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a b s t r a c t 

From the perspective of efficiency, this article studied the energy transfer and conversion in the process of 

electrolaryngeal (EL) speech production. An overall vocal efficiency of EL speech production was defined 

as the ratio of the acoustic power of the EL speech to the electric power supplied by the battery. The 

measurements of a commercial EL showed that the actual utilization efficiency of the battery energy was 

no more than 0.1%. The energy transfer process was divided into three successive stages. The correspond- 

ing efficiencies of these stages were defined and estimated to analyze potential power losses and possible 

impact of two factors (EL cap and vowel) on the vocal efficiency. It was concluded that the non-linear 

transducer of the EL device and the physiological features of the neck tissue were the main reasons for 

the high power losses and low vocal efficiency. Furthermore, both EL cap and phonation vowel showed 

significant effects on the EL vocal efficiency. Thus, improvement of EL linear vibrator and compatible cap 

will be beneficial to raising the vocal efficiency and improving the EL speech quality. 

© 2017 Elsevier B.V. All rights reserved. 
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. Introduction 

Normal speech production is an energy conversion process from

he aerodynamic power provided by the pulmonary system to the

coustic power radiated from the mouth. Vocal efficiency (VE), de-

ned as the ratio of the acoustic power to the sub-glottal power, is

idely used to quantitatively evaluate the functional status of the

arynx and vocal tract system ( Howard et al., 1990; Titze, 1992;

iang et al., 2004; Grillo et al., 2008 ). 

For alaryngeal speech, electrolaryngeal (EL) speech production

s also an energy conversion process but different from normal

peech production. First, the sound source of EL speech is a me-

hanical vibration of a vibrator head driven by a piston that is con-

ected to an electric motor. Then, this vibration transmits through

he neck tissue and vocal tract to produce EL speech at the lips. In

his process, the electric power of the battery is transformed into

he mechanical power of the EL vibrator and then into the acoustic

ower of the EL speech. 

Regarding energy conversion, the vocal efficiency of EL speech

roduction is the integrative performance of the EL device, human

eck tissue, and vocal tract, which must affect the quality of EL

peech communication. For example, the high noise level in the EL

peech resulting from the leakage of EL vibration should be due to

 poor coupling between the EL vibrator and neck tissue. The low

ntensity of EL speech may be related to the high losses of energy
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n the speech production process, such as source generation of the

L device and sound transmission through neck tissue and vocal

ract, etc. ( Meltzner et al., 20 03; 20 05) reported that these two as-

ects are noted in the top acoustic aberrant properties reducing

he perceptual intelligibility of EL speech, so reducing the EL self-

oise and correcting for the low frequency energy will enhance the

L speech quality. 

Therefore, it is necessary to quantitatively measure the vocal ef-

ciency of EL speech production. The EL vocal efficiency may reveal

he influence of EL speech production on the perception-related

coustic features (such as intensity, leaking noise, and energy dis-

ribution in frequency domain, etc.), which will benefit to the im-

rovement of EL technology. However, the definition and calcula-

ion of the vocal efficiency of normal speech production cannot be

irectly applied to the case of EL speech production because of dif-

erent energy forms and physiological structures of the two vocal

ystems. So far as we know, there are few reports about the vocal

fficiency of EL speech production. 

In this work, we defined and measured some vocal efficiencies

f electrolaryngeal speech production, including an overall vocal

fficiency as well as the efficiencies of three successive stages in

he process. Then, the values measured from healthy subjects and

aryngectomees and differences of these efficiencies were analyzed

o investigate the potential power losses and possible influence of

wo factors (EL cap and vowel) on EL vocal efficiency. Finally, some

uggestions of raising vocal efficiency were mentioned for the im-

rovement of EL technology and speech quality. 

http://dx.doi.org/10.1016/j.specom.2017.02.002
http://www.ScienceDirect.com
http://www.elsevier.com/locate/specom
http://crossmark.crossref.org/dialog/?doi=10.1016/j.specom.2017.02.002&domain=pdf
mailto:mxwan@mail.xjtu.edu.cn
http://dx.doi.org/10.1016/j.specom.2017.02.002
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Fig. 1. Energy conversion in the electrolaryngeal speech production. Dash lines separate the process from the aspect of energy form. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

t  

n  

w  

t  

c  

f  

u  

l  

i  

fi  

t  

f

 

r  

c

2

w

 

m  

m  

c  

L  

t  

p  

C  

s

 

(  

a  

t  

r  

c  

I  

c

2

t

 

t  

H  

w  
2. Methods and experiments 

2.1. Definitions of EL vocal efficiencies 

Fig. 1 shows the entire process of electrolaryngeal speech pro-

duction. Overall vocal efficiency of EL speech production (VE EL )

was defined as the ratio of the acoustic power of the EL speech

to the electric power supplied by the battery. From the perspective

of energy transfer, three successive stage efficiencies in the process

were defined as follows. 

(1) Electromechanical efficiency of the non-linear vibrator

(EE NL ) was defined as the ratio of the mechanical power of

the output vibration to the electric power of the battery. 

(2) Coupling efficiency of the EL cap and the neck (CE CN ) was

defined as the ratio of the mechanical power that transmits

into the neck to the mechanical power of the output vibra-

tion of the EL cap. 

(3) Transmission efficiency of the neck and the vocal tract

(TE NV ) was defined as the ratio of the acoustic power of

EL speech to the mechanical power that transmits into the

neck. 

It is important to note that the EL speech in these efficien-

cies referred to the radiated sound from the mouth rather than

the noisy EL speech with the leaking noise, because only the radi-

ated speech from the mouth is the meaningful part in the noisy EL

speech and the effective output of the EL system. 

2.2. Experimental procedures 

Nine healthy subjects (five males and four females) and four

laryngectomees (two males and two females) participated in the

following experiments. The average ages of the healthy subjects

and the laryngectomees were 26.1 ± 2.4 and 62.7 ± 6.8 years old,

respectively. All the laryngectomees suffered a late stage of glot-

tic carcinoma and had undergone total laryngectomy with bilat-

eral neck dissection and radiation therapy for at least 17 years

as shown in Table 1 . All subjects were native Mandarin Chinese

speakers familiar with using a commercial EL. 

A wide-used commercial EL (Servox Digital, Servona, Germany)

was selected in this study. The Servox Digital EL had two differ-

ent sound caps for soft and hard tones. The two plastic caps have
Table 1 

Detailed information of the laryngectomized speakers. 

Subjects Gender Age Laryngectomy 

S1 Male 59 Total 

S2 Male 68 Total 

S3 Female 69 Total 

S4 Female 55 Total 
he same size (3 cm radius) but different hardness (Vikers hard-

ess, 13.03 MPa for hard cap and 10.81 MPa for soft cap, measured

ith 10 g force and 10 s holding time). Therefore, both caps were

ested to investigate the influence of the vibrator on the EL vo-

al efficiency. In accordance with actual use, different fundamental

requencies were chosen for male EL users (100 Hz) and female EL

sers (150 Hz). In addition, the volume was set to the maximum

evel to make sure that energy input of the motor was consistent

n different fundamental frequencies. This assumption was con-

rmed by the measurement of the vibration amplitudes of the pis-

on driven by the motor, which was 2.7 mm for 100 Hz and 2.6 mm

or 150 Hz. 

Two separate experiments were carried out in a soundproof

oom to collect the necessary data to calculate the vocal efficien-

ies of EL speech production. 

.2.1. Collection of mechanical vibration of the non-linear vibrator 

ithout the neck coupling 

A laser Doppler vibrometer (LDV) system (Polytec, controller

odel OFV-50 0 0 & laser head model OFV-534, Waldbronn, Ger-

any) was used to measure the vibration velocity signal of the

ommercial EL cap. During the trial, the commercial EL and the

DV were fixed head-to-head with the laser point at the center of

he EL cap. The EL was refitted to be driven by a DC regulated

ower supply (Zhongce Electronics, model DF1731SLL3A, Ningbo,

hina) which can display the real-time working current of the EL

ystem. 

In this experiment, three different fundamental frequencies

100 Hz, 150 Hz, and 200 Hz) were tested to see how the frequency

ffects the electromechanical efficiency of the non-linear vibra-

or. In each trial, the voltage and current of the working EL were

ecorded, and the velocity data of the EL cap was captured using a

omputer with a Gage PCI card (Model CompuScope 12502, Gage

nc., Lockport, USA) at a sampling frequency of 50 kHz. Each EL

ase was repeated ten times. 

.2.2. Collection of sound pressure level of the noisy EL speech and 

he leaking noise 

In this experiment, each subject was asked to produce a sus-

ained vowel for 5 seconds. A sound level meter (Model HT-8352,

CJYET, Guangzhou, China) mounted 20 cm in front of the mouth

as used to record the sound pressure level (SPL in dB) of the
Years after surgery Radiation Neck dissection 

22 Yes Bilateral 

30 Yes Bilateral 

28 Yes Bilateral 

17 Yes Bilateral 
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Table 2 

Electric power of the working EL. 

EL cap Frequency (Hz) U (V) I (A) P E (W) 

Hard 100 7 .20 0 .30 2 .160 

150 0 .30 2 .160 

Soft 100 0 .31 2 .232 

150 0 .31 2 .232 

n  

j  

s  

o  

t  

fl  

t  

S

 

c  

b  

2  

M  

i  

t  

e

2

 

r  

w  

n  

p  

a

 

E

P

 

0  

p

 

 

e  

b  

t  

e  

f

P  

w  

a  

e  

t

 

s  

c  

t  

E  

t  

v

v  

 

c  

t

P

 

m  

t  

 

t  

l

c

I

w  

e  

b  

1  

d

P

w  

m

 

e  

fi  

t  

t

V

E  

C  

T

2

 

E  

fi  

s  

(  

t  

A  

f

3

3

 

p  

a  

a  

l

u  

e  

(  

p

 

i  

s EL  
oisy EL speech and the leaking noise, separately. Firstly, the sub-

ect was asked to produce a normal EL speech for the SPL mea-

urement of the noisy EL speech. In accordance with the condition

f the laryngectomized patient, the healthy speaker was requested

o hold his glottis closed to eliminate inadvertent voicing and air-

ow from the lower respiratory tract. Then, the subject was asked

o produce the same syllable with a closed mouth and nostril, the

PL value was considered the result of the leaking noise. 

During the trial, the EL was placed against the neck at the

ommon location for EL placement ( Meltzner, 2003 ). The distance

etween the EL and the sound level meter was in the range of

9 cm–30 cm (averaging 29.8 cm) for all subjects. Furthermore, five

andarin vowels (Pinyin “a,” “o,” “e,” “i,” “u” as /a/, / ɔ /, / ə/, /i/, /u/

n International Phonetic Alphabet) with a level tone were selected

o study the effect of the vocal tract configuration on the EL vocal

fficiency. Each vowel was repeated five times. 

.3. Calculation of EL vocal efficiencies 

According to the measured values of the voltage U and the cur-

ent I of the working EL, the vibration velocity v ( t ) of the EL cap

ithout the neck coupling, and the sound pressure level of the

oisy EL speech SPL noisey_EL_speech and the leaking noise SPL noise , the

reviously defined vocal efficiencies can be calculated step by step

s follows. 

Step one : calculating the electric power of the working EL 

As a simple electric circuit, the electric power of the working

L, P E , was the product of the voltage and current. 

 E = UI (1) 

The voltage remained stable and the current changed less than

.01 A before and after the coupling with the neck. The electric

ower of the working EL is listed in Table 2 . 

Step two : estimating the mechanical power with the neck coupling

Because the commercial EL is a non-linear transducer ( Houston

t al., 1999; Wu et al., 2013 ), the vibration of the EL cap can

e considered a damped oscillation under periodic impulse exci-

ations. Accordingly, the mechanical power of the EL cap P C was

qual to the initial kinetic energy E k of each cycle divided by the

undamental frequency F 0 . 

 C = E k / F 0 = 

1 

2 

m c v 2 0 / F 0 (2)

here v 0 is the initial velocity of the EL cap measured by the LDV,

nd m c is the effective mass of the EL cap evaluated by a separate

xperiment (See Appendix). The effective mass of the hard cap and

he soft cap were 0.641 g and 0.531 g, respectively. 

In the case of neck coupling, the vibration of the combination

ystem of the EL cap and the neck tissue was still a damped os-

illation with an additive neck mass m n . Based on the assumption

hat the excitation time of the collision between the motor and the

L cap was short enough to meet the law of momentum conserva-

ion, the initial velocity of the EL cap v c-coupling and the neck tissue

 n-coupling can be estimated as 

 c −coupling = v n −coupling = m c v 0 / ( m c + m n ) (3)

Therefore, the mechanical power of the EL cap with the neck

oupling P c-coupling and the mechanical power that transmits into
he neck P n-coupling can be computed as 

 c −coupling = 

1 

2 

m c v 2 c −coupling / F 0 ; P n −coupling = 

1 

2 

m n v 2 n −coupling / F 0 

(4) 

In this work, the neck mass m n was set to 1.1 g and 1.9 g as a

inimum and maximum value according to an estimated range of

he load mass of the neck tissue reported by Houston et al. (1999) .

Step three : calculating the acoustic power of the EL speech 

In the SPL collection experiment, a basic assumption was that

he noisy EL speech was the combination of the EL speech and the

eaking noise. Accordingly, the sound intensity of the EL speech I EL 

an be estimated as 

 EL = I noisy _ EL _ speech − I noise = I 0 10 

SP L noisy _ EL _ speech / 10 − I 0 10 

SP L noise / 10 (5) 

here SPL noisy_EL_speech and SPL noise are the sound pressure lev-

ls of the noisy EL speech and the leaking noise measured in dB

y the sound level meter. I 0 is the reference sound intensity of

0 −12 W m 

−2 . Then, the acoustic power of the EL speech P EL was

etermined as 

 EL = 4 π r 2 EL I EL (6) 

here r EL is the distance between the mouth and the sound level

eter. 

Step four : calculating the vocal efficiencies 

According to the definitions mentioned above, the overall vocal

fficiency of EL speech production (VE EL ), the electromechanical ef-

ciency of the non-linear vibrator (EE NL ), the coupling efficiency of

he EL cap and the neck (CE CN ), and the transmission efficiency of

he neck and the vocal tract (TE NV ) can be computed as 

 E EL = P EL / P E (7) 

 E NL = ( P c −coupling + P n −coupling ) / P E (8)

 E CN = P n −coupling / ( P c −coupling + P n −coupling ) (9)

 E NV = P EL / P n −coupling (10) 

.4. Data analysis 

For each subject, 50 sets (2 caps × 5 vowels × 5 repeats) of the

L vocal efficiencies (including VE EL , EE NL , CE CN , and TE NV ) were

nally obtained for statistic analysis. Because both the within-

ubjects factor (EL cap and vowel) and the between-subjects factor

subject group) were tested, a mixed ANOVA was selected to inves-

igate their effects on the vocal efficiencies. For the EE NL , a regular

NOVA was used to compare the difference due to the EL caps and

undamental frequencies. 

. Results 

.1. Overall vocal efficiency of EL speech production 

The mean values of the overall vocal efficiencies of EL speech

roduction in different subject groups are shown in Fig 2 . The aver-

ge VE EL of the healthy subjects was 1.77 × 10 −5 using the hard cap

nd 2.04 × 10 −5 using the soft cap, while the average VE EL of the

aryngectomees was 0.82 × 10 −5 using the hard cap and 1.43 × 10 −5 

sing the soft cap. A one-way mixed ANOVA showed no significant

ffects of the EL cap ( F = 3.455, p = 0.093 > 0.05), the subject group

 F = 2.485, p = 0.146 > 0.05), and their interaction effect ( F = 0.72,

 = 0.416 > 0.05) on the overall vocal efficiency. 

Fig. 3 shows the average vocal efficiencies of different vowels

n different cases. The results of a two-way mixed ANOVA showed

ignificant differences of the VE across vowels ( F = 12.863,
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Fig. 2. Overall vocal efficiencies of the EL speech production (VE EL ) in different sub- 

ject groups. Each bar represents the average VE EL of all the group members, and 

error bars represent the corresponding standard deviations. 

Fig. 3. Overall vocal efficiencies of the EL speech production (VE EL ) for different 

vowels. Each bar represents the average VE EL of all the group members, and error 

bars represent the corresponding standard deviations. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. Average electromechanical efficiencies of the non-linear vibrator (EE NL ) with 

and without the neck coupling. In the case without the neck coupling, each square 

and error bars represent the average EE NL and the standard deviations of 10 re- 

peated tests. In the neck coupling case, each circle represents the average EE NL of 

different neck masses, and error bars show the maximum and minimum EE NL . 
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Fig. 5. Coupling efficiencies of the EL cap and the neck (CECN) for different load 

masses of the neck tissue. 
p = 0.005 < 0.05), but no significant interaction effects of the vowel

and any other factor on the VE EL . Furthermore, pairwise compar-

isons of different vowels indicated that the VE EL was the highest

when producing the vowel “a” and the lowest when producing the

vowel “i” and “u” ( p < 0.01). This difference should be related to

the vocal tract configuration for different vowels. Based on the vo-

cal tract area function from magnetic resonance imaging ( Story et

al., 1996 ), the vowel “a” and “o” have a similar constricted pharynx,

widened oral cavity, and large mouth opening. On the contrary, the

vowel “i” and “u” have a higher area in pharyngeal region, narrow

oral cavity and small mouth opening. The vowel “e” has a neural

shape between the two opposite configurations. 

3.2. Electromechanical efficiency and coupling efficiency 

Fig. 4 shows the average electromechanical efficiencies of the

non-linear vibrator with and without the neck coupling. Sta-

tistical results indicated that the EE with the neck coupling
NL 
as significantly lower than that without the neck coupling ( T -

est, p < 0.001). In the case of neck coupling, a two −way ANOVA

howed significant main effects of EL cap ( F = 169.054, p < 0.001)

nd fundamental frequency ( F = 134.373, p < 0.001) on the EE NL .

or different EL caps, the EE NL of the hard cap was signifi-

antly higher than that of the soft cap. For different fundamen-

al frequencies, Tukey post-hoc test indicated that the EE NL of

00 Hz was higher than those of 100 Hz and 150 Hz ( p < 0.001),

ut no significant difference between those of 100 Hz and 150 Hz

 p = 0.219 > 0.05). 

Fig. 5 shows the coupling efficiencies of the EL cap and the neck

CE CN ) for different neck masses. Under the assumption of momen-

um conservation, the CE CN was positively related to the load mass

f the neck tissue. The results showed that the CE CN was higher
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Fig. 6. Average transmission efficiencies of the neck and the vocal tract (TE NV ) in 

different subject groups. Each bar represents the average TE NV of all the group 

members, and error bars represent the corresponding standard deviations. 
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Fig. 7. Average transmission efficiencies of the neck and the vocal tract (TE NV ) for 

different vowels. Each bar represents the average TE NV of all the group members, 

and error bars represent the corresponding standard deviations. 
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hen the coupling neck mass was larger. For the same neck con-

ition, the CE CN of the soft cap was higher than that of the hard

ap by average 3.81 × 10 −2 . 

.3. Transmission efficiency 

The average transmission efficiencies of the neck and the vo-

al tract are shown in Fig 6 in different subject groups. The aver-

ge TE NV of the healthy subjects was 1.15 × 10 −2 using the hard

ap and 2.91 × 10 −2 using the soft cap, while the average TE NV 

f the laryngectomees was 0.54 × 10 −2 using the hard cap and

.05 × 10 −2 using the soft cap. A one-way mixed ANOVA indicated

 significant main effect of the EL cap ( F = 5.715, p = 0.038 < 0.05)

n the transmission efficiency, but no difference of the TE NV be-

ween the healthy subjects and the laryngectomees ( F = 4.244,

 = 0.0 6 6 > 0.05). 

For different vowels, Fig. 7 shows the average transmission ef-

ciencies of the neck and the vocal tract in different cases. Con-

istent with the results of the overall vocal efficiency, the TE NV 

as significantly different across vowels (a two-way mixed ANOVA,

 = 9.564, p = 0.011 < 0.05). The TE NV of the vowel “a” was the

ighest while the TE NV of the vowel “i” and “u” were the low-

st (pairwise comparison, p < 0.01). However, unlike with the VE EL ,

he within-subjects factor of the EL cap ( F = 9.246, p = 0.012 < 0.05)

lso played main effect on the transmission efficiency. Especially,

he TE NV of the soft cap was higher than that of the hard cap when

roducing the same vowel. 

. Discussion 

.1. Efficiencies and power losses in the EL speech production 

Considering the EL device and human body as an integrated

ystem, the overall EL efficiency reflects the conversion ratio of

he input energy (electric power provided by the battery) to the

coustic power of the EL speech directly radiated from the mouth.

or the commercial EL of Servox Digital in this work, the electric

ower was approximately 2.2 W and the acoustic power was es-

imated in the range of 10 −7 –10 −3 W with the maximum volume

etting. Therefore, the vocal efficiency of EL speech production us-

ng this commercial EL ranged from zero to as high as 0.1%. This

esult reveals a very low utilization of the battery energy for pro-

ucing the useful acoustic energy. To find where the rest of the
lectric power goes, the process of EL speech production can be

ivided into three successive stages of energy transfer as shown in

ig 1 . 

Since the EL is an electromechanical transducer providing a me-

hanical sound as a substitution source for voice rehabilitation, the

rst stage is the power transfer from the electricity to the mechan-

cal vibration. The available output of this stage is the mechanical

ibration of the EL cap. In this work, the mechanical power of the

vailable output was 2 ∼8 × 10 −2 W without the neck coupling and

 ∼20 × 10 −3 W with the neck coupling, respectively. Hence, the ef-

ciency of this stage, named as electromechanical efficiency of the

on-linear vibrator (EE NL ), was on the order of 10 −3 –10 −2 approxi-

ately. In this stage, at least 90% of the battery power is consumed

ainly in two ways. Firstly, being an electric motor, the EL device

as motor losses in driving the piston, including the resistive loss,

ore loss, mechanical loss and aerodynamic loss. Secondly, because

f physical separation between the piston and the EL cap, only a

mall part of the kinetic energy of the piston can be transferred

o the EL cap or the combination of the EL cap and the neck tis-

ue in a partial inelastic collision, and this energy loss is related

o the coupling pressure ( Meltzner et al., 2005 ). Therefore, most of

he battery energy is lost in the vibrating motor and the inelastic

ollision. 

The second stage is the power transfer from the EL cap to the

eck tissue without changes of energy form in the neck coupling

ase. Because of the difficulty in directly measuring the vibration

f the EL cap and the neck tissue during the EL speech production,

he mechanical powers of the EL cap and the neck tissue here were

stimated based on the assumption that the EL cap and the neck

issue were a rigid combination at the time of the EL motor-cap

ollision. Thus, the estimated coupling efficiency of the EL cap and

he neck tissue (CE CN ) in this work was mainly related with their

asses and ranged from 0.6 to 0.8 as shown in Fig 5 . A higher neck

ass will gain a higher CE CN due to a more energy distribution

n this combination object. However, in reality, the neck tissue is

lastic and not closely coupled with the EL cap, resulting in elastic

osses and leaking losses. The actual value of the CE CN should be

ower than the estimates here. 
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In the last stage, the vibration power is transferred through the

neck tissue and the vocal tract and finally transformed into the ra-

diated acoustic power from the mouth. The efficiency of this stage

was the transmission efficiency of the neck and the vocal tract

(TE NV ), which was on the order of 10 −3 –10 −1 . For the neck trans-

fer, the low-pass characteristic of the neck tissue attenuates about

10 ∼30 dB energy in the frequency band lower than 10 0 0 Hz ( Wu

et al., 2014 ), leading to an energy transmission efficiency of 10 −3 –

10 −1 . Then, in the process of vocal tract transfer, viscous losses and

wall vibration losses contribute to major energy consumption as

acoustic waves propagate along the vocal tract ( Titze, 1992 ). How-

ever, these losses are likely to be small in comparison to the neck

losses. In addition, the TE NV gradually decreases when the config-

uration of the vocal tract changes in the order of “a,” “o,” “e,” “i,”

“u”. In this order, the area of pharyngeal region is getting bigger

and the oral cavity and mouth-opening area are getting smaller

( Story et al., 1996 ), which results in more energy losses in the vo-

cal tract transmission and less energy radiation to the air. 

In conclusion, the three stage efficiencies indicate commonly

existing energy losses in the whole process of the EL speech pro-

duction, and reflect the performance of EL device and physiological

features on the EL speech production. By contrast, the non-linear

design of the EL transducer and the neck attenuation are the first

two reasons of power losses and low perceptual intelligibility of EL

speech ( Meltzner et al., 2005 ). 

4.2. Variations of EL vocal efficiencies 

As mentioned above, the EL vocal efficiency varied in a very

wide range from zero to 10 −3 . This result indicates that the EL vo-

cal efficiency should be affected by some conditions. In this work,

two factors (EL cap and vowel) were investigated to reveal their

potential influences on these efficiencies. 

Two different EL caps were studied in this work, and the results

showed significant difference in every stage efficiency, but not in

the VE EL . This might be due to the different effects of the EL cap

on different stage efficiencies. The CE CN and TE NV of the soft cap

were higher than those of the hard cap by about a factor of 10 −2 

and 10 −3 respectively, whereas the EE NL of the soft cap were lower

than that of the hard cap by about a factor of 10 −2 . Although there

was no statistical significant difference between the EE NL of 100 Hz

and 150 Hz, the EE NL became higher with the increase of the fun-

damental frequency. This can be explained by the fact that high

fundamental frequencies increase the number of collisions per unit

time, thus transferring more energy from the motor to the EL cap.

Thus, the offset of the opposite effects leads to no significant im-

pact on the overall efficiency. Furthermore, the effect of the EL cap

mostly reflects on the EE NL and CE CN , which may be related to the

hardness of the EL cap. The hard cap gains higher energy transfer

than soft cap in the inelastic collision between the motor and the

EL cap, but delivers less energy from the cap to the neck tissue due

to the poor coupling of the EL cap and the neck. Therefore, the EL

cap should be chosen according to the stiffness of the neck tissue. 

For different vowels, the results showed significant differences

in the VE EL as well as in the TE NV . This outcome indicates that the

vowel influences the VE EL by its effect on the TE NV . TE NV refers to

the combination of the transmission efficiencies of the neck and

the vocal tract. For the neck transmission, Wu et al. (2014 ) re-

ported that the neck transmission characteristic was not sensitive

to the vowel. So, the vowel affects the TE NV mainly by changing

the transmission efficiency of the vocal tract. For vowel “a”, it is

an open vowel with a largest mouth area for acoustic radiation.

Conversely, both the vowel “i” and “u” are closed vowels with a

small mouth opening area for acoustic radiation. Taking the vowel

“i” as the reference, the acoustic intensity of the vowels “a”, “o”,

“e”, and “u” are higher than that of vowel “i” by average 4.78 times,
.26 times, 0.19 times, and 1.45 × 10 −9 times, respectively. There-

ore, the wider mouth opens, the more acoustic power radiates. 

Although both laryngectomees and healthy subjects were mea-

ured in this work, the significant difference of the vocal efficiency

etween these two groups is not clear because of few samples and

ifferent ages. However, the variability of physiological structures

n the laryngectomized subject (such as the surgical removal of

artial vocal tract, radiation-induced changes of neck stiffness, etc.)

ould be possible factors affecting the coupling efficiency CE CN and

ransmission efficiency TE NV . In this work, the slight lower vocal

fficiency of the laryngectomees than that of the healthy subjects

ay be due to these structural differences. 

This work was done in a fixed state of experiment (vowel pro-

uction). However, a daily running EL speech consists of the vowels

nd consonants, and average vocal efficiency per unit time should

e dependent on proportion of different syllables in the running EL

peech. Since the selected vowels in this work covers a wide range

f vocal tract configurations, the vocal efficiency of a running EL

peech may be variable in a similar range as the vowels (0 ∼0.1%)

ccording to different syllable combinations. Nevertheless, the ac-

ual vocal efficiency of the running EL speech may be lower than

his estimation value because of more energy losses during non-

peech interval between words and sentences. 

.3. Suggestions for improvement of EL technology 

Although this work was done with just a Servox device, the

efinitions, measurements and findings of the vocal efficiencies

ay also be extended to other commercial devices (such as Tru-

one, Nu-Vois, etc.) because most of the current EL devices operate

ith the similar mechanical structure and the same process of EL

peech production. 

As a phonation machine, the EL device and human body cannot

e considered an efficient system, so eliminating this inefficiency

ill transfer more energy into the meaningful acoustic energy and

mprove the EL speech quality. 

For the EL device, a linear vibrator may offer benefits in the

L speech production compared to the current non-linear vibrator.

he linear vibrator may increase the electromechanical efficiency

y saving energy from the collision between the piston and the

eparated vibrator (EL cap), thus transmitting more energy into the

ocal tract for phonation and increasing speech intensity. Some re-

earchers have tried to design linear vibrators for EL speech pro-

uction ( Houston et al., 1999; Sugio et al., 2007 ), but there is no

urther report of perception evaluation of the EL speech produced

sing a linear vibrator. 

In addition, the results show the significant impact of EL cap on

he coupling efficiency, which determines the effective transfer of

nergy into the neck. Although there is no further research on the

elationship between the EL cap and the EL speech quality, the ma-

erial property of the EL cap should be compatible with the biome-

hanical features of the neck tissue. Also, the increase of coupling

fficiency will reduce the leaking noise and improve the signal-

oise ratio of the EL speech. Although the deficits in signal trans-

ission is a longstanding problem in the EL speech ( Meltzner et

l., 2005 ), this work quantitatively evaluates the energy efficiency

nd losses during the EL speech production. The suggestions for

mproving EL technology are based on the findings in this work,

ut it is not an easy work and needs further studies. 

. Conclusions 

As an energy conversion process, the vocal efficiency of EL

peech production can be defined as the ratio of the acoustic

ower of the radiated EL speech from the mouth to the electric

ower supplied by the battery. The commonly used Servox Digital
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Fig. A2. Measurement of the effective mass of the hard cap (Top) and the soft cap 

(Bottom). Each dot represents the square of the natural period T 2 n with each added 

mass m . The straight lines are linear fits to all the data points. Top: The effective 

mass of the hard cap is 0.641 g. Bottom: The effective mass of the soft cap is 0.531 g. 
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L converted less than 0.1% of the battery energy into the mean-

ngful speech, indicating high power losses in the process. On one

and, the non-linear design of the EL device contributed a high

ower loss in the collision, thus only 10 −3 ∼ 10 −2 of the battery

nergy was transferred to the EL cap. On the other hand, the phys-

ological features of the neck tissue, such as the stiffness and sound

ransmission characteristics, also contributed to high power losses

ecause of the energy reflection and energy attenuation. The fac-

or of the EL cap affected the energy conversion efficiency through

his way. Therefore, EL linear vibrator and compatible cap may be

otential ways to raise the vocal efficiency, finally improving the

L speech quality by increasing the speech intensity and reducing

he leaking noise. 
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ppendix. Effective mass evaluation of the EL cap 

For a damping oscillation system, the natural period T n is re-

ated to the mass of the system M . In the case of EL vibration, if a

olid object, mass m , is attached to the EL cap, the natural period

 n is determined as 

 n = 2 π

√ 

m + m c 

K 

(A1) 

here m c is the effective mass of the EL cap, and K is the stiffness

actor of the EL cap. After a simple transformation, the Eq. (A1) be-

omes 

 

2 
n = 

4 π2 

K 

m + 

4 π2 

K 

m c = am + b (A2)

Apparently, T 2 n is a linear function of the attached mass m . The

ffective mass m c is the ratio of the intercept b to the slope a . 

In this experiment, six nylon cubes were selected as the added

bject. Each cube was attached in the surface of each EL cap, and

he corresponding vibration displacement of the system was mea-

ured by the LDV to evaluate the natural period T n . Each cube was

epeated ten times. 

As shown in Fig. A1 , the amplitude gradually decreases accord-

ng to an exponential decay, A e −ζω n t , where A is the initial am-

litude, ζ is the damping ratio (0 < ζ < 1), and ω n is the natural
Fig. A1. Vibration displacement of a damped oscillation. 

w

R

G  

 

H  

 

 

H  

J  

 

M  

 

 

ngular frequency of the system. In addition, T d is the damped pe-

iod of the system, and the relationship between T d and ω n is 

 n = 

ω d √ 

1 − ζ 2 
= 

2 π

T d 
√ 

1 − ζ 2 
(A3) 

here ω d is the damped angular frequency of the system. 

First, the damping factor n = ζω n and the damped period T d 
an be estimated through the exponential curve fitting of the

eaks of the vibration displacement. Then, the natural angular fre-

uency ω n can be obtained as 

 n = 

√ 

4 π2 + (n T d ) 
2 

T d 
(A4) 

Finally, T 2 n is computed as 

 

2 
n = 

4 π2 

ω 

2 
n 

= 

4 π2 T 2 
d 

4 π2 + (n T d ) 
2 

(A5) 

Fig. A2 shows the measured distribution of T 2 n ∼ m and corre-

ponding fitting line. The m c of the hard cap was 0.641 g, and the

 c of the soft cap was 0.531 g. The effective mass of the hard cap

as little higher than that of the soft cap. 
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