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Abstract 
Due to the COVID-19 pandemic, visualizing the airstream of 
human breath during speech production has become extremely 
important from the viewpoint of preventing infection. In 
addition, visualizing droplets and the larger drops expelled 
when we speak consonantal sounds may help for the same 
reason. One visualization technique is to pass a laser sheet 
through the droplet cloud produced by a human speaker. 
However, the laser poses certain health risks for human beings. 
Therefore, we developed an alternative method to passing a 
laser against a human body in which we utilize physical models 
of the human vocal tract. First, we tested a head-shaped model 
with a lung model from our previous study to visualize the 
exhaled breath during vowel production (with and without a 
mask). Then, we implemented an extended version of the 
anatomical-type vocal-tract model introduced in our previous 
study. With this newly developed model, lips are made of the 
same flexible material that was used to form the tongue part in 
the previous model. We also attached these lips to another 
previous model for producing sounds including /b/. Finally, the 
lip models were tested to visualize the droplet cloud including 
expelled drops present while producing a bilabial plosive sound. 
Index Terms: COVID-19, visualizing droplet cloud, vocal-
tract models, head-shaped model, anatomical-type model, lip 
model 

1. Introduction 
In 2020, the World Health Organization (WHO) declared the 
worldwide COVID-19 pandemic [1], and we now face the 
problem of the spread of infection. One of the crucial 
transmissions of the virus is through droplets. Such droplets are 
expelled by humans not only when we cough or sneeze but also 
during singing and speaking [2]. Another way the infection 
spreads is through aerosol transmission, and the aerosol 
produced while speaking can contain viruses and thereby 
become the source of infection [3]. 

During speech production, the droplets and the aerosol are 
not able to been seen, so a visualization technique is needed. 
One such technique is passing a laser against the droplet cloud 
produced by a speaker during speech production [2]. However, 
the laser poses certain health risks for human beings. In 
particular, a laser beam can contain a high energy that damages 
the human body, including the eyes, which sometimes results 
in blindness. In this study, as an alternative to passing a laser 
against a human body, we utilized physical models of the 
human vocal tract. 

We first applied a head-shaped (HS) model with a lung 
model from our previous studies [4–6]. The HS + lung models 
were originally developed for students and the general public to 
explain human speech production from breathing, phonation, 

and articulation. When the air in the lungs goes out through an 
artificial larynx, a glottal sound is produced that results in 
resonances inside the vocal tract of the HS model. Finally, a 
spectral envelope is characterized by the resonances for each 
vowel depending on the configuration of the vocal tract. These 
HS and lung models were used in the current study to visualize 
the aerosol from the mouth (and nostril) with a special air with 
and without a facial mask. 

Second, we implemented an extended version of our 
anatomical-type model of the human vocal tract. This model is 
useful not only for pedagogical purposes but also for clinical 
applications and pronunciation training. The anatomical-type 
models we developed in 2017, 2018, and 2019 all look like 
anatomical models for medical students. In addition to the 
appearance, they also produce speech-like sounds when feeding 
a glottal sound. The 2017 model produces the vowel /a/, as the 
vocal-tract configuration is fixed for that vowel [7]. The 2018 
model has a tongue part fabricated with a flexible material so 
that it can produce different types of vowels by changing the 
tongue position [8]. The 2019 model has a flexible tongue and 
also a movable mandible, so the jaw opens and closes 
depending on the target sounds [9]. In 2020, we developed yet 
another anatomical-type model that is based on the 2019 model 
with the movable mandible. The newly developed 2020 model 
has lips constructed with a flexible material so that the shape of 
the lips can be changed for certain sounds. Due to the flexibility 
of the lip model, we are now able to test a bilabial plosive sound 
to visualize a droplet cloud including expelled drops present 
during the production of a sound. In addition, the same lip 
model can be attached to the BMW-RL model for producing 
consonants /b/, /m/, /w/, /r/, and /l/ [10]. Therefore, we also 
tested the lip model with the BMW-RL model for the same 
visualization purpose. 

2. Visualizing human breath during vowel 
production 

2.1. Head-shaped and lung models 

Figure 1 shows the HS model and the lung model [4–6]. The 
lung model consists of an acrylic body, a rubber membrane on 
the bottom, and two balloons. The acrylic body imitates a sealed 
thoracic cavity and its volume is controlled by the bottom 
membrane mimicking a diaphragm. A whistle-type artificial 
larynx (the red arrow in Fig. 1) is attached to the single end of 
a Y-shaped tube of the lung model. A glottal sound is produced 
during the exhalation. When the HS model is placed on top of 
the artificial larynx, vowel /a/ is produced because, in the case 
of Fig. 1, the configuration of the vocal tract simulates the one 
during vowel /a/. This HS model also has a nasal cavity and a 
movable velum so that different degrees of nasalization can be 
simulated. 
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 Figure 1: HS and lung models [4]. (a) Front view (red 
arrow indicates location of the whistle-type artificial 
larynx). (b) Side view with the velopharyngeal port 
closed. (c) Side view with the velopharyngeal port 

open. 
 

2.2. Method 

The aerosol is visualized by using air with oil mist. Dioctyl 
sebacate (DOS) was used for the oil [11]. The oil mist is 
generated by two generators: the PIV Part14 (PIVTech), where 
the mean diameter of the particles is 1–2 μm, and the CTS-1000 
(Seika Digital Image), where the mean diameter of the particles 
is 3–4 μm. The brightness due to Mie scattering is proportional 
to the square of the particle size. 

During video and audio recording, a laser sheet is passed 
over the midsagittal plane of the models. When the diaphragm 
is pulled down, the air moves into the lungs and the two 
balloons are inflated. During an inhalation period, the air with 
the oil mist is sucked from the mouth into the vocal tract, 
trachea, and lungs. During an exhalation period, the air with the 
oil mist goes out through the mouth (and nostril). The video 
recordings were taken by a high-speed camera (Vision 
Research, Phantom T1340 72GB) at 1000 frames/s. The audio 
recordings were done using a sound level meter (Rion, NA-28) 
and an audio interface (RME, Fireface UC) with a sampling 
frequency of 48 kHz. The microphone was placed 1 m away 
from the mouth of the model. A trigger signal was generated to 
start video recording, and the signal was also recorded on the 
sub channel of audio recording, whereas the audio signal from 
the microphone was recorded on the main channel. 

Table 1 lists the six measurements we conducted. For each, 
the maximum A-weighted sound pressure level was measured 
(“SPL” column in the table) in decibels. The “Nasal” column 
indicates with (“1”) or without (“0”) the nasalization (when 
nasalized, the velopharyngeal port was open; when not 
nasalized, the port was closed). The “LP” column indicates the 
lung pressure during exhalation: “H” for high pressure 
(approximately 10 cm H2O) and “L” for low pressure 
(approximately 5 cm H2O). The “Mask” column indicates 
whether a mask was placed on the top of the mouth of the HS 

model (“1”) or not (“0”). The mask was made of nonwoven 
fabric (Sharp, MA-1050). The “Particle” column indicates the 
size of the particles, where “S” means 1–2 μm and “L” means 
3–4 μm. 

2.3. Results 

Figure 2 shows snapshots of the measurement results (the 
numbers correspond to each row in Table 1). From the 
measurements, we can observe several points. 
1) By comparing Nos. 1 and 2, it becomes clear that how far 

the aerosol reaches does not depend on the lung pressure. 
When the lung pressure was low, the sound pressure level 
decreased more than 5 dB. However, even with low lung 
pressure, the aerosol reached as far as 400 mm, which is 
the size of the pictures in Fig. 2, or even more. 

 

Table 2: List of measurements for HS and lung 
models. 

No. SPL 
(dB) 

Nasal 
(0/1) 

LP 
(H/L) 

Mask 
(0/1) 

Particle 
(S/L) 

1 81.2 0 H 0 S 
2 75.9 0 L 0 S 
3 78.8 1 H 0 S 
4 78.5 1 H 1 S 
5 78.9 0 H 1 S 
6 81.1 0 H 0 L 

 

 

 

Figure 2: Snapshots for each measurement listed in 
Table 1 with the HS and lung models. 
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Figure 3: Snapshot of PIV results based on 

measurement No. 6. 
 

 

 
2) By comparing Nos. 1 and 3, we can see that the two air 

streams from the mouth and the nostril merged and formed 
a more directional pattern. 

3) The snapshots of Nos. 4 and 5 demonstrate the 
effectiveness of wearing the nonwoven fabric mask. The 
only aerosol observed in these pictures related to upward 
movements, as the mask did not fit a little on the top of the 
nose. 

2.4. PIV 

Measurement No. 6 was used to calculate particle velocities by 
applying a particle image velocimetry (PIV) technique [12]. We 
used the program for PIV computation provided by Seika 
Digital Image. Figure 3 shows a snapshot of the computational 
results based on measurement No. 6. The color scale indicates 
the velocity in meters per second. As we can see, the particles 
were

 

sometimes more than 1 m/s. 

2.5. Acoustic measurements 

Figure 4 shows two spectra calculated from the measurement 
results of No. 1 with no mask and No. 5 with mask. The 
difference was small in the low frequency range. However, they 
were slightly different in the frequency range above 4 kHz, 
where the difference was approximately 8 dB maximum. This 
result is consistent with the previous reports (e.g., [13]). 

3. Visualizing droplets during consonant 
production 

3.1. Vocal-tract models with the lip model 

Figure 5 shows the newly developed anatomical-type vocal-
tract model, namely, the 2020 model. This model is based on 
the 2019 model [9] featuring the mandible that can be opened 
and closed and the tongue part made of a flexible material (a 
polyethylene-styrene copolymer) with two degrees of hardness 
(2 and 4 in ASKER-C hardness). The same material was used 
to make the lips of the 2020 model, as shown in the figure. Due 
to the flexibility of the lip model, we are now able to test a 
bilabial plosive sound to visualize the droplet cloud including 
expelled drops present during the production of a sound. 
 

 
Figure 5: 2020 model with flexible tongue and lips. 
Left: front view. Right: side view (mounted on the 

reed-type sound source). 

 

 
Figure 6: BMW-RL model with the lip model from the 
2020 model. The simulated saliva solution was placed 

on the top surface of the lower lip (right). 

Figure 4: Spectra of measurement Nos. 1 (with no 
mask) and 5 (with mask). 
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The same lip model can also be attached to the BMW-RL 
model for producing consonants /b/, /m/, /w/, /r/, and /l/ [10]. 
Figure 6 shows the BMW-RL model with the lip model used in 
the 2020 model. It was also tested for the same visualization 
purpose. 

3.2. Method 

The droplets are visualized by using a “simulated saliva” 
solution [14]. This solution is artificially simulated human 
saliva made from sodium chloride (12 g), pure glycerin (76 g), 
and distilled water (1L). Approximately 30 μL of the simulated 
saliva solution is placed on the top surface of the lower lip. 
After placing the saliva solution, the mandible is raised to form 
closed lips. During video and audio recording, a laser sheet is 
passed over the midsagittal plane of the models. The vocal-tract 
models are attached to the house of the reed-type sound source, 
which is connected to an air pump. When the air pump is 
pressed, the air stream moves through the reed-type sound 
source and produces a glottal sound. At the same time, the lips 
are closed and the pressure builds up inside the oral cavity. 
When the lip closure is released with the mandible open, a 
bilabial plosive sound followed by a vowel is produced. The 
video recordings were made by a high-speed camera (Vision 
Research, Phantom T1340 72GB) at 1000 frames/s. The audio 
recordings were done using a sound level meter (Rion, NA-28) 
and an audio interface (RME, Fireface UC) with a sampling 
frequency of 48 kHz. The microphone was placed 1 m away 
from the mouth of the model. 

3.3. Results 

Figures 7 and 8 show a time sequence of four snapshots of the 
droplet cloud measured with the 2020 model and the BMW-RL 
model + lip model, respectively. In both cases, the maximum 
A-weighted sound pressure level was approximately 92 dB. As 
we can see in Fig. 7, the droplets were clearly expelled when a 
bilabial plosive sound, such as /b/, was produced with the 2020 
model. The BMW-RL + lip models also showed the droplets at 
the production of a bilabial plosive sound, although it was not 
that clear in Fig. 8. Unlike the diffusion of the aerosol shown in 
Fig. 2, the droplets fell down after being expelled from the lips. 
This is due to the size of the droplets, which were much heavier 
than the particles in the aerosol. We also analyzed a sound 
produced by the 2020 model. Figure 9 shows (a) a waveform 
and (b) its sound spectrogram up to 8 kHz.  
 

 
Figure 7: Time sequence of snapshots (from left to 

right) with the 2020 model. 
 

 
Figure 8: Time sequence of snapshots (from left to 

right) with the BMW-RL model + lip model. 

 
Figure 9: (a) Waveform and (b) spectrogram when the 

2020 model produced a plosive sound.  

4. Conclusion 
In this study, we applied physical models of the human vocal 
tract for laser-based visualization of the airstream of human 
breath and droplet clouds. A head-shaped model with a lung 
model from our previous study was first applied to visualize the 
exhaled breath during vowel production with and without a 
mask. As a result, we were able to repeatedly observe the 
airstream of the human breath. In addition, we observed the 
aerosol spread even with low lung pressure. The PIV technique 
showed the qualitative speeds of particles during vowel 
production. The effectiveness of wearing a mask was also 
confirmed with a slight reduction of power in high frequencies 
above 4 kHz. 

We then implemented an extended version of our previous 
anatomical-type vocal-tract model (2020 model). With this 
model, both the lips and the tongue part were made of a flexible 
material. The same lip model was also attached to the BMW-
RL model. With both models, we were able to repeatedly 
visualize the droplets during production of a bilabial plosive 
sound. 

Due to the risks to the human body, the implementation of 
measurements like this with human subjects is limited, 
especially in terms of repeating the same procedure many times. 
As an alternative, vocal-tract models are helpful for avoiding 
the risks and simulating human speech production at the same 
time. There are various improvements to be done in the future. 
For example, the 2020 model with the flexible lips has a slight 
problem with air leakage. In addition, while the tongue of this 
model is flexible, it is not able to make a complete closure at 
either the alveolar or velar position. If we can enable oral 
closure, we will be able to perform additional measurements 
besides bilabial plosive sounds. Besides, we would also like to 
actually measure droplets in terms of the size (health people 
produce droplets between the size of 0.1 and 10 μm [15]) and 
the count. 
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