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Abstract. During speech the vocal folds vibrate resultingaudible sounds that are
transmitted through the vocal tract as well asatibns that are transmitted through the
body tissue to the skin surface. These skin surfdm@ations can be detected by contact
microphones and used to transmit speech. The olgest this study was to characterize
the frequency content of speech signals at a coraded are on the neck. Signals were
recorded using accelerometers attached to 12 ¢éosatin the neck of seven subjects as
well as a microphone to record audible speech. sSitigects produced several isolated
phonemes. The power spectral densities (PSDs)eobllknemes were used to determine
a quality ranking for each location and sound.

collection and analysis methods to obtain the
Introduction frequency response of the skin around a concedtrate
area on the neck during speech production are

During speech the vocal folds vibrate,d ibed | q 1 :
resulting in audible sounds. In addition to beingd€Scribed. Results are reported for power spectra

transmitted through the vocal tract, these vibretiare density summed difference (P& and the PSE
also transmitted through several layers of vartgpes ~ "a"Kings.

of tissue throughout the head and neck, resultng i

small, but measurable, skin surface vibration. @ant Methods

microphones sense these skin surface vibrations f@&xperimental Setup

speech transmission, as opposed to acoustic To test the frequency response of the skin on
microphones that sense air vibrations that radiat®  the neck during speech, accelerometers were attache
the mouth. to 12 locations on the neck of three male and four

Contact microphones have one significantiemale subjects using medical-grade double-sided
advantage over acoustic microphones in environmentghesive tape (see Fig. 1). The males had an averag
with elevated ambient noise levels in that theyssen age of 24.7 years and the females had an average ag
very little background noise. In comparing the oée of 24 years. One subject reported having speech
throat contact microphones to acoustic microphonegerapy in elementary school; all other subjects
for use in rotary-wing aircraft, Acker-Mills et al. reported having no history of voice or speech
(2004) found that throat microphones hadproblems. All testing was done with Institutional
approximately a 10 dB higher signal-to-noise ratioReview Board (IRB) approval and in accordance with
Commercially  available contact —microphones,RB policies. Prior to accelerometer placement the
however, suffer from poor speech quality andsypjects removed oil and/or makeup with an alcohol
intelligibility (Acker-Mills et al., 2004; Shimamura prep pad to ensure adequate adhesion.
and Tamiya, 2005). This is a result of the skin All accelerometers were manufactured by
vibrations being influenced by the many tissue laye pcB piezotronics (see Table 1 for specificationd).

(e.g. skin, fat, muscles, bones) of the neck oefacyccelerometers were placed on the left side of the
between the contact microphone location and thalvocheck. The wires for all accelerometers were atid¢he
tract. a head rest to minimize the torque on the skintdue

If the neck is the only option for microphone the weight of the wires. The pressure of the
placement, it is desirable to locate it where thgccelerometers on the skin was not measured. These
frequency response is the best. In this paper #te d gccelerometers measure the magnitude and frequency
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of the skin vibration at each location while théjsgt following equation was used to normalize the
speaks. An acoustic microphone was used taccelerometer data:
simultaneously acquire the audible speech.

The subjects sustained the vowels /at)(b fe fe
/ool (koot), /ah (caught), /ee/ (ket), the nasals /m/ and .[PSDMC(f)df - IPSDi (f)df
In/, and the fricative /f/ for 4 to 5 seconds each. PSD; norm = PSD; +—2 0

(1)

f

c

where PSD; norm is the normalized PSD for locatiaon
PSDy,. is the PSD of the microphone3D; is the PSD

at locationi, f is the frequency and is the cutoff
frequency (5 kHz). The integrals where calculated
using the trapezoidal method.

To compare how well each of the
accelerometer signals matched that of the microphon
the absolute value of the difference between the
normalized PSD of each accelerometer and
microphone signal was found at each frequency and
summed from zero to five kHz. This resulted in a
single value for each of the accelerometer sigmeaise
Figure 1 Accelerometer placement locations for neck  referred to as the power spectral density summed
location testing (image courtesy U.S. Army Research difference PDyp):

Lab Human Research & Engineering Directorate).

fC

I:)SDSDJ = z I:)Sji,norm(f ) - I:)SDmic(f )" (2)
Table 1 Accelerometer locations and specifications f=0
(locationsidentified in Fig. 1).

Frequency where the PSDg; is the power spectral density

Mass| Sensitivity | range [Hz] summed difference of location A low PSDg, value
Locations| [g] [mVI(m/sY)] | (+- 5%) indicates little difference between the acceler@met

1-4 0.8 10.2 1 to 8000 and microphone spectra, and a higiDy value

5-12 1.8 10.2 0.5 to 10000 indicates little agreement between the acceleramete

and microphone spectra. TR8Dg, was calculated for
each subject, sound, and location, and was then
Data Analysis averaged at each location over all subjects toimlata

MATLAB was used for signal analysis. Each averagePPDgy, value for each sound and location.

; Each location was given a ranking from 1 to
data set was truncated so that only the portiothef . .
data during which the subject was speaking wa%2 for Iea(?]twlsub:_ect Kas_eijdog ttr?e ISUbeJBED D ITor
analyzed. All signals were also passed throughgh-hi example, Itlocation A yielded the low s value

, : for a given subject, the “individual subject raniot
pass filter with a cutoff frequency of 20 Hz to ®mre . Co -
low frequency noise from head or jaw motion_Iocatlon A for this individual was 1. Additionallyan

Phoneme data was analyzed as follows. The powfVerage subject rank” was calculated for each

spectral density (PSD) was estimated via Welch’ ocation by avgraging the individual su.bject rabes
method (Welch, 1967) using the “pwelch” function in "€ corresponding location over all subjects. Akraf
MATLAB, with the following parameters: a hamming 12|r!d|dc_ates thﬁ Ior\]/_vehst (bestDs valuel and a rank of
window with a size of 1024 samples, 50% overlal, an1 indicates the highest (wor&$Ds value.

a Fast Fourier Transform (FFT) length of 1024

samples. The accelerometer signals were theﬁesults

normalized to yield the same area under the PSecur Power Spectral Density Summed Difference

as the microphone signal between zero and five kHz. Figures 2(a-f) show the average RSDver 0-

Five kHz was chosen as the cut-off frequency bexaus kHz for each of the neck locations for male and
higher frequencies are not transmitted in mostexurr female speakers for vowel and nasal sounds. These
communications systems (e.g., telephones). Thggures show that, generally, the P$Dincreases



toward the lower neck. A reduction in P§indicates Figure 3 shows the P3P for the sound /f/.

a signal that better matches the microphone spectrahis figure indicates that for male subjects, on
The trends in the figures are similar; however, foraverage, the locations that best match the microgho
males there is generally a “dip” in the PspDvalues spectra are 8, 7, and 5. For female speakers the
from locations 5 to 6, while for females this geallgr  locations that best match the microphone specé@ar
occurs from locations 3 to 4. There are a few etdli 5, and 11. For both male and female speakers these
of interest. For sounds /u/, /m/ and /n/, locaiomad a locations have average P§values much lower than
reduction in PSky that is not present in the other the other 9 locations (see Tables 2 and 3).

sounds. For the sound /i/, on average, female spgak

showed a large reduction in P§Jor locations 8 and

11, while males showed a reduction for location 11.
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Figure 2 Normalized PSDg over 0-5 kHz for neck locations. o: Male speakers; A: Female speakers. a) /a/; b) /ah/; c)
fuf; d) fil; €) Im/; f) In/.



1600]
1400 |
1200}
1000 | 4

800 |

PSD Summed Difference (dB/Hz)

600 r

400

Neck Location

12 3 4 56 7 8 9 101112

Figure 3 Sound /f/ normalized PSDSD for neck locations.

o: Male speakers; A: Female speakers.

Power Spectral Density Ranking

Tables 2 and 3 show the male and female
average PSE ranks, respectively. These tables are
sorted according to the average rank over all seund
for each location. The tables also show the average
rank for each sound at each location. These tables
show that for the male subjects, locations 5 and 4
yielded the best average ranking. Locations 6n8d,la
all had similar average rankings, with location 3
having a relatively flat or consistent rankings lhi
locations 6 and 1 have a range of rankings over the
various sounds. For female subjects, the bestitotat
were 3, 5, and 4. Locations on the upper neck
generally ranked better than those on the lowek.nec

Table 2 Average neck PSDSD rank, male speakers.

Neck Sounds
Location | /a/ fal | fi lu/ /m/ /n/ ik Average
5| 2.33] 433 167| 8.00| 4.000 267| 3.33 3.76
4| 2.67| 2.67/ 400 367 3.67 4.00 1183 457
6| 167| 200| 667 333 833 738 6.33 5.10
3| 4.00| 567, 467 538 3.67 333 9.p0 5.10
1| 7.00| 6.000 6.33 4.6 167| 4.00| 6.33 5.14
9| 9.00| 8.00 7.6 267| 3.67| 5.00 7.0 6.14
7| 800| 533 433 800 9.00 567 3.p0 6.19
2| 9.00| 7.67] 833 738 433 4.67 9.p7 7.29
10 7.00| 7.00] 11.00 6.38 9.7 10.833 77 8.43
12| 7.00| 9.00] 11.33 6.6y 10.00 10.67 5J00 8.52
11] 9.00| 933 6.33 1138 9.00 10.33 633 881
8(11.33| 11.00 5.67 10.6f 11.00 10.003.00 8.95
Table 3 Average neck PSDSD rank, female speakers.
Neck Sounds
Location | /a/ fadh | lil Ju/ Im/ | Inl | [f] Average
3| 200| 1.75| 4.00| 200|125|350| 7.25 3.11
5| 475| 450 175| 525|525 525 250 4.18
41 225 350, 500 350 276 4.25 11p5 4.64
2| 325| 250 725 6.00 350 3.25 10p5 5.14
1] 6.00] 350/ 6.7 6.00 450 4.25 10p5 5.89
6| 6.25| 6500 925 7.7% 500 495 70 6.71
8| 9.00| 11.25 3.78 8.00 9.50 8.50175 7.39
11| 7.25| 10.75 225 1126 9.75 8.y5 2J715 7.54
12| 8.75| 7.25] 10.00 5.75 9.00 825 5po 7.71
7 850 950/ 6.0 850 950 9.25 5p0 8.04
10 9.25| 7.25] 11.25 725 925 875 7.p0 8.57
9[10.75| 9.75 10.75 6.76 8.75 9.25 70 9.07




Gender Differences

Discussion of Results For both male and female speakers, the mid-
Influence of Location upper neck resulted in signals that better mat¢hed
Figure 2 plots the PSR vs. location and SPectra of the microphone. Location 5 was the top

gives an indication of how each location performed@nked location for male subjects while locatiowas

compared to the other locations. For most sours, tthe top ranked location for the female subjectsthBo
locations that performed the best (had the lowedPcations 3 and 5 are located on the side of tiux,ne
PSDyp, values), had average P§Dvalues 200-300 with 5 being just under 3. For the male subjects th

dB/Hz lower than the locations that had the highe econd best ranked location is location 4 whicbns
PSDy, values. the front upper portion of the neck. For female

; ubjects the second best ranked location was tocéati
Figure 2(c) shows the vowel sound /u/ has IOV\ﬁvhich is just below location 3 on the side of tleek
An interesting result is that location 6, located
just laterally to the thyroid notch where many euntr
jthroat microphones are placed, had the third highes
ranking for males and the sixth highest ranking for

the neck. The trends seen in Fig. 2 indicate thdfMales. This indicates that a throat microphone

locations lower on the neck generally have higheP!aced close to the vocal folds may work better for
{male speakers than for female speakers. Sincddacat

average PSE values, but this figure also shows tha ced | ; his indi h
the standard deviation is fairly high for many bet © Was not a top-ranked location, this indicates tha
there are locations that may be better suiteddatact

sounds and locations. This variation is attributethe ) ) .
small sample size, and it is recommended that éuturMicrophone placement than over the thyroid cailag
even if the neck is the preferred location for

studies include a larger number of subjects tofyweri ="
these results and better locating of positions. microphone placement.

Tables 2 and 3 also show that locations on the . _
lower neck generally have higher or worse RsD Differencesin Sounds
rankings than the upper neck locations. However, Location 3 ranked best, on average, for female
locations 1 and 2 which are located at the tophef t speakers for all sounds except /i/ and /f/. Thendadi/
neck (just under the jaw) have worse RSEanks than Wwas ranked best at location 5 while /f/ was rankest
the locations immediately below them (3, 4, 5).sThi at location 8 on the lower side of the neck. Howeve
indicates that accelerometers placed above theithyr when listening to the recorded data from location 8
cartilage typically have spectra that match théhe fricative sound /f/ was inaudible. Thus thisuleis
microphone spectrum better than acceleromete@tributed to the accelerometer noise that has a
placed below the superior notch of the thyroidspectrum that matches the relatively flat respaofse
cartilage. This also indicates placing acceleromsete the microphone.

PSD;p values for most of the neck locations,
indicating that it matches the microphone well ba t
neck. It is also seen in Fig. 2(a) that the voverlnsl
/il has PSIgy values much greater than the othe
sounds, indicating that it is not detected verylwael

too high on the neck may also lead to signals doat For both male and female subjects, the sound
not match the microphone’s spectrum as well af/ was ranked best at location 5. This is the @adynd
accelerometers placed a little lower on the neck. that had the same best ranked location for both the

The locations higher on the neck are furthemale and female subjects. It is also interestingdte
away from the vocal folds and have more tissudhat location 3, which ranked the best for 5 souiods
between them and the vocal tract. This distanceyawdhe female subjects, was not the top ranked logatio
from the vocal tract and the increased amountssfig ~ for any of the sounds for the male subjects.
likely contributes to the decrease in ranking foese For the male subjects the top locations were

locations. The locations in the middle of the nack much less consistent for the various sounds. The
still near the sound source, but are also a litdeer to  sounds /a/ and /alwere best ranked at location 6. The

the oral cavity than the locations on the lowerknec sounds /i/ and /n/ were best ranked at locatiohhe

The higher PSE, values of the locations on the uppersound /m/ was best ranked at location 1. The séwhnd
middle of the neck are attributed to their proxjmio ~ was best ranked at location 9. Due to the variaition
both the sound source and the oral cavity, whege tihe top ranked locations for the male subjectshia t

higher frequency vowel sounds and consonants aggudy it is recommended that further investigatoen
shaped. made to determine the best overall neck location fo

male speakers.



For both male and female speakers, the top best average ranking. For female subjects the best
three locations for the sound /f/ were the same Th ranked locations were 3, 5 and 4.
accelerometer at these locations, however, did not It is important to note that filtering may be
seem to be sensing the speech sound, but ratheeeded to reestablish attenuated high frequency
seemed to just be transmitting noise. For thetitiea content and to obtain adequate intelligibilityhiet
sound /f/, a perceptual rating should be used teignal is only detected at the neck.
determine the best microphone location.
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