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Abstract— Feedback mechanisms for fundamental frequency 
(F0) control have been explored using the transformed auditory 
feedback (TAF) technique. However, those studies have 
underestimated the fact that the vibrotactile information from 
the laryngeal cavity wall during vocal-fold vibration is also 
involved in F0 control in speech. Our previous study examined 
the role of auditory and somatosensory information in 
vocalization. The present study further investigates how the 
vibrotactile information from the larynx influences vocal 
response parameters (F0, latency, and magnitude). Subjects 
participated in this experiment were instructed to sustain vowel 
/a/ while receiving the stimuli called the composite sine-wave 
modulation (CFM) of tone or vibration that shifts in frequency 
for a short period. The CFM signals were delivered through a 
bone-conduction speaker fixed on the neck surface near the 
larynx. Results demonstrated the larger magnitude, shorter 
latency and deeper peak F0 modulation in compensatory 
responses to the combined vibrotactile-auditory stimuli than to 
the responses to auditory-only stimuli. These findings strongly 
suggest that the vibrotactile afferent information is utilized in 
feedback control of F0 with the shorter delay to adjust vocal 
responses.  

I. INTRODUCTION 

Vocal control in speech involves feedback mechanisms to 
minimize the error between intended and realized vocal 
fundamental frequencies (F0). The main feedback loop for the 
control system is thought to be auditory, but the 
somatosensory feedback also plays a role because vibration of 
the laryngeal cavity wall during vocal-fold oscillation is 
sensed by the mechanosensory apparatus in the laryngeal 
mucosa and monitored by the higher sensory system. The 
contribution of the auditory channel to activating the feedback 
mechanism has been examined in vivo using a technique for 
real-time frequency modulation of a speaker’s voice, called 
transformed auditory feedback (TAF) or frequency-shifted 
auditory feedback [1-3]. In such experiments, speakers 
respond to the frequency-modulated auditory stimuli mostly 
to maintain the intended F0 by shifting their vocal F0 in the 
direction opposite to the F0 shift in the stimuli [4-6]. The TAF 
technique to perturb the auditory system has been successful 
at evaluating the role of auditory feedback in F0 trajectory 
generation, but the procedure is somewhat unnatural because 
the vocal feedback control is multisensory in nature. In 
addition to auditory monitoring of F0, vibration of the vocal 
folds and laryngeal cavity wall is also monitored by the 

sensory system. It has been noted that a subtle shift of vowel 
sounds in the artificial auditory feedback may cause a small 
mismatch between the auditory and somatosensory feedback 
signals [7]. Indeed, vocal-fold vibration during speech 
activates not only the auditory mechanism but also other 
sensory systems of many modalities simultaneously. 
Mechanosensory modulation in the larynx also takes part as 
one of the underlying neural mechanisms of vocal control [8].  

In our previous study [9], an attempt was made to examine 
the role of auditory and vibrotactile feedback signals in F0 
control using frequency-modulated auditory and vibratory 
stimuli, and the result revealed both similarity and difference 
with those from the TAF studies. The main findings from our 
study included the compensatory responses to vibrotactile-
only stimulation and the larger response magnitude in 
combined vibrotactile-auditory stimulation than in auditory-
only stimulation. Although the result supported the 
contribution of vibrotactile stimuli in vocal feedback control, 
a few problems were noticed that may result in inaccuracy. 
The lead time between stimulus initiation and modulation 
onset was constant (not randomized), which may facilitate 
subjects’ responses by prediction of stimulus onset timing. 
Also, the auditory and vibrotactile stimuli were delivered 
from different transducers, which resulted in different 
magnitudes of auditory stimuli between the auditory-only and 
vibrotactile-auditory conditions. Thus, the present study was 
planned to replicate the previous experiment with the renewed 
procedures toward the same goal of examining the role of 
auditory and somatosensory feedback in controlling vocal F0. 

II. METHODS 

The subjects in this experiment were instructed to produce 
a sustained vowel /a/, while receiving the composite sine-
wave frequency modulation (CFM) stimuli that shifted 
upward or downward in frequency. They adjusted their vocal 
pitch to the base frequency of the CFM stimuli that were 
delivered through a bone-conduction speaker placed on the 
neck surface. The experiments were conducted in three 
sessions with auditory (A), vibrotactile-auditory (VA) and 
vibrotactile (V) conditions. 

A. Participants 
Eighteen subjects of 21 to 26 years (6 female, and 12 male 

subjects) participated in this study. All the subjects were 
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native Chinese speakers who reported no history of speaking, 
hearing, or motor disorders. 

B. Experiment procedure 
The setup for the experiment is shown in Figure 1. The 

subjects wore a bone-conduction speaker with bilateral 
transducer units (Aftershokz) on the neck near the larynx to 
receive airborne and/or vibratory signals. The stimulus signals 
synthesized with a PC (PC1) were harmonic signals with a 
short period of frequency modulation as shown in Figure 1. 
This signal was called the composite frequency modulation 
(CFM) in this study. In one condition, a headset was used to 
mask airborne signals from the bone-conduction speaker by 
pink noise. In another condition, plates of visco-elastic 
material were placed between the transducer units and the 
neck surface to damp the vibration on the neck skin. The 
experiment was conducted in a quiet room to record the 
subject’s vowel production with a condenser microphone 
(Sennheiser) plugged into an USB audio interface (Creative) 
with another PC (PC2). 

Different modalities of stimulation were employed in three 
conditions. The first was the vibrotactile-auditory (VA) 
condition. The subjects received both stimuli of sound to the 
ears and vibration on the neck surface. The second was the 
auditory-only (A) condition. The subject listened to auditory 
stimuli from the speaker, while the vibration on the neck was 
heavily damped by the visco-elastic plates. The third was the 
vibrotactile-only (V) condition. The subjects listened to pink 
noise via a noise-cancelling headset (ATH-ANC29) to mask 
airborne sound that generated by the bone-conduction speaker. 
In this condition, they received vibration on the neck with no 
effective auditory stimuli. Using the above procedure to 
deliver effective stimuli in all three conditions, the identical 
amplitude and F0 were maintained in all the conditions in the 
experiment. The bone-conduction speaker units were 
supported by an elastic band, with a flat-sheet pressure sensor 
(FSR) to monitor the force of the elastic band on the 
transducers.  The effect of the noise-cancelling headset was 
found to be minimal for attenuating the airborne stimuli to the 
ears, but its effect on altering the effective auditory stimuli 
was also negligible. 

 

 

Fig. 1   Experimental setup for auditory and vibrotactile stimulation using the 
bone-conduction speaker fixed on the larynx. Seven harmonics were 
combined to generate composite sine-wave signals, which were frequency-
modulated for 10% or 20% either in upward or downward directions. 

The task for the subjects was to produce vowel /a/ with 
their vocal pitch adjusted to the base frequency of the stimuli. 
All the subjects participated in the trial sessions with four 
types of stimuli under the three conditions. The V condition 
with auditory masking was conducted after the VA and A 
conditions so that the subjects were familiarized with the 
CFM stimuli when they responded to non-audible stimuli in 
the V condition.  

C. Stimuli used 
The choice of the type of the stimuli was considered first 

among the saw-tooth wave, vowel-like harmonics pattern 
(with a -6 dB slope), and other artificial patterns in order to 
confirm the effectiveness for vibration and the naturalness for 
hearing. Among those, the harmonics pattern shown in Figure 
1 was found most effective for the subjects to sense the 
modulation delivered to the larynx, and it was chosen as the 
CFM stimulus for the experiment. 

The depth of F0 modulation in the CFM signals was either 
10% or 20% with the base frequency of 130 Hz for male 
subjects and of 230 Hz for female subjects, and the directions 
of modulation was upward (+) or downward (-). The control 
stimuli with no modulation were also included. The F0 
modulation in each stimulus was set at a fixed duration of 500 
ms with rise and fall ramps of 5 ms and the randomized lead 
time of 1-2 sec. Each stimulus was delivered with the 
randomized inter-stimulus interval of 3-4 sec. Each condition 
contained four trials, where the F0 modulation of the CFM 
stimuli was 10% or 20% in depth and upward or downward in 
direction.  The order of the stimuli to be presented was altered 
between those with 10% and 20% modulation in every two 
trials. Each type of stimuli included 40 repetitions (nearly 6 
minutes) as shown in Figure 2. 

 

 

Fig. 2   Schematic patterns of the four types of stimuli. Each CFM stimulus 
of 4.5-sec duration was presented to the subjects. F0 modulation of 500-ms 
duration occurred with randomized lead time of 1-2 sec. Presentation of the 
four types of modulation was also randomized for the depth of modulation 
(10% and 20%) and direction of modulation (downward and upward), where 
downward (A) 20% or (B) 10% modulation occurred first, and upward (C) 
20% or (D) 10% modulation occurred first. 
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D. Data analysis 
The vocal responses from the subjects were segmented into 

individual records of 4.5-sec duration for each stimulus type. 
Short-time energy was calculated as in (1).  

                           2
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where ( )x n is the speech signal, ( )w n  is the window function, 
and N is time-window length. Then voice F0 was extracted 
from each vocal response using the autocorrelation algorithm, 
as in (2). 
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where τ is the delay of speech signal ( )x n . The F0 curves 
were averaged across all the individual records having the 
same stimulus type in the same condition. Then, the response 
latency, peak F0 value, and maximum F0 response magnitude 
were automatically measured. In order to examine the effects 
of auditory and vibrotactile stimulation on vocal F0 control, 
statistical analyses were conducted on the response latency 
and magnitude of the A-V-VA complex using One-way 
ANOVA on SPSS with the significance level with the p-
values less than or equal to 0.05. For statistically significant 
effects, a post hoc Tukey–Kramer analysis was performed 
with the alpha set at 0.05. 

III. RESULTS 

All the subjects responded to the CFM stimuli in the three 
conditions. The latency of the response was analyzed by 
measuring the time interval between the initial F0 change of 
the stimuli and the moment when the amplitude of the on-
response signals exceeded the threshold value set at the twice 
of the standard variation. The magnitude of responses was 
defined by the difference between the mean F0 value before 
the vocal F0 shift and the peak F0 value during the shift in the 
response. 

A. F0 response curves 
Figure 3 showed averaged F0 response curves obtained 

among the compensatory responses in the audio data recorded 
from all the male subjects. The panels in the figure indicate 
characteristic response patterns in the three conditions. The 
frequency of occurrence of the compensatory responses 
(opposite to the direction of F0 modulation in the stimulus) 
was 91.53% for the vibrotactile-auditory (VA) and 94.21% 
for the auditory-only (A) conditions. In contrast, the 
compensatory responses were observed in 80.26% for the 
vibrotactile-only (V) condition. The result for the response 
magnitude showed a consistent tendency: the deeper the F0 
modulation, the larger the vocal response, being consistent 
with previous results from TAF-based studies [10-13]. 

B. Vibrotactile-only response 
From the total of 2880 responses in the V condition, 2312 

compensatory responses (80.26%) were measured and 
analyzed for the latency and magnitude as shown in Figure 3. 

Among all the subjects, 7.24% responses were in the same 
direction with the stimulus modulation (following responses), 
and 12.50% did not meet the criteria of a response (no-
response). The larger response magnitude was obtained from 
the stimuli with upward 20% modulation than those with 10%. 

C. Response magnitudes and latencies 
Figure 4 showed box plots for quantitative measures of the 

response latency and F0 magnitude. Pairwise comparisons 
among the A, V and VA conditions indicated that the stimuli 
in the VA condition elicited the significantly larger response 
magnitudes (F(1,22)=7.158, p<0.001) with the shorter 
latencies (F(1,34)=11.565, p<0.001) than those in the A 
condition. The subjects tended to show the shortest latency 
(F(2,51)=10.175, p<0.001) in the V condition. The response 
magnitude was significantly greater in upward 20% 
modulations in the V condition by comparing among all other 
stimulus conditions. The data from the female subjects 
demonstrated the same trend with the male data in the latency 
and magnitude. It was also found that the latency for upward 
responses was shorter than that for downward responses in the 
compensatory responses. 

 
 

 
 

 

Fig. 3   Averaged F0 trajectories with standard deviations for all the male 
subjects. Responses are plotted for VA (blue), A (red), and V (green) 
conditions with (A) 10% and (C) 20% downward (-) modulations and (B) 
10% and (D) 20% upward (+) modulations. The shaded regions with different 
colors indicate the standard deviations. 
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Fig. 4   Box plots showing (A) response latencies and (B) response 
magnitudes in the three conditions. The data were shown for the 
compensatory responses only from all the male subjects. Points depicted as 
“o” represent F0 value beyond the upper and lower limits (±1.5 high/low 
hinge) of main body of data (mild outliers); Points shown as “*” are those 
exceeding the above limits of ±3.0 high/low hinge (extreme outliers). 

D. Response peak F0 
The peak F0 was analyzed for the compensatory on-

responses by measuring the maximum F0 in the downward 
modulation and the minimum F0 in the upward modulation. 
The impacts of the VA, A and V conditions on vocal F0 
responses are characterized by the larger of the peak F0 in the 
downward modulation and the smaller of the peak F0 in the 
upward modulation. Figure 5 showed the averaged peak F0 
measured from the compensatory responses for all subjects. 
Comparing the peak F0 values across the three conditions, the 
peak F0 values were more extreme in the VA condition than 
in the A condition regardless the depths of the modulation. In 
contrast, the peak F0 values were dependent on the directions 
of modulation: In the V condition, the peak F0 values were 
the largest in the downward modulation, while they were 
between those in the A and VA conditions in the upward 
modulation.  

IV. DISCUSSIONS 

In this study, we re-examined the effect of the vibrotactile  

 

Fig. 5   Box plots showing averaged peak F0 values for all the subjects in the 
male (A) and female (B) groups. The data were plotted for the compensatory 
responses in the VA (blue), A (red) and V (green) conditions during 
downward (-) and upward (+) modulations with 10% and 20% modulation 
depths. 

information at the larynx on the feedback control of F0. To do 
so, the composite-sinewave frequency modulation (CFM) was 
used to explore the influence of auditory and somatosensory 
information on vocal control using improved procedures. It 
was re-confirmed that the CFM stimuli caused compensatory 
responses to maintain vocal F0. The responses to the 
vibrotactile-auditory (VA) stimuli occurred with the shorter 
latency and larger magnitude than that to the auditory-only 
(A) stimuli (Figure 4). This observation suggests that the 
vibrotactile feedback system plays a certain effective role in 
F0 control. The auditory feedback induces responses to 
audible sounds, while the combined vibrotactile-auditory 
stimuli integrate the sensory signals in the afferent pathways 
to elicit significantly larger vocal responses than other 
conditions. 

In our previous study, 7.1% of the compensatory responses 
showed negative latency values and were judged to be the 
responses by subjects’ prediction of the onset timing of F0 
modulation. This was probably due to the previous CFM 
stimuli with the constant lead time (the interval between 
stimulus initiation and modulation onset). The renewed CFM 
stimuli used in the present experiment included randomization 
of the lead time, and the responses with the prediction of 
onset timing were only 1.9%. Therefore, the results 
essentially agree with those from the previous study, further 
supporting the confidence of the results. 

The responses to the vibrotactile-only (V) stimulation result 
in the shortest latency in all the conditions (Figure 4(A)), 
which suggests that the vibrotactile sensory pathway may 
have the shorter feedback loop and that the vibrotactile 
signals are possibly monitored before the auditory signals 
activate the feedback control mechanism. 

The responses to the vibrotactile-only (V) stimuli  always 
showed the higher F0 curves than those to the auditory-only 
(A) and vibrotactile-auditory (VA) stimuli (Figure 3). Two 
reasons can be considered for the shift of F0 trajectories in the 
presence of masking noise: (1) difficulty in adjusting vocal F0 
to the inaudible stimuli, and (2) augmentation of vocal effort 
due to the masking noise similar to the Lombard effect [14]. 

The response magnitude reveals that the deeper the F0 
modulation, the larger the response magnitude in the VA and 
A conditions, whereas no clear tendency is observed in the V 
condition (Figure 4(B)). This difference remains as a question 
partly because of the uncertainty of the frequency 
characteristics of the somatosensory system and the bone-
conduction speaker when placed on the skin surface.  

The peripheral somatosensory system involved in the 
vibrotactile feedback from the larynx is the sensory branch of 
the superior laryngeal nerve (SLN) that innervates the 
laryngeal mucosa lining the cavity wall. According to Ludlow 
et al. [15], the SLN is involved in feedback control of various 
functions of the larynx. Laryngeal muscle reflexes are elicited 
by stimulation of the SLN in animals and humans, and these 
reflexes are thought to play a role in the sensorimotor control 
of voice. Although the direct evidence lacks in the literature, 
it has been reported that anesthesia of the laryngeal mucosa 
affects feedback F0 responses in humans [16]. This finding 
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supports that compound action potentials in the SLN caused 
by vocal-fold vibration convey afferent information of vocal 
F0. Therefore, it is reasonable to conjecture that the responses 
to the external vibration to the larynx observed in this study 
are mediated by the feedback loop via the SLN to monitor the 
vibrotactile stimuli applied to the larynx. 

V. CONCLUSION 

Our study demonstrates that the auditory and 
somatosensory information interacts to influence the vocal F0 
responses. The vocal F0 responses are more sensitive to the 
combined vibrotactile-auditory stimuli judging from the 
shorter latency and the larger magnitude of peak F0 than those 
to the auditory-only stimuli. The responses to the vibrotactile-
only stimuli   exhibit the shortest response latency among all 
the conditions. These results support our assumptions that the 
vibrotactile information contributes to fast adjustment of F0 in 
voicing and that the feedback control of F0 is multisensory in 
nature. 
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