.

2.2. Speech materials

e In Mandarin phonology, there are 22 consonants in total, includ-
ing 21 syllable-initial consonants and 2 syllable-final consonants
((ng) and (n), where (n) can be used as both a syllable-initial and a
syllable-final consonant). Only five Mandarin consonants are voiced
((m, n, 1, r, ng)), while the other 17 Mandarin consonants are voice-
less. The syllable-final consonant (ng) is rarely confused as the other
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Table 1
The Mandarin initial consonants (bold letters) and transcription symbols in In-
ternational Phonetic Alphabet (enclosed in brackets).

Labial Alveolar Retroflex Alveolo-palatal Velar
Unas-PLO b [p] d [t] g [k]
As-PLO p [p"] t[th] k [k]
Unas-AFF z [ts] zh [s] j [te]
As-AFF c [tsh] ch [ts"] q [te"]
FRI f[f] s [s] sh [s] X [¢] h [x]
Voiced m [m] n [n], 1[1] r[z]

Consonants produced using the same articulation manner are listed in a same
row and the consonants produced at the same articulation place are listed in the
same column. Unas-PLO refers to unaspirated plosives; As-PLO are aspirated
plosives; Unas-AFF are unaspirated affricates; As-AFF are aspirated affricates;
FRI are fricatives and Voiced are voiced consonants.

syllable-initial consonants. Therefore, except (ng), only the 21 Man-
darin syllable-initial consonants were considered for this study. The
syllable-initial Mandarin consonants were classified by their man-
ner and place of articulation, shown in Table 1. The speech mate-
rials were all disyllabic words formed by combing two independent
monosyllables. The first syllable was fixed with the monosyllable (a).
The second monosyllable was formed by combining each consonant
with five frequently-used rhymes. The rhymes were monophthong,
diphthong, triphthong and even “vowel + consonant”. The produc-
tion of each token (each disyllable) was recorded in isolation. The
speech materials are listed in Appendix I.

2.3. Speech material recording

For the recordings, laryngectomees and laryngeal speakers were
seated in a quiet room (background noise < 40 dB, measured by a
sound level meter [HT8352, HCJYET, Guangdong, China]) and asked to
read the speech materials. The laryngectomees used the “Xiwang VII”
(Tianchou medical machinery, Huzhou, China) device that was pre-set
to a fixed fundamental frequency according to individual usage habits
(mean: 56.6 Hz, ranges: 50 to 60 Hz). The specific model cannot modify
its fundamental frequency after pre-setting. Each material was presented
to the speakers using pinyin and a corresponding Chinese character that
is frequently used in daily life. Each speaker was given a brief practice
period to familiarize themselves with the speech materials, recording
format, and instrumentation before the actual recording, and were in-
structed to read the speech materials as if communicating with a per-
son at a distance of approximately one meter. 1575 EL samples and
1575 laryngeal samples (105 samples/subject) were recorded using a
dynamic microphone (Danyin DM-099) placed 10 cm in front of the
subject’s mouth and digitized at 44,100 Hz and 16 bits / sample using
Praat 6.0.40 (Boersma and Weenink, 2019).

2.4. Acoustic analysis

2.4.1. Speech signal pre-processing

To remove the masking effect of EL-radiated noise on consonants,
the EL speech was processed using a radiated noise suppression algo-
rithm called “multiband time-domain amplitude modulation (MTAM)”
before acoustic analysis. The MTAM algorithm removes EL-radiated
noise without degrading speech quality (Xiao et al., 2018). 4 clearly
mispronounced tokens in laryngeal speakers were excluded for further
analysis. However, potential mispronounced tokens in EL speakers were
not excluded due to the poor speech quality that results in difficulty dis-
tinguishing the mispronounced tokens.

2.4.2. Time-domain characteristic analysis

Time-domain analysis was conducted based on speech intensity and
consonant duration. In this study, the duration of plosives and affricates
were defined as the VOT. The duration of fricatives was defined as the
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frication noise duration in the spectrogram. The duration of voiced con-
sonants is the time interval between the onset of EL voice pulsing and
the onset of the pulsing associated with the following vowel. For some
consonants where it is hard to distinguish the boundary directly (such
as (1, r)), the intensity of formants, and in particular the first formant,
was used to determine the boundary, since most voiced consonants have
lower formant intensity than surrounding vowels. The intensity of con-
sonants was defined as the average intensity (calculated using the de-
fault method of Praat) over the consonant duration, as defined above.
Although the speech intensity given by Praat is not true speech inten-
sity, it can be used to determine the relative differences between EL and
normal consonants.

2.4.3. Spectral characteristic analysis

The spectral analysis of EL and normal consonants was conducted
based on the spectral peak and F2 onset. The spectral peak is mainly
analyzed for affricates and fricatives, since the affricates and fricatives
are characterized by a relatively stationary configuration of articulation
(Maniwa et al., 2009). In this study, the spectral peak was examined
using a 40 ms Hamming window placed in the middle of the frication
noise. The FFT spectra were obtained using the default method of Praat.

The apparent F2 starting frequency of a vowel preceded by an obstru-
ent provides information about the configuration of articulation used to
generate the consonant (Jongman et al., 2000). Generally, the F2 onset
rises progressively as the place of articulation moves back in the oral
cavity (Alwan et al., 2011; Suchato, 2004). In addition, the first three
formants (F1, F2 and F3) of voiced consonants were also analyzed. In
this study, a 40 ms Hamming window was placed in the middle of the
consonant duration, and the formants were obtained using the default
method of Praat (Burg; window duration: 20 ms; Dynamic range: 30 dB).
In order to analyze the relationship of F2 onsets with the places of ar-
ticulation more clearly, syllables whose consonants were followed by a
same rhyme and across at least three places of articulation were selected
for F2 onset analysis, including consonants + (a, ou, ong, i, e, u).

Throughout this study, the mixed effect model of repeated mea-
sures analysis of variance (ANOVA) was used as the statistical analysis
method. The voice source (EL and larynx) was set as between-subject
factor and fixed effect, while vowels were set as the within-subject fac-
tor. The subject was set as a random effect.

2.5. Evaluation of consonant intelligibility

2.5.1. Listening task

Listeners were presented with the speech stimuli (including every
recorded disyllable) through a high-fidelity sound system (EDIFIER
R18T) in the same quiet room (background noise level <40 dB). The lis-
teners were seated about 1 m away from the loudspeaker. The intensity
level of the playback was adjusted by individual judges to a comfort-
able level. To avoid perceptual fatigue, 1575 tokens were listened over
5 days (315 tokens were tested each day). Each disyllable was played 3
times within 10 s. There was an interval of 5 s between different disyl-
lable playbacks. Listeners had 10 minutes’ break time after listening for
20 min continuously. It took about two hours to complete the listening
tasks each day. The speech materials were played with a randomized
order. The listeners were asked to write down what they heard, even if
they thought it was meaningless.

2.5.2. Intelligibility and confusion analysis

Both the intelligibility and the confusion analysis of the EL conso-
nants were conducted from two aspects: manners of articulation and
places of articulation. The intelligibility analysis investigated strict per-
ceptual accuracy for each consonant, and confusion analysis investi-
gated the consonant confusion between different articulatory types (the
manner of articulation or the place of articulation). Therefore, in in-
telligibility analysis, correct identification meant that a consonant was
identified as itself, while in confusion analysis, a correct identification
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meant that a consonant was identified as a consonant with the same
type of articulation. Then, the intelligibility and confusion results were
analyzed to determine the perceptual characteristics of Mandarin EL
consonants.

3. Results
3.1. Time-domain characteristics

3.1.1. Waveforms and spectrogram

Fig. 1 shows the waveforms and spectrograms of laryngeal and EL
speech samples. Visually, three qualitative results can be concluded from
Fig. 1. First, the amplitude of the EL speech signal is smaller than that of
the laryngeal signal. Second, EL consonants have large variations across
EL speakers. As shown in Fig. 1, the sound energy of /s/ produced by LS1
is much greater than that produced by ELS1 or ELS2, and some /s/ (see
[a s¥]) produced by ELS2 have extremely low levels of sound energy.
Third, all EL consonant durations were injected with the continuous
pulsing of the EL device, which masks the consonant signals to some
extent.

3.1.2. Speech intensity

The speech intensity of EL and normal consonants is shown in Fig. 2.
The speech intensity of EL consonants is in the range of 44-48 dB (mean:
46.1 dB), and that of normal consonants is in the range of 48-56 dB
(mean: 52.9 dB). The speech intensity of each type of EL consonant is
at least 4 dB lower than that of normal consonants. Repeated measures
ANOVA with mixed effect model revealed that there is a significant dif-
ference between the intensity of each consonant type (p < 0.01 for each
consonant type). This result indicates that the laryngectomees speaking
with an EL produce significantly weaker consonant sounds than laryn-
geal speakers do.

0.25

Speech Communication 123 (2020) 26-34

3.1.3. Consonant duration

The duration of EL and normal consonants with different manners
of articulation are shown in Fig. 3. For EL consonants, each type has
a smaller duration than the corresponding normal ones, (p < 0.01 for
each consonant type, except unaspirated plosives). In addition, it can
be seen that the unaspirated consonants and voiced consonants have
a much smaller reduction of consonant duration (average 7.6 ms and
6.6 ms, respectively) than aspirated consonants and fricatives (average
75 ms and 87 ms, respectively). These results indicate that laryngec-
tomees produced significantly shorter consonants than laryngeal speak-
ers speaking normally do, and EL consonants demanding higher airflow
during articulation have a larger reduction of consonant duration.

3.2. Spectral characteristics

3.2.1. Spectral peak

Fig. 4 shows the spectral peaks of fricatives and affricates in EL and
laryngeal speech as a function of place of articulation. For each conso-
nant type, the EL consonants have significantly smaller spectral peaks
than corresponding normal ones, (p < 0.01 for each consonant type).
However, for both EL and normal consonants, the spectral peaks de-
crease as the place of articulation moves from the lip to the glottis. This
result suggests that although EL consonants have smaller spectral peaks
than normal consonants, they still retain the same relationship of spec-
tral peaks and places of articulation with normal consonants.

3.2.3. Formants

Fig. 5 shows the F2 onset of EL and laryngeal speech varying with the
places of articulation. For each type, EL consonants have larger F2 on-
sets than the corresponding normal consonants (p < 0.05 for each type,
except velar + (e), labial + (i) and alveolar + (i)). Besides, Fig. 6 shows
that all the first three formants of the EL voiced consonants are also
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Fig. 1. Speech produced by a laryngeal speaker (LS1) and two EL speakers (ELS1 and ELS2). (a) laryngeal speech produced by LS1; (b) speech produced by ELS1;

(c) speech produced by ELS2.
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is the normal consonant. Scatters represent individual data.
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Fig. 3. Duration of EL consonants and normal consonants. ** p < 0.01; *** p < 0.001 (repeated measures ANOVA with mixed effect model). ELC represents EL
consonant; NC represents normal consonant. Scatters represent individual data.

significantly larger than those of normal consonants (p < 0.001 for each
voiced consonant). Meanwhile, Fig. 5 also shows that the F2 onsets of EL
and normal consonants vary consistently with the place of articulation
moving back in the vocal tract. The F2 onsets of both EL and normal
consonants are progressively higher as the place of articulation moves
back in the oral cavity, except in the velar case. These results suggest
that although EL speech has higher formants (including F2 onsets of
voiceless consonants and the first three formants of voiced consonants)
than laryngeal speech, they both have higher F2 onsets with the place
of articulation moving to the glottis.

Based on the above acoustic analysis, the following results are de-
rived:

(1) EL consonants have significantly lower speech intensity than normal
ones;

(2) The duration of EL consonants is significantly shorter than those of
normal ones, especially the aspirated consonants and fricatives;

(3) EL consonants have lower spectral peaks, but the relationship be-
tween their spectral peaks and place of articulation is similar to that
of normal consonants.

30

(4) The EL consonants have significantly higher formants than normal
consonants do, however, the relationship between F2 onset and place
of articulation remains unchanged.

3.3. Perceptual characteristics

3.3.1. Intelligibility

The intelligibility of EL consonants as a function of the place and
manner of articulation are respectively presented in Figs. 7 and 8. The
results shown in both figures indicate that most EL consonants have
low intelligibility. Fig. 7 shows that the intelligibility of EL consonants
has no apparent correlation with place of articulation moving from lip
to glottis (59% on average, range: 48%—69%). In contrast, the intelli-
gibility of EL consonants is closely related to the manner of articula-
tion, as shown in Fig. 8. The intelligibility of voiced consonants is high-
est (86.3%) and the intelligibility of unaspirated consonants is much
larger (69.5%) than that of aspirated consonants and fricatives (41.2%
and 44.9% respectively). These results indicate that the intelligibility of
EL consonants is more closely related with the manner of articulation
rather than the place of articulation. Generally, consonants demanding
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airflow demand increases. Scatters represent individual data.

less airflow during articulation have larger intelligibility in Mandarin EL
speech.

3.3.2. Consonant confusion

We used confusion matrices between different places and manners
of articulation to determine the Mandarin EL consonant confusion pat-
terns. The confusion matrix produced by different manners of articula-
tion is shown in Table 2. According to this result, consonant confusion
exists between EL consonants with different manners of articulation, and
three patterns are mainly responsible for the confusion between differ-
ent manners of articulation. (1) The EL aspirated consonants are easily
mistaken as their unaspirated counterparts (33.2% as aspirated plosives
and 26.3% as aspirated affricates), which in this study is referred to as
“unaspirated-for-aspirated”; (2) Voiceless consonants are easily identi-
fied as voiced consonants, which is referred to as “voiced-for-voiceless”
confusion; (3) Voiceless consonants are easily missed, which is referred
to as “perceptual omission”. The fricatives and aspirated consonants suf-
fer larger “perceptual omission” (33.0% and 16.1%, respectively) than
unaspirated consonants (10.4%) do.
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Table 2
Confusion matrix of EL consonants by different manners of articulation (%).

Unas-PLO  As-PLO Unas-AFF  As-AFF FRI Voiced omission
Unas-PLO  67.0 43 0.6 0.0 0.3 173 10.5
As-PLO 33.2 31.1 0.4 0.0 2.2 143 18.8
Unas-AFF 1.5 0.0 77.6 0.7 0.7 9.4 10.2
As-AFF 0.2 0.0 26.3 53.7 0.3 6.2 134
FRI 1.1 0.0 11.2 0.6 469 7.1 33.0
Voiced 3.5 0.0 0.6 0.0 0.1 90.3 5.4

The stimulus phonemes are listed vertically, while perceived phonemes are in-
dicated horizontally.

Table 3
Confusion matrix of EL consonants by different places of articulation (%).

Labial Alveolar Retroflex Alveolo-palatal Velar omission
Labial 79.7 36 0.8 0 0.9 151
Alveolar 045 85.2 34 0.04 0.2 10.8
Retroflex 0.02 3.6 84.7 0 0.5 11.2
Alveolo-palatal 0.6 4.4 3.1 75.2 0.1 16.6
Velar 0.7 4.7 1.8 0.2 60.3 323

Stimulus phonemes are listed vertically while perceived phonemes are indicated
horizontally.

The confusion matrix of EL consonants with different places of ar-
ticulation is shown in Table 3. “Perceptual-omission” is still prominent
(average 17.2%, range: 10.8%—32.3%) while other confusion types are
not pronounced (smaller than 7% on average for each consonant type).
This suggests that confusion due to the different places of articulation
contributes very little to the poor intelligibility of EL speech. Further,
it can be inferred that the “voiced-for-voiceless” and “unaspirated-for-
aspirated” confusions were mainly due to confusions produced at the
same place of articulation.

Based on the perceptual test analysis, the following conclusions are
drawn:

(1) Consonant confusion in EL speech is mainly due to voiceless con-
sonants, leading to the low intelligibility of voiceless consonants in
Mandarin EL speech;

Confusion of voiceless consonants mainly occurs due to different
manners rather than different places of articulation in Mandarin EL
speech;

Consonant confusion between different manners of articulation
in Mandarin EL speech mainly manifests through three patterns:
“unaspirated-for-aspirated” confusion, “voiced-for-voiceless” confu-
sion and “perceptual-omission” confusion.

(2)

(3)

4. Discussion
4.1. Abnormal acoustic characteristics

The speech intensity analysis indicates that laryngectomees speak-
ing with an EL produce significantly weaker consonants than laryngeal
speakers normally do. This is expected, as due to removal of the larynx,
laryngectomees cannot produce laryngeal voice using pulmonary air-
flow. Due to this inability, the consonants produced by laryngectomees
using an EL do not achieve the intensity of normally produced con-
sonants. In addition, the vocal efficiency of EL speech production is
also far smaller than the vocal efficiency of laryngeal speech produc-
tion (Wu et al., 2017), therefore, the intensity of EL speech, including
voiced consonants and vowels, is much lower than laryngeal speech.

Also suffering from the inability of utilizing pulmonary airflow dur-
ing articulation, the duration of consonants demanding higher airflow is
reduced more. Shortened VOTs are also observed for word-initial voice-
less stop consonants in English, which are mostly reduced to less than
30 ms (Hewlett et al., 1997; Weiss et al., 1979) and are even reduced
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to lower than 20 ms for Thai EL speech (Gandour et al., 1987). For EL
speakers, only a very limited volume of buccal air can be used to produce
consonants; this volume can only partly compensate the airflow demand
for producing unaspirated consonants, but this is far from the airflow de-
mand for producing aspirated consonants and fricatives. Therefore, the
durations of aspirated consonants and fricatives are significantly short-
ened, closely approaching their unaspirated counterparts.

The spectral analysis reveals that EL consonants have lower spectral
peaks than normal ones, maintaining however the correlation of spectral
peaks and places of articulation. The spectral peak is proportional to the
airflow velocity and inversely proportional to the diameter of the con-
striction (Narayanan and Alwan, 2000). The laryngectomy removes the
larynx of patients, but maintains the other articulation structures (such
as oral cavity and tongue) intact. Under the condition of unchanged con-
striction, the spectral peaks of EL consonants inevitably become smaller
due to the lack of airflow. Due to the remaining of the major structures of
articulation, the information of associated with the place of articulation
in the spectral peaks remains present.

Considering the formants, EL speech has significantly larger formants
than laryngeal speech (including F2 onset and the first three formants
of voiced consonants). Except for EL speech, higher formant frequen-
cies are found in esophageal and tracheoesophageal speech (Liao, 2016;
Ng and Xiong, 2015). Generally, a shorter vocal tract leads to higher
formant frequencies. Although the vocal tract configuration (length and
volume) in laryngectomized individuals has been shown not to be sig-
nificantly different than that of laryngeal speakers (Ng et al., 2018), the
voice source for using the EL is located somewhere beyond the glottis
rather than the end of the vocal tract, which is the normal laryngeal
voice location. This shortens the prior cavity involved in articulation,
which is the cause for the higher formants of EL consonants.

As analyzed above, the F2 onset frequencies in EL speech are also
higher than those in laryngeal speech, due to the shortened prior cavity
involved in articulation. However, it is interesting that the correlation
of the F2 onset and place of articulation in EL speech is consistent with
that of laryngeal speech. It has been demonstrated that the apparent F2
starting frequency of a vowel preceded by an obstruent provides infor-
mation about the articulatory configuration used to generate the con-
sonant (Sussman et al., 1991), since the articulatory configuration of
vowel onset is close to that of the preceding consonant (Suchato, 2004).
Laryngectomy removes the larynx, but preserves the supraglottal vo-
cal tract structure intact, so laryngectomees can shape any articulatory
configuration. Therefore, similarly to the spectral peak, the unchanged
correlation between the F2 onset and place of articulation is mainly due
to the intact supraglottal vocal tract structure.

4.2. Acoustic mechanisms for consonant confusion

At present, there is no evidence showing that low speech intensity
is related to any specific consonant confusion pattern. However, it is
expected that listeners have difficulty in perceiving the speech infor-
mation correctly at low speech intensity, resulting in some consonant
confusions. For EL speech in particular, the continuous pulsing of the
EL device will increase the level of noise in EL speech, masking the
EL consonants and leading to “voiced-for-voiceless” confusions. The re-
sults demonstrate that, generally, larger intensity reduction corresponds
to lower intelligibility for EL voiceless consonants. Previous studies
have shown that increasing the intensity of consonants can effectively
improve speech intelligibility at low speech intensity (Digiovanni and
Stover, 2008; Jayan and Pandey, 2015; Sarath and Jayan, 2017). There-
fore, the low speech intensity of EL consonants is partly responsible for
the low intelligibility of EL consonants.

The “unaspirated-for-aspirated” confusion in Mandarin EL conso-
nants is mainly attributed to the shortened VOT of aspirated conso-
nants. VOT is considered as a key factor for distinguishing aspirated
from unaspirated consonants (Liu, 2011; Wong, 2007). In general, aspi-
rated consonants have longer VOTs than their unaspirated counterparts
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(Qi and Zhang, 1982). The VOT of Mandarin EL aspirated consonants
is reduced and approaches the VOT of unaspirated counterparts (see
Fig. 3), which results in “unaspirated-for-aspirated” confusions (33%
for aspirated plosive and 26.3% for aspirated affricates, see Table 2).
Therefore, VOT reduction of aspirated consonants is mainly responsible
for the “unaspirated-for-aspirated” confusion in Mandarin EL speech.

Both the “voiced-for-voiceless” confusion and “perceptual omission”
are mainly due to low intensity or omission of consonants and continu-
ous EL pulsing in Mandarin EL speech. ELs produce continuous a puls-
ing of the voice source throughout the speaking duration. The EL voice
source is a periodic vibration signal that resembles the source of the
vowels and voiced consonants. During a consonant, the EL voice source
simultaneously reconstructs a voiced speech signal and in the process
produces radiated noise that masks weak consonants to some extent.
When the speech intensity of EL consonants is too low to perceive, lis-
teners will identify this interval as a voiced interval. If the consonant has
the same place of articulation with a voiced consonant, this duration is
easily identified as a voiced consonant, i.e. a “voiced-for-voiceless” con-
fusion occurs. If the consonant does not have the same place of articula-
tion with any other voiced consonant, this duration is easily identified
as a vowel or a semivowel, i.e. an “omission”.

Consonant confusion among Mandarin EL consonants with differ-
ent place of articulation is not prominent. Spectral peaks and F2 on-
sets are closely related to the place of articulation (Alwan et al., 2011;
Jongman et al., 2000). It was shown that, due to the intact supraglot-
tal vocal tract, the information of place of articulation is maintained in
the spectral peaks and F2 onset frequencies: as the place of articulation
moves from lip to glottis, the spectral peak decreases and F2 onset in-
creases (see Fig. 4 and Fig. 6). Therefore, consonant confusions rarely
occur among different places of articulation.

In summary, confusions in voiceless consonants are the major causes
of low intelligibility of Mandarin EL consonants, and can be attributed to
three patterns: (1) the “unaspirated-for-aspirated” confusion caused by
shortened VOT of aspirated consonants; (2) the “voiced-for-voiceless”
confusion caused by low consonant-intensity and strong radiated noise
of EL; and (3) the perceptual omission caused by low consonant-
intensity or consonant-omission. The two research hypotheses are there-
fore supported by these results. It is difficult to resolve consonant confu-
sions by improving the EL device with advanced materials or construc-
tion. In recent years, many signal-processing methods have been suc-
cessfully utilized to enhance EL speech, such as voice-conversion tech-
nology (Doi et al., 2014; Nakamura et al., 2012). Since EL speech in-
volves the vocal tract characteristics, the vocal tract transfer function
of EL consonant duration can be extracted and utilized to resynthesize
a consonant duration that can improve the intensity of EL consonants
effectively or extend the VOT of aspirated consonants. Based on this as-
sumption, the next work is to improve the intelligibility of Mandarin
EL speech by extending the VOT of aspirated consonants and compen-
sating for low consonant intensity or consonant omission. In addition,
enhancing low-frequency deficits, reducing EL device noise, and greater
frequency variation may lead to improvements in Mandarin EL speech
quality and / or intelligibility (Meltzner and Hillman, 2005).

5. Conclusion

This study examined the acoustic and perceptual characteristics of
Mandarin consonants produced by EL users and laryngeal speakers.
Acoustic analysis revealed that: (1) EL consonants had significantly
lower intensity than normal consonants; (2) EL consonants had signif-
icantly shorter durations than normal consonants; (3) EL consonants
had lower spectral peaks and higher F2 onsets than normal consonants,
but both quantities maintained their correlation with the place of ar-
ticulation. Perceptual results revealed that consonant confusion mainly
occurs among voiceless consonants with different manners of articula-
tion rather than with different places of articulation. Consonant con-
fusion among different manners of articulation is attributed to three
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patterns: (1) the “unaspirated-for-aspirated” confusion caused by the
shortened VOT of aspirated consonants; (2) the “voiced-for-voiceless”
confusion caused by low intensity and continuous EL pulsing; and (3)
“perceptual omission” caused by low intensity or omission of EL conso-
nants. Hence, raising the intensity of EL consonants, extending the VOT
of aspirated consonants or reconstructing missed EL consonants are ben-
eficial and promising ways to improve intelligibility of EL consonants in
Mandarin speech in the future.
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