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Understanding the sound transmission of the neck tissue is necessary and important in areas such as

vocal function evaluation and electrolarynx improvement. In this paper, a simple method using a

reflectionless tube was proposed to measure the neck frequency response function (NFRF) of ten

normal subjects (five males and five females) during Mandarin vowel production. The NFRFs

across different subjects producing different vowels were measured at different neck positions and

compared to confirm the effectiveness of the method, and determine the NFRF variations in normal

subjects. The results showed that the proposed method offered an easy and effective way to obtain

an accurate NFRF. For normal subjects, the neck tissue can be treated as a low-pass filter, with a

maximum gain at 310 Hz and a roll-off at a slope of �8.4 dB/octave, flattening out above 2000 Hz.

The measurement position on the neck did not influence the shape of the NFRF, but did change the

overall gains of the NFRF. In addition, there was a significant gender difference in NFRFs at the

low frequencies. Finally, some potential applications of this method and the results are suggested.
VC 2014 Acoustical Society of America. [http://dx.doi.org/10.1121/1.4883355]
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I. INTRODUCTION

During normal speech production, the neck tissue trans-

mits vocal fold vibration from the vocal tract to the skin sur-

face. The surface vibration can be measured by

accelerometer sensors or contact microphones for long-term

monitoring of vocal function1–6 or speech detection and

recognition.7–12 During electrolarynx (EL) speech produc-

tion, the mechanical sound sources must be transmitted

through the neck tissue to excite the vocal tract acoustically.

Thus, the sound transmission characteristic of the neck tissue

is an important factor that needs to be well studied.

Several researchers have tried to measure the neck fre-

quency response function (NFRF), and reported that the neck

tissue acts as a low-pass filter.9,13,14 Norton and Bernstein

computed the NFRF as the spectrum of the output signal from

the mouth (with the formants removed) divided by the spec-

trum of the input signal of a shaker vibrating against the

neck.13 As an extension of the Norton and Bernstein study,

Meltzner et al. measured the NFRF as the ratio of the spec-

trum of the estimated volume velocity that excites the vocal

tract to the spectrum of the acceleration measured at the neck,

using a complicated algorithm to remove the airborne noise,

near-field lip radiation characteristic, and vocal tract transfer

function.14 The Meltzner approach could measure a more

accurate NFRF than Norton and Bernstein’s, and the results

showed that the neck tissue transmitted low-frequency sound

energy better than high-frequency sound energy.

However, the Meltzner approach still has some weak-

nesses and limitations.14 First, the sound directly radiated

from the shaker significantly corrupts the pressure signal

measured at the lips for certain frequencies. Second, the esti-

mation of vocal tract transfer function is still a difficult task

due to the presence of the neck impulse response and the back

cavity. Third, the estimation of the near-field lip radiation

characteristic will be influenced by the experimental environ-

ment. As a whole, the Meltzner approach is a little compli-

cated because of the additional estimations of the airborne

sound and lip radiation characteristic, and the accuracy of the

estimated NFRF is limited by these estimations, especially the

radiated sound and vocal tract transfer function. In addition,

one purpose of Meltzner’s work is to improve the EL driving

signal by compensating for the individual’s NFRF. Meltzner

measured the NFRFs of ten laryngectomized patients, but

only four normal subjects (two males and two females). So,

any differences between normal males and females might not

be accurately identified with the small sample size.

Therefore, we propose an easy and accurate way to mea-

sure the NFRF using a reflectionless uniform tube. A reflec-

tionless uniform tube described by Sondhi is a promising

technique for recovering glottal waveforms.15 The reflection-

less tube acting as a pseudo-infinite termination of the vocal

tract can significantly cancel out the vocal tract contribution

to approximate the glottal volume velocity directly.16 The

advantages of this method are that it is physically simple and

highly resistant to noise from the surrounding environment.17

Hence, similar to the Meltzner approach, we used the reflec-

tionless uniform tube, instead of the inverse filtering method,

to estimate the volume velocity that excites the vocal tract,

thus avoiding the influence of radiated sound from the shaker

and the estimation error of the vocal tract transfer function.

In this work, we measured the NFRF of ten normal sub-

jects during Chinese vowel production. The results for different

vowels, measured at different positions on the neck, and differ-

ent subgroups (male and female), were compared and analyzed
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to verify the effectiveness of the method and investigate NFRF

variations. Finally, some potential applications of this method

and the NFRF results are discussed briefly.

II. METHODS

As in the Meltzner study, the NFRF measured in this

work was also defined as the ratio of the spectrum of the esti-

mated volume velocity that excites the vocal tract to the

spectrum of the acceleration measured at the neck. But, the

experimental procedures and signal flow were much simpler

and easier, as shown in Fig. 1.

A. Experimental procedures

In the experiment, the subject was seated in front of a reflec-

tionless uniform tube, placing his mouth upon a plastic mouth-

piece connected with the tube. The reflectionless tube was made

of steel, 190 cm long with an inner diameter of 2.5 cm. The

mouthpiece was tightly coupled to one end of the tube and

detachable for easy cleaning. At the other end, a 90 cm long con-

ical wedge of polyurethane foam was inserted to terminate the

tube and minimize acoustic reflection. An electret microphone

(Knowles, Model WP-25993-D63, Itasca, IL) was fitted in a

small hole, 30 cm from the mouthpiece end, to measure the pres-

sure signal in the tube. The microphone had a wide response

sensitivity of �55 dB (relative to 1 V/0.1 Pa) from 100 Hz to

10 000 Hz.

A Br€uel & Kjær shaker (model 4810, Skodsborgvej,

Denmark), driven by broadband random noise, was placed

against the neck to provide vibration. The shaker was attached

with an impedance head (KISTLER 8770A5, Winterthur,

Switzerland) to measure the acceleration and a 3 cm diameter

metal cap to provide enough contact area with the neck.

Ten normal speakers (five males and five females) par-

ticipated in this study. The subjects, aged from 23 to 29 years

(averaging 25.8 6 2.6 yr for the males and 25.6 6 2.1 yr for

the females), had no reported history of speech language prob-

lems. All subjects were native Mandarin Chinese speakers.

Five Mandarin vowels (Pinyin “a,” “o,” “e,” “i,” “u”) were

selected to study the NFRF variation across vowels. In each

trial, the subject was instructed to configure the vocal tract for

one vowel for 2–4 s, without phonating and while leaving the

glottis open. Each vowel was repeated six times.

In addition, three different shaker locations were tested

to evaluate the NFRF variations in neck positions. Position 1

was on the thyroid cartilage over the vocal folds, and posi-

tion 2 was 2 cm lateral to position 1. Position 3 was about

2 cm superior to position 2, which is the common location

for EL placement among laryngectomy patients.18

All recordings were performed in the speech laboratory

of Xi’an Jiaotong University. A data acquisition system

(BioPac MP 150, Goleta, CA) was used to collect the pressure

signal from the microphone and the acceleration from the im-

pedance head simultaneously. All of the signals were digitized

at a 44 100 Hz sampling rate with a 16-bit quantization.

B. Data analysis

As shown in Fig. 1, assuming that the neck tissue is a

linear time-invariant (LTI) system, the NFRF, N(f), can be

computed as

Nðf Þ ¼ Uauðf Þ
Uaaðf Þ

¼ F½/au½n��
F ½/aa½n��

; (1)

where Uauðf Þ is the cross-spectral density of the volume ve-

locity, u[n], and the acceleration, a[n], and Uaaðf Þ is the

power spectral density of a[n], which can be obtained by the

Fourier transform of the cross-correlation function, /au½n�,
and autocorrelation function, /aa½n�, respectively.

In this method, the acceleration, a[n], was measured

directly through the impedance head. Due to the effect of the

reflectionless tube on reducing the vocal tract resonance, the

volume velocity, u[n], can be approximated as the pressure

signal, p[n], measured by the microphone within the tube.

As a result, the neck frequency transfer function can be

directly computed as

Nðf Þ ¼ Uauðf Þ
Uaaðf Þ

¼ Uapðf Þ
Uaaðf Þ

¼
F½/ap½n��
F ½/aa½n��

; (2)

where the cross-correlation, /ap½n�, and autocorrelation,

/aa½n�, were determined as

/ap½n� ¼
Xþ1

m¼�1
a½mþ n�p½m�;

/aa½n� ¼
Xþ1

m¼�1
a½mþ n�a½m�: (3)

In order to satisfy the assumption of the LTI system, the

coherence function, Cauðf Þ, between the acceleration, a[n],

FIG. 1. (Top) The schematic diagram

of the experimental procedures.

(Bottom) The signal flow chart in the

experimental process.
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and the volume velocity, u[n], was computed for data selec-

tion. Only data with >90% of the coherence functions >0.8

in the frequency range of 100–5000 Hz were selected for the

NFRF analysis,

Cauðf Þ ¼
jUauðf Þj2

Uaaðf Þ � Uuuðf Þ
: (4)

First, the selected waveforms were filtered by a six-

order Butterworth high-pass filter with a cutoff of 50 Hz to

eliminate some tube resonances below 50 Hz.17 Then, the

waveforms were low-pass filtered at 6 kHz and down-

sampled to 14 kHz. Finally, the NFRF was computed accord-

ing to Eqs. (2) and (3), using a 512-point Gaussian window

in the Fourier transform.

There were 150 NFRFs (10 subjects� 3 positions� 5

vowels) measured, and each NFRF was the average result of

six trials. In order to verify the feasibility of the method, the

NFRFs of different vowels were compared and analyzed.

The NFRF for each position was determined as the average

NFRF of five vowels. Furthermore, the average NFRFs of

different subject groups (male and female groups) were also

computed for the comparison of gender differences.

C. Performance of the reflectionless tube

To verify the reflectionless performance of the tube, an

experiment was set up to measure its frequency response.

The tube was connected directly to the B&K shaker, which

was driven by broadband random noise. Then, the shaker

vibration acceleration and the sound pressure in the tube

were collected simultaneously. At last, the frequency

response was computed as the ratio of the spectrum of the

pressure signal to the spectrum of the vibration signal. As

shown in Fig. 2, the magnitude frequency response curve is

essentially flat (61.27 dB) across a wide range from 100 to

5000 Hz. Therefore, the tube used in this work can be con-

sidered anechoic, and the NFRF will not be affected by the

tube resonance.

Additionally, to verify the performance of the reflection-

less tube in minimizing the effects of vocal tract resonances,

the reflectionless tube was tested and adjusted in a prelimi-

nary experiment. One subject was asked to produce

Mandarin vowel “e” in his normal voice. Then, glottal vol-

ume velocity was estimated by the microphone in the

reflectionless tube. Figure 3 shows the estimated glottal

waveform and corresponding magnitude spectrum. It is clear

that there are no visible formant features of the vocal tract in

these plots. Therefore, the vocal tract resonance was well

eliminated by the reflectionless tube, making no contribution

to the measured NFRF.

Furthermore, to verify the resistance of the tube to envi-

ronmental noise, average root-mean-square (RMS) values of

the microphone signals were measured in three different

cases. First, the pressure signal from microphone was

recorded without the shaker vibration and speech production.

The average RMS sound pressure level was �67.1 dB, repre-

senting the noise floor. Second, the open end of the tube was

out of contact with the closed mouth, and the shaker against

the neck was driven by broadband random noise, keeping

10 cm away from the open end. The average RMS power in

this situation was �43.1 dB. Third, the subject connected his

closed mouth with the open end of the tube, holding the

vibrated shaker against the neck. Then, the average RMS

power was �66.3 dB, which was 23.2 dB lower than that of

case 2, and was very close to the noise floor. Therefore, it

can be proved that there was no direct airborne transmission

of sound from shaker to microphone.

III. RESULTS

A. General description of the NFRF

Figure 4 shows the mean value and standard deviation

of the NFRFs of all subjects. The overall shape of the NFRF

was similar to a low-pass filter, and the trend in the range of

100–5000 Hz can be described with three sections. In the

first section, from 100 Hz to 310.1 6 44.5 Hz, the curve was

relatively stable with a little rising to a maximum gain. In

the second section (S2), the NFRF curve rolled off at a slope

of �8.4 6 1.7 dB/octave from 310.1 Hz to average

1955.2 Hz. Then, in the last section (S3), the NFRF flattened

out until 5000 Hz. In addition, the mean standard deviation

was 2.7 6 1.2 dB, reflecting the individual differences in the

NFRFs.

FIG. 2. The magnitude frequency response of the reflectionless tube. The

maximum and minimum magnitudes were 3.4877 dB and �1.8187 dB,

respectively.

FIG. 3. The glottal waveform (Top) and magnitude spectrum (Bottom)

measured by the reflectionless tube during normal speech production of

Mandarin vowel “e.”
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B. Variation with different vowels

According to Sondhi’s research, the tube performance

of eliminating the vocal tract transfer function was depend-

ent on the shape of vocal tract.15 When the tract is held in a

neutral position, the effect is almost entirely eliminated by

the reflectionless tube. The Mandarin vowel “e” was a

Chinese schwa, pronounced like the neutral vowel, [@], in

the International Phonetic Alphabet. So, in this case, the

NFRF of vowel “e” was supposed to be the closest to the

actual value because of the most accurate estimation of the

volume velocity.15

Two representative results of a male and female subject

are shown in Fig. 5 to illustrate the intervowel variation of

the estimated NFRFs. Averaged from 100 to 5000 Hz, the

standard deviation of the NFRFs was 2.7 6 0.8 dB for the

male example and 1.5 6 0.8 dB for the female example.

In addition, the average NFRFs and the root mean

square errors (RMSEs) of different vowels for all subjects

were shown in Fig. 6. For each subject at each position, the

RMSE was computed as the root mean square error of the

NFRF curve between each vowel and the mean value. The

results indicated that the NFRFs varied slightly across vow-

els except for vowel “i” (analysis of variance, P< 0.05). The

vowel “e” had the minimum RMSE of 2.1 6 0.5 dB, while

the vowel “i” got the maximum RMSE of 4.9 6 1.3 dB.

C. Variation with different positions

For all subjects, there was no significant difference in

the shape of the NFRF curve across shaker locations.

However, the magnitude of the NFRF curve varied signifi-

cantly with neck position for some subjects. Two examples

of the NFRFs in Fig. 7 show the two types of the variations

with different positions. For the top example, the average

magnitude error between the NFRFs at any two positions

was <2 dB. While for the bottom example, the NFRF magni-

tude at position 3 was on average 3.3 dB and 6.1 dB higher

than that at positions 1 and 2, respectively. Furthermore, the

average NFRFs of all subjects at different positions are plot-

ted in Fig. 8. The NFRF at position 2 was not different from

that at position 1, while the NFRF magnitude at position 3

was significantly 1.37 dB higher than those at positions 1

and 2.

D. Variation with sex

Figure 9 plots the average NFRFs for different subject

groups. In each group, all subjects produced similar NFRFs

with only a small difference. For male subjects, the standard

deviation ranged from 1.0 dB at 2713.2 Hz to 6.8 dB at

236.9 Hz, with a mean of 3.1 dB. For female subjects, the av-

erage standard deviation was just 1.6 dB, with a minimum of

0.4 dB at 1485.8 Hz and a maximum of 3.0 dB at 2519.4 Hz.

FIG. 4. The average NFRF (solid line) and standard deviation (dotted line)

of all subjects. The arrows illustrate the trend of the NFRF curve.

FIG. 5. The average NFRFs of a male subject (top) and a female subject

(bottom) across different vowels. The solid line represents the mean value

of the NFRFs of different vowels. The dotted line represents the standard

deviation at each frequency.

FIG. 6. The average NFRFs (top) and the root mean square errors (bottom)

of different vowels for all subjects. Box plots show the median, interquartile,

and minimum-maximum values; solid squares show the mean values.
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However, the difference in the shape and magnitude of

the NFRFs between male and female groups was significant.

As shown in the bottom panel of Fig. 9, the frequency of the

maximum gain for the male group was 292.8 6 47.1 Hz,

which was a little lower than 327.3 6 38.5 dB for the female

group. And in the frequency range of 100–300 Hz, the aver-

age magnitude of the male group was 5.9 dB higher than that

of the female group. In S2, the descending slopes of male

and female groups were �9.7 6 1.1 dB/octave and

�7.1 6 1.0 dB/octave, respectively. Although the magnitude

of the S3 curves for both the subject groups was �38 dB, the

starting frequency of S3 for the male group (1761.2 Hz) was

much lower than that of the female group (2149.2 Hz).

IV. DISCUSSION

This research proposed an easy and accurate way to

measure the frequency response function of the neck tissue.

So, the first purpose was to confirm the effectiveness of the

method through comparison with former studies. Then, the

NFRFs of normal subjects with producing Mandarin vowels

were measured to reveal the sound transmission characteris-

tics of the neck tissue. Finally, this work was expected to be

useful for the research of normal and EL speech production.

A. Effectiveness of the method

The NFRF shown in Fig. 4 was obtained from ten nor-

mal subjects. Considering that the individual differences

were small, the mean curve represented the general fre-

quency response function of the normal neck tissue, which

played a major role of a low-pass filter in the sound transmis-

sion. These results are extremely similar with the previous

findings reported by other researchers, especially Meltzner

et al.9,14 Their NFRF was also shaped like a low-pass filter,

with a maximum gain �320.8 Hz and a following roll-off

section to 3000 Hz, and then flattening out until 4000 Hz.

Based on the good qualitative agreement, it is concluded that

our procedure of measuring the NFRF is feasible and, once

again, confirmed that the neck acts essentially like a low-

pass filter with a peak �300 Hz.

The biggest advantage of this method is the use of the

reflectionless tube to directly estimate the volume velocity

that excites the vocal tract. The reflectionless tube is used to

minimize the influence of vocal tract characteristics. The

performance of the reflectionless tube determines the estima-

tion accuracy of the volume velocity, as well as the NFRF.

However, the tube performance depends on the specific vow-

els produced. The neutral vowel is the best condition to

obtain the glottal volume velocity with minimal distortion.15

Thus, as the results show in Fig. 3, it is concluded that the

measured NFRF of vowel “e” can be considered as close toFIG. 8. The average NFRFs of all subjects with different shaker positions.

FIG. 9. The average NFRFs (solid line) and standard deviations (dotted

line) for the male group (top) and female group (middle). (Bottom) The

comparison of the average NFRFs between the male group (solid line) and

female group (dashed line).

FIG. 7. The NFRFs of different shaker positions for two representative

examples. (Top) An example shows no difference in the NFRFs with differ-

ent positions. (Bottom) An example shows gain difference in the NFRFs

with different positions.
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the actual value due to the accurate estimation of volume

velocity.

Furthermore, the results in Fig. 5 show that the average

standard deviation in NFRF across different vowels for each

subject is small enough to ensure accurate estimations for all

the vowels. Nevertheless, the NFRF of vowel “e” is still the

closest to the average NFRF, while the vowel “i” has the larg-

est deviation from the mean value (see Fig. 6). This outcome

indicates that the NFRF measurement is influenced more in

the case of vowel “i” than other vowels, which might be

related to the larger variability of the vocal tract and the

smaller cross-sectional areas of the oral cavity. In addition, it

is possible that the difference of the NFRF is partly due to the

small changes of neck tissue resulting from the different vocal

tract postures. For this reason, all the NFRFs in this paper

were characterized using the average value of five vowels,

rather than the value of vowel “e.” The small intervowel vari-

ability confirms that the average NFRF is still reliable.

Although the NFRFs found here are similar to those

reported by Meltzner et al.,14 there are still some differences.

In the range of 100–310 Hz, the rising slope of the NFRF

measured here is a little greater than that of Meltzner et al.
(approximate to zero). On the other hand, above 2000 Hz,

the NFRFs measured here remain constant, while those of

Meltzner et al. roll off until 3000 or 4000 Hz. These small

differences might be explained by the difference of the two

methods for volume velocity estimation. First, the radiation

noise has an obvious negative effect on Meltzner’s NFRFs,

especially in the low-frequency zone.14 In contrast, the sig-

nal acquisition in the reflectionless tube is not sensitive to

noise. Second, for the inverse filtering used by Meltzner

et al., the estimation accuracy of vocal tract transfer function

(especially the formant magnitude) is very dependent on a
priori knowledge of the NFRF. Accordingly, the NFRF

measured by our method might be more accurate based on

the good performance of the reflectionless tube.

In addition, Meltzner et al. found that the closed glottis may

introduce spectral zeros into the vocal tract transfer function.14

In our experiment, subjects were asked to keep their glottis open

as much as they could, but it was difficult to guarantee this con-

dition for each recording. Thus, we set up an experiment to study

the influence of the glottal condition on the NFRF measurement.

A male subject was asked to repeat the experiments with the

glottal condition monitored by electroglottography. Figure 10

shows the average NFRFs measured with closed and open glot-

tis. The differences between the two NFRFs are not significant,

with a RMSE of 2.2 dB and a maximum difference of 4.5 dB.

Despite the high-frequency difference, this result indicates that

the glottal condition will not influence the NFRF measurement,

and confirms the validity of our experiments.

Therefore, the proposed method in this paper is a simple

and effective way to directly measure the NFRF without sacri-

ficing accuracy. The results obtained here can be used to char-

acterize the sound transmission features of normal neck tissue.

B. NFRF of normal subjects

In this work, the results are based on data from ten nor-

mal subjects (five male and five female). The low-pass

characteristics of the neck tissue found here are not only con-

sistent with previous works,9,14 but also similar to those of

other tissues, such as the subglottic respiratory system.19

Thus, the outcomes are valuable and meaningful to reflect

the average NFRF of normal subjects, and the NFRF varia-

tions with different shaker locations and different subjects.

For different locations, the shapes of the NFRFs are not

significantly different for all the subjects. This result indi-

cates that the differences of normal neck tissue will not have

a remarkable effect on the spectral shape of sound transmis-

sion. In some individual cases, the gain of the NFRF was

highly dependent on the shaker locations (see the bottom

panel in Fig. 7). This outcome demonstrates that the attenua-

tion of sound energy may be related with the tissue differen-

ces of normal neck (e.g., stiffness and thickness of tissues),

and these differences are subject dependent. For the average

results of all subjects, the NFRFs of positions 1 and 2 have

no significant difference between each other, but with lower

gains than that of position 3. This might be explained by the

fact that both positions 1 and 2 are located over the thyroid

cartilage, while position 3 is located over the thyrohyoid

membrane. On one hand, the thyrohyoid membrane is less

rigid than thyroid cartilage, and thus provides better coupling

with the shaker. On the other hand, the smaller thickness at

position 3 may also reduce transmission loss. Consequently,

it is possible to deliver more sound energy through the thyro-

hyoid membrane than the thyroid cartilage. And it may be

the reason why the position 3 is the common location for EL

placement among laryngectomy patients.18

For different subjects, the individual variations of the

NFRFs are not significant, but the gender differences of the

NFRF are more remarkable. For each subject group, the lim-

ited variations might be due to the small tissue difference

among individuals. In particular, the standard deviation of

the female group is much less than that of the male group.

This result demonstrates larger individual tissue property

variations in men than in women, which might be due to the

bigger laryngeal skeleton in normal male subjects, especially

the thyroid cartilage. The physiological structure differences

in the larynx between the male and female also led to a nota-

ble difference in their NFRFs, mainly in the low frequency

ranging from 100 Hz to the frequency of maximum peak

(�310 Hz). Although the peak frequencies of these two

groups are similar, the magnitude of the male group is signif-

icantly higher than that of the female group, and this finding

is similar to Meltzner’s results.14 This might be explained by

FIG. 10. The average NFRFs measured with closed glottis (solid line) and

open glottis (dotted line).
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the fact that the male laryngeal cartilages tended to be

ossified to a greater extent than female cartilages.20

Furthermore, the ossification progress of thyroid cartilage is

correlated with the ages for both genders. So, the results in

this work might only reflect the neck characteristics for the

ages of 20–30 yr.

C. Applications

Since the method has been proved to be easy and

effective to measure an accurate NFRF, we conclude this

paper by suggesting some potential uses based on these

results.

As mentioned by Meltzner et al.,14 the NFRF can be

accurately modeled as a low-pass filter for improving the EL

driving signal. More than that, for normal speech production,

the model of the NFRF can also be used in filtering the neck

characteristics from the signal captured by contact micro-

phone or accelerometer sensor for speech recognition or

vocal function evaluation. In addition, individual differences

of the NFRFs show some relationship with the physiological

structure differences, so an intriguing possibility is that of

using NFRF to identify physiological features of the neck

tissue, such as tissue stiffness and cartilage ossification. In

such an application, it would be necessary to figure out the

relationship between NFRF and anatomical structures.

In this work, all the participants are normal subjects.

The method can also be applied to measure the NFRF of lar-

yngectomized subjects. For EL speech production, the NFRF

can be used not only in the inverse filtering of the sound

source, but also in the training of using EL. The NFRF varia-

tion with different shaker locations is a good guide for selec-

tion of EL placement to produce loud speech. Therefore, in

the next step, we will use this method to measure the NFRF

of the laryngectomized patients for improving the EL sound

source.

V. CONCLUSION

Using the reflectionless tube is an easy and effective

way to measure the NFRF without sacrificing accuracy. The

NFRFs were measured in ten laryngeal subjects (five males

and five females) producing different Mandarin vowels and

at three different positions on the neck. The general NFRF

shape confirmed that the neck resembled a low-pass filter,

with a peak frequency near 310 Hz, rolling off at a slope of

�8.4 dB/octave to 2000 Hz, and then remaining constant

until 5000 Hz. For each subject, the neck tissue differences

at different positions had no impact on the shape of the

NFRF. The physiological structure differences between gen-

ders significantly influenced the NFRF. Therefore, these

results may be useful for research in speech recognition and

vocal function evaluation, and this method can be used to

measure the NFRF of laryngectomees for EL speech

improvement.
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