
  

  

Abstract— Since a vibrator needs to be pressed onto the 

osseous parts of the head, bone-conduction (BC) is often 

accompanied by pain and esthetic problems. In order to solve 

these problems, “distant presentation” has been proposed. In the 

distant presentation, vibrators are presented to the neck, upper 

limb or trunk. Our previous studies focused on the perception 

and propagation characteristics of distantly-presented BC sound 

in the ultrasonic range and an application to a novel audio-

interface. On the other hand, a limited number of studies have 

been conducted on distantly-presented BC in the audible-

frequency range. In this study, to examine the basic properties 

of the distantly-presented BC perception in the audible-

frequency range, hearing thresholds, difference limens for 

frequency (DLFs) and temporal modulation transfer functions 

(TMTFs) were measured under the condition that AC sounds 

were insulated sufficiently. The results obtained indicated that 

BC sounds can be clearly perceived at distal parts of the body 

even in the audible-frequency range and no significant 

degradation of frequency and temporal information occurs in 

the propagation process in the body. 

I. INTRODUCTION 

Usually, we perceive sounds as a vibration of air. It is 
referred to as air-conduction (AC). On the other hand, we can 
perceive sound even as a vibration of biological tissues (bone,  
skin and muscle, etc.). It is called bone-conduction (BC).                                                                                                                                                                                                                                                                       

Although the upper frequency limit of human hearing is 
believed to be approximately 20,000 Hz, several studies have 
reported that high-frequency sound up to at least 100,000 Hz 
can be perceived clearly by BC [1–3]. This “audible” 
ultrasound through BC is referred to as bone-conducted 
ultrasound (BCU). BCU can be perceived even by the 
profoundly sensorineural hearing-impaired, who can hardly 
sense sounds even with conventional hearing aids [4, 5]. 
Furthermore, BCU amplitude-modulated by speech sounds 
was intelligible to some extent, and thereby, BCU has been 
applied for a novel hearing aid by the profoundly hearing-
impaired (bone-conducted ultrasonic hearing aid: BCUHA) 
[6-8]. 

Generally, in BC devices including BCUHA, it is 
necessary to press the vibrator onto osseous parts of the 
temporal bone, such as the mastoid process. Therefore, BC is 
often accompanied by pain and esthetic problems. 
Additionally, it is difficult to hold the vibrator steadily on the 
mastoid process’s round surface. In order to solve these 
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problems, “distant presentation” has been proposed [9]. In the 
distant presentation, vibrators are presented to the muscle of 
the neck, upper limb or trunk. 

Our previous studies focused on the perception and 
propagation characteristics of distantly-presented BCU and an 
application to a novel audio-interface [9-11]. However, a 
limited number of studies have been conducted on distantly-
presented BC in the audible-frequency range [12]. It is 
indispensable to investigate also in the audible-frequency 
range to elucidate the essential mechanisms of perception and 
propagation of BC sounds presented to distal parts of the body. 

In the ultrasonic range, it is possible to evaluate only the  
BC-sound perception, because AC-sounds radiated from the 
vibrator are never perceived. On the contrary, in the audible-
frequency range, not only BC-sounds but also AC-sounds 
radiated from the vibrator are perceived. AC-sounds need to 
be insulated sufficiently to evaluate only the BC-sounds 
perception. 

In this study, as a first step to verify the basic perceptual 
characteristics of distantly-presented BC sound in the audible-
frequency range, hearing thresholds were measured. 
Furthermore, to assess the characteristics of transferring 
frequency and temporal information, difference limens for 
frequency (DLFs), which reflect the frequency resolution, and 
temporal modulation transfer functions (TMTFs), which 
reflect the temporal resolution were measured. In all 
measurements, AC sounds were insulated sufficiently. 

II. INSULATION OF AIR-CONDUCTED SOUNDS WITH  

EAR-PLUG AND EAR-MUFF 

In this study, AC sounds were insulated strongly by two 
kinds of ear-plugs and an ear-muff to evaluate only BC sounds. 
At first, urethane ear-plugs (DKSH Japan Silencia) were 
inserted into the subject’s external auditory canals. After that,  
ear conchae were covered by silicone ear-plugs (Meiyu Insta-
putty). Lastly, except for when the stimulus presented to the 
mastoid process, participants wore an ear-muff (3M PELTOR 
X5A) over the ear-plugs (Fig. 1). In order to examine the 
insulating effect, we measured the sound pressure level of the 
AC sounds radiated from the vibrator at the opening of the 
external auditory canal when the stimulus was presented under 
the same conditions as DLF and TMTF measurements 
(described later) and sound attenuation value based on ISO-
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4869. The results obtained indicate the AC sound was 
successfully insulated. 

III. METHOD 

Seven males (21–26 years) who had no history of deficits 
in their hearing functions participated. Participants were given 
detailed information about the experiments, and informed 
consent was obtained from each participant before the 
experiments. All the experiments conducted in this paper were 
approved by the Institutional Review Board on Life Science 
Research of Chiba University. 

BC stimuli were presented to the following parts of the 
body (Fig. 2). 

(a) Mastoid process of the temporal bone 

(b) Sternocleidomastoid muscle (muscle of the neck; 
middle point between the mastoid process and 
sternoclavicular joint) 

(c) Sternal end of the clavicle 

(d) Acromion (only for hearing threshold measurement) 

BC stimuli were presented by a BC vibrator (Radioear B-
81). Fig. 3 shows the frequency response for the B-81 used in 
this study between 100 and 10,000 Hz at a constant input 
voltage of 1 VRMS. 

The vibrator was pressed onto the mastoid process and 
sternocleidomastoid muscle using an elastic band with foam 
(Fig. 2 (a), (b)). An icing supporter was used to fix the vibrator 
to the clavicle and acromion (Fig. 2 (c), (d)). All measurements 
were conducted in an anechoic room. 

A. Measurement of hearing thresholds 

As the stimuli, 250, 500, 750, 1000, 2000, 3000, 4000 Hz 
tone bursts with a duration of 800 ms including 75-ms 
rising/falling ramps were used. 

Prior to the experimental sessions, the stimulus was 
presented at the initial stimulus intensity (described later) in 
the hearing threshold measurement without pressing the 
vibrator onto the body surface, and it was confirmed that the 
AC sounds radiated from the vibrator were not perceived at 
any frequencies. Hearing thresholds were measured using a 1 

up-2 down three-alternative forced-choice (3AFC) adaptive 
procedure with a decision rule that estimated the 70.7% correct 
point on the psychometric function [13]. In this procedure, 
three intervals were presented sequentially, and the stimulus 
was presented only in one of the three intervals. Participants 
were requested to respond to the section in which the sound 
had been perceived. Hearing threshold measurements started 
from the stimulus intensity at which the sound could be 
perceived sufficiently by participants (initial stimulus 
intensity), and the intensity of stimulus in the target intervals 
was varied adaptively. The step size of the stimulus intensity 
corresponded initially to 4 dB and was reduced to 2 dB after 
two reversals and finally to 1 dB after four reversals. The mean 
of the last 8 reversals in a block of 11 reversals was used as the 
hearing thresholds. 

B. Measurement of difference limens for frequency (DLFs) 

As the stimuli, tone bursts with the center frequencies (CF) 
of 250, 500, 750, 1000, 2000, 4000 Hz including 30-ms 
rising/falling ramps were used (duration: 400 ms). 

The DLFs were measured using a 1 up-2 down two-
alternative forced-choice (2AFC) adaptive procedure. 
Stimulus output levels were set to 15 dB SL for the mastoid 
process and sternocleidomastoid muscle and 10-15 dB SL for 
the clavicle. Prior to the experimental sessions, the stimulus 
was presented without pressing the vibrator onto the body 
surface, and it was confirmed that the AC sounds radiated from 
the vibrator were not perceived at any frequencies. 

In each trial, two tone bursts that were equally spaced in 
linear frequency on either side of the CF were presented, and 
the participants were requested to respond to the stimulus with 
higher frequency. The DLF measurements started from the 
deviation from the CF (Δf) at which the participants could 
discriminate between two stimuli sufficiently, and Δf was 
varied adaptively. The measurements were conducted until 11 
reversals of the change of the Δf were obtained, and the 
geometric mean of Δf/CF of the last 8 reversals was used as 
the discrimination values. 

C. Measurement of temporal modulation transfer functions 

(TMTFs) 

TMTF shows the threshold of sinusoidal amplitude 
modulation (SAM) detection as a function of modulation 
frequency. The SAM detection threshold is determined 
systematically by measuring the detection of modulation depth. 

Urethane earplug Silicone earplug Ear-muff 

Figure 1. The method of insulation of air-conducted sounds used in the 

experiments. 

(a) Mastoid (b) Sternocleido 
mastoid 

(c) Clavicle (d) Acromion 

Figure 2. Stimulus placements used in the experiments. 

Vibrator 

Figure 3. The frequency response for the B-81 used in the experiments 

measured at an input voltage of 1 VRMS from 100 to 10,000 Hz. The 

magnitude is given in decibel relative to 1 µN/V 
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A double sideband (DSB) amplitude modulation was applied 
to 1000 Hz and 4000 Hz sinusoidal carriers. 

SAM stimuli are expressed as follows: 

𝑓(𝑡) = 𝐴{1 + 𝑚 × sin[2𝜋𝑓𝑚𝑡]} × sin(2𝜋𝑓𝑐𝑡) (1) 

Here, A is the amplitude of the entire stimulus, m is the 
modulation depth, and 𝑓𝑚  and 𝑓𝑐  are the modulation and 
carrier frequency, respectively. The duration of the stimuli was 
800 ms including 75 ms rising/falling ramps. 

TMTFs were measured using a 1 up-2 down three-
alternative forced-choice (3AFC) adaptive procedure. 
Stimulus output levels were set to a level at which each 
participant could detect modulation sufficiently, based on 25 
dB SL. Prior to the experimental sessions, the stimuli were 
presented without pressing the vibrator onto the body surface, 
and it was confirmed that the AC sounds radiated from the 
vibrator were not perceived at any frequencies. 

In each trial, three BC stimuli were presented sequentially. 
One of the three BC stimuli was modulated, and the others 
were unmodulated. The participants were requested to respond 
to the modulation interval. TMTF measurements started from 
the modulation depth (m) at which the modulation could be 
detected sufficiently by the participants, and the modulation 
depth in the modulation intervals was varied adaptively in the 
same manner as in Experiment Ⅰ. The step size of the 
modulation depth corresponded initially to 4 dB (in units of 20 
log) and was reduced to 2 dB after two reversals and finally to 
1 dB after four reversals. The mean of the last 8 reversals in a 
block of 11 reversals was used as the modulation threshold. 

IV. RESULTS 

A.  Hearing thresholds 

Fig. 4 shows relative thresholds of the distantly-presented 
BC sound when the threshold for the mastoid process in each 
participant served as the reference (0 dB). Although the 
hearing thresholds increased as the stimulus placements got 
further from the head, all of the participants could perceive BC 
sounds in the audible-frequency range even in the distal parts 
of the body. In the distal parts, although the peak (about 5-10 
dB) was observed at 500 Hz, the relative thresholds increased 
as the stimulus frequency increased, especially at 1000-4000 
Hz in the clavicle and acromion. 

B. Difference limens for frequency (DLFs) 

Fig. 5 shows DLFs in each stimulus placement. In the 
mastoid process, the DLF was about 0.3% at all CFs, and no 
significant differences were observed between the mastoid 
process and distal parts at 500-3000 Hz. However, the DLF 
was increased at 250 Hz and 4000 Hz in the clavicle. 

C. Temporal modulation transfer functions (TMTFs) 

Fig. 6 (a) and (b) show modulation thresholds in each 
stimulus placement using the 1000-Hz and 4000-Hz sinusoidal 
carriers, respectively. In the case of the 1000-Hz carrier, no 
significant variations depending on increasing modulation 
frequency were observed in all stimulus placements. 
Additionally, no significant increases as the stimulus 
placements got further from the head were observed. In the 
case of the 4000-Hz carrier, the modulation thresholds were 
increased at a modulation frequency of 100 Hz or higher. In 
the said modulation frequency range, although the modulation 
threshold of the mastoid process was larger than that of the 
sternocleidomastoid muscle, no significant differences were 
observed. 
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Figure 4. Relative threshold of the distantly-presented bone-conducted 
sound. The threshold for the mastoid process in each participant served 

as the reference (0 dB). 
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V. DISCUSSION 

A.  Hearing thresholds 

Hearing thresholds were increased as the stimulus 
placements got further from the head as with our previous 
study [12]. On the other hand, a dip of the hearing threshold 
about 5-10 dB at 1000 Hz, shown in the previous study, was 
not observed. This discrepancy of the threshold might be 
caused by a difference of the vibrator (previous study: 
Radioear B-71) or the method of holding the vibrator, however, 
further studies are required to elucidate the detailed 
mechanism. In our previous study on the hearing threshold of 
distantly-presented BCU [9], an increase in hearing threshold 
from the mastoid process was only about 5 dB in the 
sternocleidomastoid muscle, 20 dB in the upper arm, 27 dB in 
the lower arm. On the other hand, in this study, an increase in 
hearing threshold from the mastoid process was about 20-40 
dB in the sternocleidomastoid muscle, 35-65 dB in the clavicle 
and acromion. These results indicated that distance attenuation 
in the human body is much larger in the audible-frequency 
range compared to the ultrasonic range. 

B.  Difference limens for frequency (DLFs) 

At the mastoid process and sternocleidomastoid muscle, 
the DLF was the same as that of AC sound at all CFs [14]. In 
addition, no significant differences were observed in DLF 
among stimulus placements at almost all CFs, whereas the 
hearing thresholds increased as the stimulus placements got 
further from the head. These results indicated that the 
degradation of frequency information occurred in the 
propagation process of BC sounds is sufficiently small. 

C.  Temporal modulation transfer functions (TMTFs) 

No significant differences among stimulus placements 
were observed at all modulation frequencies regardless of the 
carrier frequencies. This result indicated that no degradation of 
temporal information of BC sounds occurred in the 
propagation process in the human body. 

According to a former study on the TMTF of AC sound, 
the sidebands caused by amplitude modulation were perceived 
as another pitch above a certain modulation frequency, and the 
modulation threshold subsequently decreased [15]. On the 
other hand, in this study, no significant decreases in the 
modulation thresholds were observed as the modulation 
frequency increased. It is thought that the reason for this is that 
no significant sidebands exceeding the level of the noise floor 
were caused because the stimulus intensity was set to a smaller 
level (25 dB SL) to prevent the perception of the AC sounds 
radiated from the vibrator. Therefore, it is necessary to 
consider a more effective insulation method of the AC sounds 
and a method to eliminate the effect of vibratory sensation to 
elucidate the detailed perceptual mechanisms of distantly-
presented BC sound in the audible-frequency range. 

VI. CONCLUSION 

In this study, to examine the basic perceptual 
characteristics of distantly-presented BC sound in the audible-
frequency range, hearing thresholds, difference limens for 
frequency (DLFs) and temporal modulation transfer functions 
(TMTFs) were measured under the condition that AC sounds 
were insulated sufficiently. The results obtained indicate that 
BC sound can be clearly perceived at distal parts of the body 

even in the audible-frequency range, whereas distance 
attenuation is occurred largely as compared to BCU. 
Additionally, it is also indicated that no significant degradation 
of frequency and temporal information occurs in the 
propagation process of BC sound in the body. These results 
provide useful information not only for elucidating the 
mechanisms of perception and propagation of distantly-
presented BC sound, but also the development of novel BC 
devices using “distant presentation” that can transmit the 
sound information selectivity to users who touch the device. 

REFERENCES 

[1] V. Gavreau, “Audibillite de sons de frequence elevee,” Comptes Rendu 

Acad. Sci., vol.226, pp.2053-2054, 1948 [In French]. 

[2] R. J. Pumphrey, “Upper limit of frequency for human hearing,” Nature, 

vol.166, p.571, 1950. 

[3] R. J. Bellucci and D.E. Schneider, “Some observations on ultrasonic 

perception in mam,” Ann. Otol. Rhinol. Laryngol., vol.71, pp.719–726, 

1962. 

[4] M. L. Lenhardt, R. Skellett, P. Wang and A. M. Clarke, “Human 

ultrasonic speech perception,” Science, vol.253, pp.82–85, 1991. 

[5] H. Hosoi, S. Imaizumi, T. Sakaguchi, M. Tonoike and K. Murata, 

“Activation of the auditory cortex by ultrasound,” The Lancet, vol.351, 
pp.496–497, 1998. 

[6] S. Nakagawa, Y. Okamoto and Y. Fujisaka, “Development of a bone-

conducted ultrasonic hearing aid for the profoundly sensorineural deaf,” 

Trans. Jpn. Soc. Med. Bio. Eng., vol.44, pp.184–189, 2006. 

[7] S. Nakagawa, C. Fujiyuki and T. Kogomiya, “Development of a bone-

conducted ultrasonic hearing aid for the profoundly deaf: Assessments 

of the modulation type with regard to intelligibility and sound quality,” 

Jpn. J. Appli. Phys., vol.51, 07GF22, 2012. 

[8] S. Nakagawa, C. Fujiyuki and T. Kogomiya, “Development of a bone-

conducted ultrasonic hearing aid for the profoundly deaf: Evaluation of 
sound quality using a semantic differential method,” Jpn. J. Appli. Phys., 

vol.52, 07HF06, 2013. 

[9] S. Nakagawa, R. Ogino and S. Otsuka, “Assessment of detection 

threshold and temporal resolution of distantly presented bone-

conducted ultrasonic hearing,” Jpn. J. Appli. Phys., vol.57, 07LD22, 
2018. 

[10] R. Ogino, S. Otsuka and S. Nakagawa, “Measurements of vibration at 

the external auditory meatus and the upper limb in the living human 

body caused by distantly presented bone-conducted ultrasound,” Jpn. J. 

Appli. Phys. 58, SGGE12, 2019 

[11] K. Doi, R. Ogino, S. Otsuka and S. Nakagawa, “Propagation 

characteristics of amplitude-modulated bone-conducted ultrasounds 

distantly presented to the neck, trunk and arms,” Jpn. J. Appli. Phys., 
vol. 59, SGGE18, 2020. 

[12] R. Ogino, K. Doi, S. Otsuka and S. Nakagawa, “Comparison of 

perception characteristics of distantly-presented sounds between 

ultrasonic and low-frequency ranges,” ARO Abstracts, vol.43, p.368, 

2020. 

[13] H. Levitt., “Transformed up-down methods in psychoacoustics,” J. 

Acoust. Soc. Am., vol.49, pp.467-477, 1971. 

[14] G. S. Yap, S. Otsuka and S. Nakagawa, “Evaluation of frequency 

resolution characteristics of cartilage-conduction hearing using 
physiological and psychological measurement,” Proceedings of the 

23rd Int’l Congress on Acoustic, pp.6668-6669, 2019. 

[15] A. Kohlrausch and R. Fassel, “The influence of carrier level and 

frequency on modulation and best-detection thresholds for sinusoidal 

carriers,” J. Acoust. Soc. Am., vol.108, pp.723-734, 2000. 

6379


