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Abstract: Spatial and temporal distribution of droplets emitted during dental treatments
have been attracted increasing attention, but the emission characteristics of droplets
around the source (namely, the mouth) have still not been fully understood. The present
study investigated experimentally the emission characteristics of droplets around mouth
during typical dental treatments. A manikin being treated by portable dental instruments
simulated the dental treatments, while the laser light scattering technique and particle
image velocimetry (P1V) technique were employed to perform the measurements. The
peak mass fraction of droplets occurs around the droplet size from 20 um to 40 pum,
while the mass fraction of droplets with the diameter less than 100 um accounts for
over 80%. By fitting with the Rosin-Rammler equation, the mean size of droplets (d)
and the size distribution parameter (n) are 54.96 and 1.35, respectively. The dominant
emission direction of droplets is towards the chest and the region above the chest. The
emitted droplets formed approximately a cone shape, and its angle varied from 37° to
71° for different conditions. The maximum velocity of droplets at the location near the
dummy’s mouth exceeds 1.0 m/s for most conditions. The injecting flow rate and
treated tooth position are the major factors influencing the emission direction, angle,
and velocity. The detailed boundary conditions for droplets distribution and emission
velocities are tabulated in detail. It is expected that the results can further increase our
understanding of emission characteristics of droplets and provide accurate initial
conditions for CFD simulations.
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1 Introduction
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During dental treatments, splatters with high momentum containing saliva, blood,
teeth fragments, and calculus are generated with the use of instruments such as powder-
jet-handpieces, ultrasonic scaling instrument, and high-speed air turbine handpieces.
Some studies have shown that splatters may also contain metals such as silver, barium,
zirconium, strontium, and ytterbium [1-2]. Excessive inhalation of these splatters can
cause lung inflammation and increase the risk of lung cancer [3]. In addition, high loads
of the SARS-CQOV-2 virus have been detected in the saliva of both symptomatic [4-5]
and asymptomatic COVID-19 patients [6-7]. Pathogens have also been found in the
blood of patients infected with Hepatitis B and Acquired Immunodeficiency Syndrome
[8]. Splatters generated from patients with infectious diseases during dental treatments
would cause risks to medical workers. From the perspective of disease transmission,
there are two main ways for splatters to contact with healthy people in the treatment
environment. Firstly, large droplets settle down to the patients’ surrounding surfaces
due to the gravitational effect [9-10], causing contact transmission. Secondly, small
droplets, namely aerosols, suspend in the air for a long time, which could eventually
deposit onto the eye tissue or be inhaled, causing airborne transmission [11-12].
Obviously, there is a strong need to understand the emission characteristics of droplet
during dental treatments and then to develop effective control measures.

Existing control measures of the transmission of the splatters to a susceptible people
can be divided into three categories: namely, source control, transmission route control
(mainly referring to airborne route), and susceptible people protection. Source control
measures include mainly mouthwash, rubber dam, low-volume suction, and high-
volume suction [13-14]. The measures aiming for blocking the airborne transmission
route are basically ventilation dilution and air cleaning [15]. In terms of susceptible
people protection, personal protective equipment is widely used, such as protective
clothing, face shield, and face mask. Even though a combination of measures were used,
it was widely reported that the bacterial concentration in the clinic was higher than the
recommended limit value of 500 CFU/m? [16-17]. In this regard, new effective control
measures are still required. One of the basic prerequisites of developing effective
control measures is the accurate understanding of the emission characteristics of
droplets generated during dental treatments. Particularly for using CFD methods, such
emission characteristics are fundamental initial boundary conditions.

The distribution of the emitted droplets in dental offices during dental treatments has
been extensively investigated in past studies, mainly using tracer gas/particle and
bacterial culture methods. Based on the sedimentation conditions of the tracer on the
surfaces, it was found that the main contaminated area was within 1 m away from the
patient's mouth [18-20]. The bacterial culture method led to a similar conclusion [21-
22]. In terms of suspended aerosols, Xing et al. [23] and Polednik et al. [24] used
aerosol collectors, such as aerosol-generating procedures (AGPs), to measure the
spatiotemporal concentration distribution of aerosols around the patient's mouth during
dental treatments, and found that the concentration of PM10.0 within 1.0 m away from
the patient's mouth exceeded the recommended limit value of 150 ug/m?® [25].

There were some studies on emission characteristics of droplets (mainly including
size distribution and velocity) immediately near the mouth. Particle image velocimetry



(P1V) [26], optical flow tracking velocimetry (OFTV) [27], shadowgraphy technique
(ST) [27-28], digital inline holography (DIH), laser sheet imaging (LSI) [29], and tracer
gas/particle method [30] were used to measure these characteristics based on dummy.
However, these studies focused on limited scenarios, such as during maxillary and
mandibular incisors and the use of ultrasonic scaling instrument [26-27,29] and did not
reveal the complete emission characteristics, including the emission angle, speed, scope
and the distribution of emitted droplets. In addition, regarding treatment procedures,
the past studies mostly focused on the scenarios of using ultrasonic scaling, with little
attention paid to air-powder-polishing that is an important procedure during teeth
cleaning. To further understand the characteristics of droplets emission immediately
around the mouth during the use of powder-jet-handpieces and ultrasonic scaling
instruments, both the spray size measurement and the PIV measurement were
performed. The influence of the applying amount of artificial saliva, treatment tooth
position, and flow rate of the instruments, on the size distribution of emitted droplets,
and the emission velocity and emission angle of the droplets around the mouth was
investigated. The results should increase our understanding of the emission
characteristics of droplets around mouth and provide more accurate and reliable initial
boundary conditions for CFD simulations, which then would contribute to improved
control measures.

2 Experimental methods
2.1 Experimental setups

The teaching dummy model, representing patient, used in the Stomatological School,
which was highly identical to human mouth, was selected to perform the simulated
dental treatments. As shown in Figure 1, the dummy has its head and half of the body,
which had a detailed and accurate geometry of the mouth and cavity. The material of
the dummy’s teeth was ceramics, and the gingiva and lips were made of soft rubber.
The mouth was fully opened.

In Figure 1, portable dental treatment instruments were selected to perform the
treatments. This instrument included powder-jet-handpieces, ultrasonic scaling
instrument, high-volume suction system, low-volume suction system, high-speed air
turbine handpiece, and so on, which can be used for common dental treatments. The
function of the powder-jet-handpieces was to eliminate the pigment on the teeth
surfaces. During the treatments, the generated splatters, with high momentum, carrying
pollutants on the teeth surfaces emitted into the surrounding air. In this study, the
droplets were released from powder-jet-handpieces and then impacted the teeth surface.
In the end, some droplets settled into the mouth and the others emitted into the air. The
function of the ultrasonic scaling instrument was to eliminate teeth calculus through
ultrasonic vibration, and the main reason for its splatters is that the coolant with a certain
momentum impacting the teeth surface and emitted back to the air. The ultrasonic
scaling instrument used in this study had a vibration frequency of 30 kHz. The flow rate
was adjusted by the rotary control button during the use of the powder-jet-handpieces
or ultrasonic scaling instrument. Meanwhile, the instruments were fixed with brackets
to prevent from moving.
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Figure 1 The droplet size measurement system.

2.2 Experimental instruments

The droplets size and emission characteristics were measured in a windless
environment with air temperatures of 8.8-15.4 °C and 16.1-17.8 °C, and relative
humidity of 26.7-49.5 % and 48.5-62.3 %, respectively.

Figure 1 shows the droplet size measurement system, where the laser light scattering
technique measures first the intensity of the scattered light when the droplets pass the
laser beam and then calculates the droplets size with the predefined code. The
parameters of the instrument were listed in Table 1. The measurable particle size range
of the instrument was between 2 um and 2000 um, which was suitable for the present
study. To avoid the influence of evaporation on the droplet size distribution as much as
possible, the dummy’s mouth and thus the treatment teeth (namely, the source of the
emission) were placed close to the laser beam. This measurement system provided the
real-time measurement data. In addition, to reduce measurement errors, the system was
calibrated before each measurement.

Table 1 The general parameters of the droplet size measurement system.
Overall Parameters sizes/Methods
Mie and Fraunhofer scattering including
a patented multiple scattering analysis.
Rapid mode: 10 kHz.
Continuous mode: 1 Hz.
Rapid mode: 30 seconds.
Continuous mode: 60 minutes.

Analysis
Data acquisition rate

Maximum Measurement Time

Droplets size 2 — 2000 pm

Accuracy Better than 1%.
Repeatability Better than 1%.
Reproducibility Better than 1%.

PIV system was used to study the flow-field characteristics of droplets near the
dummy’s mouth, which has well demonstrated advantages in the measurement of the



velocity of particles [31]. As shown in Figure 2, the measurement platform included
Nd: YAG double pulse laser, synchronizer, and high-speed CMOS camera, and the
details were presented in Table 2. The droplets released by the dental instruments,
including powder-jet-handpieces and ultrasonic scaling instrument, in the present study
have good visualization performance. Therefore, there was no need to add additional
tracer particles. Meanwhile, the error caused by the uneven spread of tracer particles
can be avoided [32].

During the arrangement of the instrument, the laser from a double-pulse laser (380
MJ/pulse) illuminated the measurement plane. A high-speed camera for collecting
droplets information (resolution: 2560 x 2160 Pixel?, Model: Hisense Zyla CMOS) was
directly placed opposite the measurement plane, as shown in Figure 2. To avoid
measurement errors, the distance between the high-speed camera and the plane was
determined after position calibration. The maximum view area of this system was 0.423
x 0.356 m?.

The time interval between the double pulses influences the accuracy of results. It was
determined to be 1.0 ms after some trial measurements, which met the standards
proposed by Boillot and Prasad [33]. Data acquisition was achieved by Dynamic Studio
v5.1 that was the software of this PIV system. During data processing, the velocity
vector was obtained by adaptive PIV method that was the method used for data
processing of software. The measurement error of PIV, including statistical and
systematic error, was less than 3.5 % [31].

Table 2 PIV system measurement parameters.

Overall Key parameters Sizes/Type
Basic Sampl!ng freque;ncy 5 Hz
setting ngpllng'quantlty 200
Field of view 0.4 x 0.4 m?
Adaptive PIV with high precision sub-pixel interpolation
scheme
Algorithms Size of interrogation area 64 x 64 pixel?
Overlap of interrogation area 50%
Processing software Dynamic Studio v5.1
Double cavity Nd: YAG
Laser source
laser
Laser Laser power 380 MJ/pulse
Thickness 1 mm
Time between pulses 1ms

Hisense Zyla CMOS
Camera model
Camera camera
Resolution 2560 x 2160 pixel?
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Figure 2 PIV measurement system of the flow-field characteristics of emitted droplets
during dental treatments

2.3 Experimental conditions

During the real-life dental treatments, the amount of saliva existed on the teeth
surface, the flow rate of the instruments, and the position of the treated teeth change
over time. To study the influence of these variables on the droplets size distribution and
flow-field characteristics of droplets, 7 cases were designed for the condition during the
use of powder-jet-handpieces and ultrasonic scaling instrument, as shown in Table 3.
The position of teeth is shown in Figure 3. For Cases 1-2, no artificial saliva was used
in Case 1, and 2 ml artificial saliva was used in Case 2 to wet the treated teeth before
measurements. The main ingredients of artificial saliva included NaCl, KCI, Urea, and
pure water. The pH value of the artificial saliva was 6.8 and its viscosity was 4.52 mPa.s.
For Cases 3-7, before the measurements, 2 ml artificial saliva was applied to wet the
treated teeth. The only difference between Cases 2, 3, and 4 was the flow rates of the
instruments, which represented medium flow rate, low flow rate, and high flow rate
during dental treatments. Cases 1-4 corresponded to the maxillary incisors, as shown in
Figure 4(a) and Figure 5(a). To study the influence of the obstruction of lip and
surrounding soft tissue on tooth treatment at different positions, Cases 2, 5, 6, and 7
were set up, which corresponded to maxillary incisors, maxillary side teeth, mandibular
incisors, and mandibular side teeth, as shown in Figure 4 (a)-(d) and Figure 5 (a)-(d).
In terms of using methods of the instruments, the powder-jet-handpieces were used
along the direction from the gums towards the mouth; the angles with the teeth surface
were from 30° to 60°; and the distances from teeth surface were 3-5 mm. The handle of
the ultrasonic scaling instrument was approximately vertical to the teeth surface, and
its end attached snugly with the teeth surface or gap. It should be noted that these
treatment methods were highly identical with those in practice.

Table 3 Details of experimental conditions; the position of teeth can be found in Figure
3.

N Flow rate of Powder-jet- The position of teeth
Artificial . .
Cases . handpieces treated during
saliva(ml) . ..
/Ultrasonic scaling instrument measurement
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For droplet size, the measurement duration of each case was 5 min, and the data
recording interval was 1 s. It was discovered that the emissions were mainly towards
the directions of the dummy’s head and chest. Therefore, the vertical plane at the center
of the mouth along the direction of the dummy’s head and chest was used as the main
measured plane. As shown in Figure 4(a) and Figure 5(a), to study the influence of
different measurement planes on the results, the measurement planes through the P2/G2
(teeth edge) and P1/G1 (middle) lines were also added for analysis. Each case was
continuously measured for 40 s at a sampling frequency of 5 Hz, leading to 200 samples.
To allow droplets generated during a previous measurement to settle or dilute
sufficiently, the time interval between two continuous measurements was 30 minutes.

Top left
zone

Figure 3 Teeth distribution and tooth number
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Figure 4 Location of the treatments with powder-jet-handpieces: (a) the tooth No. 9,
(b) the tooth No. 12, (c) the tooth No. 24, and (d) the tooth No. 21.
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Figure 5 Location of the treatments with ultrasonic scaling instrument: (a) between
the teeth No. 8 and 9, (b) between the teeth No. 5 and 6, (c) between the teeth No. 24
and 25, and (d) between the teeth No. 27 and 28.

3 Results and analyses

The analysis methods of droplets generated during the use of the air-powder-
polishing and ultrasonic scaling are the same, and the results obtained with the two
instruments did not differ obviously. Therefore, the following analysis was based on the
process of air-powder-polishing, and results related to ultrasonic scaling were presented

in the Appendix.

3.1 Size distribution of droplets
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Figure 6 The mass fraction distribution of droplets size during the process of air-
powder-polishing: (a)-(g) corresponding to Cases 1-7, where the flow rate and the
percentages of mass for certain range of droplets are presented

Figure 6 presents the mass fraction distribution of droplets during the treatment using
air-powder-polishing and the Table 4 lists the values. It can be observed that the peak
mass fraction occurred around the droplet size from 20 um to 40 um. In addition, for
all cases, the mass fraction of droplets in the range of 2-100 um, 2-200 um, and 2-300
um, were more than 83.0%, 96.7%, and 99.3%, respectively. Apart from these general
observations, the following analysis of the influential factors can be made.

Figure 6 (a) and (b) shows that the saliva had a little influence on the droplets size



distribution, which should be attributed to that the saliva added on the teeth surface was
washed away in a short time by droplets released from instruments after the start of the
treatment.

Figure 6 (b), (c), and (d) shows that the mass fraction of droplets with small size (0-
20 um) caused by different injecting flow rates (namely, 40 ml/min, 60 ml/min, and 80
ml/min) of the instrument was 34.4 %, 10.8 %, and 13.1 %, respectively. In general, a
lower flow rate of powder-jet-handpieces caused a higher mass fraction of droplets with
this range of small size. The possible reason was that a low injecting flow rate of air-
powder-polishing would mix sufficiently the released gas and liquid, which should then
produce a higher mass fraction of droplets with small size.

Figure 6 (b), (e), (f), and (g) shows that different tooth positions did not have an
obvious influence on the droplets size distribution. This may be because that the
atomization process at different tooth position was basically the same.

Various combinations of the parameters mentioned above widely occur during the
real-life dental treatments, mainly due to the different health conditions of patient’s
mouth and the different treatment behaviors of the dental workers. It is therefore
impossible to obtain a general size distribution of the droplets emitted from the dental
treatments. In order to provide a representative size distribution of the emitted droplets,
S0 as to have a better understanding of the emission process and to formulate an initial
condition for CFD simulations, the average size distribution of the droplets of the seven
different cases was calculated, as listed in Table 4. The Rosin-Rammler particle size
distribution is frequently used to indicate the droplets size distribution of liquid sprays
[34], which can be defined by the following equation:

Y, = e-@a" )

where Yqis the mass fraction of droplets with size larger than d; d is the mean size of
droplets; and n is the size distribution parameter. Figure 7 shows the fitted average
experimental data from Table 4 and Table 7 based on the Rosin-Rammler equation, in
which the d is 54.96 um (Figure 7 (a)) and 98.93 um (Figure 7 (b)), and the n is 1.35
and 1.58, respectively.
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Figure 7 The fitting between the Rosin-Rammler equation and the average size of
droplets for Cases 1-7: (a) the process of air-powder-polishing and (b) the process of
ultrasonic scaling.



Table 4 Mass fraction distribution of droplets during the process of air-powder-

polishing.
Droplets size Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7 Mean
range (1m) (%) (%) (%) (%) (%) (%) (%) (%)
2-20 11.1 10.8 34.4 13.1 15.1 15.0 18.3 16.8
20-40 24.5 27.4 39.0 29.4 24.2 29.7 30.5 29.2
40-60 23.0 24.8 154 20.6 24.5 25.5 24.1 22.6
60-80 15.0 14.9 59 11.9 14.6 13.6 13.0 12.7
80-100 10.0 9.2 2.9 8.0 8.6 7.4 7.3 7.6
100-120 5.6 4.8 1.2 5.0 4.1 3.3 3.3 3.9
120-140 3.7 3.0 0.7 3.7 2.4 1.9 1.8 2.5
140-160 2.4 1.9 0.3 2.7 1.5 1.2 0.9 1.6
160-180 14 1.1 0.1 1.8 0.9 0.7 0.4 0.9
180-200 1.0 0.8 0.1 13 0.8 0.5 0.2 0.7
200-220 0.8 0.6 0.1 1.0 0.7 0.4 0.1 0.5
220-240 0.5 0.4 0.0 0.6 0.6 0.3 0.0 0.3
240-260 0.4 0.3 0.0 0.4 0.5 0.2 0.0 0.3
260-280 0.2 0.1 0.0 0.2 0.4 0.1 0.0 0.2
280-300 0.2 0.1 0.0 0.1 0.4 0.1 0.0 0.1
300-320 0.1 0.0 0.0 0.0 0.3 0.0 0.0 0.1
320-340 0.1 0.0 0.0 0.0 0.3 0.0 0.0 0.1
>340 0.0 0.0 0.0 0.0 0.3 0.0 0.0 0.0
Summary 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0

3.2 Flow-field characteristics
3.2.1 Time averaged velocities
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Figure 8 Droplets distribution on the measured planes during the process of air-
powder-polishing: (a) Case 1, (b) Case 2 PO, (c) Case 2 P1, (d) Case 2 P2, (e) Case 3,
(f) Case 4, (g) Case 5, (h) Case 6, and (i) Case 7. Note: Each photo was formed from

multiple instantaneous photo overlays.
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Figure 9 Time averaged distribution of synthetized velocity of droplets generated by

using the powder-jet-handpieces (based on 200 samples): (a) Case 1 (60 ml/min; 9"

tooth), (b) Case 2 PO (60 ml/min; 9"" tooth), (c) Case 2 P1 (60 ml/min; 9" tooth), (d)
Case 2 P2 (60 ml/min; 9" tooth), (e) Case 3 (40 ml/min; 9" tooth), (f) Case 4 (80
ml/min; 9" tooth), (g) Case 5 (60 ml/min; 12" tooth), (h) Case 6 (60 ml/min; 24"

tooth), and (i) Case 7 (60 ml/min; 21% tooth)
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Figure 10 Instantaneous synthetized velocity distribution of droplets generated by
using the powder-jet-handpieces: (a) 0.25 s (Case 1), (b) 0.5 s (Case 1), (c) 1.0 s (Case
1), (d) 0.25 s (Case 2 P0), (e) 0.5 s (Case 2 P0), and (f) 1.0 s (Case 2 PO0).

To clearly show the distribution of the droplets cloud around the dummy’s mouth,
the multiple instantaneous photos were overlaid, as shown in Figure 8. The cases in
Figure 8 correspond to those in Figure 9. Each plot in Figure 9 was the average
distribution during the measurement within 40 s (totally 200 samples). In Figure 9 and
later-on figures, the velocities were synthetized by u, velocity along X-axis, and v,
velocity along Y-axis. To distinguish the rising and falling areas of droplets, a line of
v=0 was plotted in Figure 9. The droplets in Figure 8 and Figure 9 were the
combinations of three parts, namely the droplets bounced back into the air after
impacting the teeth, those escaped from the mouth and into the air due to the wall effect,
and those moved into the air. Meanwhile, there were moving airflows around the
mouth, which also affected the distribution of the droplets. These factors complicated
the flow field and emission characteristics near the dummy's mouth during the process
of air-powder-polishing.

Emission angle of droplets generated during the process of the air-powder-polishing
is also an important emission characteristic and initial boundary condition for CFD
simulations. In Figure 9, the emission direction of a few droplets was towards the top
of the dummy's head. Major portion of droplets moved towards the dummy's chest and
the region above the chest, which was, therefore, the dominant emission direction. The
emitted droplets formed approximately a cone shape, and its angle varied from 37°

020 0.30



(Figure 9 (h)) to 71° (Figure 9 (f)). In addition, the velocity distribution of droplets
under different cases was very similar, less than 0.35 m/s.

The emission angles of droplets under the conditions without and with artificial
saliva were 58° and 47°, as shown in Figure 9 (a) and (b). In general, the condition
without applying artificial saliva presented a slightly larger emission range of air speed
greater than 0.1 m/s, with the boundary of v=0 at a higher position. However, it must
be noted that the artificial saliva was applied on teeth before the experiments and there
was no continuous addition. Considering that the time of air-powder-polishing was
relatively long (40 s) and the artificial saliva would be quickly washed by droplets
released from the powder-jet-handpieces, there should be only a little influence of saliva
on the time averaged distribution of droplets. Therefore, it is necessary to analyze the
instantaneous distributions of droplets related to Figure 9 (a) and (b) at the beginning
of air-powder-polishing, which are shown in Figure 10. Overall, the condition without
applying artificial saliva presented a slightly smaller emission range, including those
range above the line of v=0. The difference between the time averaged and
instantaneous distribution can also be explained by that the presence of saliva increases
the percentage of larger droplets that have higher momentums to move farther from the
treatment sites. The maximum velocity of droplets for the two conditions was quite
close. It may be reasonable to expect that the real-life condition with continuous
secretion of saliva would come with more large droplets and thus an even larger
emission range.

Figure 9 (b), (c), and (d) show the time averaged distribution of synthetized velocity
at different measured planes. In general, the emission range decreased with the increase
of distance away from the treatment site, which was indicated by both the area of the
droplets and the emission angle. At the plane across the treatment site, there was a larger
portion of droplets moving towards ceiling, implying the high risk of dental workers
with the head above the dummy’s head. Despite of a smaller range, the appearance of
the droplets at the planes away from the treatment site, with comparable speed, meant
the extension of the droplet distribution towards the horizontal direction, which might
support the existing knowledge that the droplets released into the air from the treatment
site formed a cone shape. However, limited by the experimental technology and
resources, it was difficult to figure out the boundary of the droplet distribution in the
horizontal direction. In the following sections, only the vertical plane at the treatment
site was selected for analysis.

The flow rates of powder-jet-handpieces corresponding to Figure 9 (b), (e), and (f)
were 60 ml/min, 40 ml/min, and 80 ml/min. With the flow rate increased, the emission
range with greater velocities was larger. The reason should be that a greater flow rate
holds a higher emission momentum. The emission angles corresponding to smaller and
larger flow rates were larger than that with the middle flow rate, implying that there
was no linear relation between the emission angle and flow rate. The possible reason is
that the teeth surfaces are not flat planes but irregular surfaces. After droplets impacting
the teeth, the emission angles have uncertainty and so do not necessarily increase or
decrease with the flow rate. Overall, the velocities were larger at the flow rate of 80
ml/min than those at 40 or 60 ml/min. In fact, the flow rates commonly used by medical



workers are 40-60 ml/min, meaning low emission velocities and ranges in practice.
These results suggest the selection of lower flow rates if possible.

Figure 9 (b), (g), (h), and (i) correspond to the treatment on the tooth No 9, 12, 24,
and 21, respectively. The emission ranges at the 9", 12" and 21% teeth were similar,
which were larger than that at the 24" tooth. Compared with side teeth, the front teeth
have flatter plane. However, the emission angles at the front teeth were smaller than
that at the side teeth, namely, 47° (Figure 9 (b), 9" tooth) < 70° (Figure 9 (g), 12'" tooth)
and 37° (Figure 9 (h), 24" tooth) <63° (Figure 9 (i), 21% tooth), implying that the teeth
planeness may be the main factor influencing emission angle. In terms of maximum
velocities in each plot, compared with mandibular teeth, the maxillary teeth have larger
velocities, namely, 0.3 m/s (Figure 9 (b), 9" tooth) > 0.22 m/s (Figure 9 (h), 24" tooth)
and 0.35 m/s (Figure 9 (g), 12" tooth) > 0.22 m/s (Figure 9 (i), 21 tooth). Note that the
emission direction at the 9" and 12" maxillary tooth was towards the dummy’s upper
region and the chest, while, except for the two directions, the emission direction at the
24" and 21t mandibular tooth was towards the dummy's head direction, moving at the
velocity of 0.15 m/s (Figure 9 (h)) and 0.22 m/s (Figure 9 (i)). This indicated that
scattered emission directions appeared when mandibular teeth were treated. Control
measures should take into account such emission characteristics.

3.2.2 Time averaged vorticity
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Figure 11 The time averaged vorticity distribution of droplets during the use of the
powder-jet-handpieces: Case 4 (80 ml/min; 9th tooth).

\orticity reflects the strength and direction of vortices. The time averaged vorticity
analysis is necessary, because vortices around the dummy's mouth may cause droplets
accumulation around the respiratory zone of dental workers, increasing their exposure
risk. The vorticity was expressed by the following equation:



. dv du
Vorticity = T E (2)
Different cases have similar vorticity sizes and distribution characteristics, and thus
the Case 4 was selected for analysis. As shown in Figure 11, the vortices around the
dummy’s mouth included positive vortices (counter clockwise vortices) and negative
vortices (clockwise vortices). The negative vortices appeared at the lower part of the
emission region, while the positive vortices appeared at the upper part of the emission
region. The appearance of the positive vortices may be related to the buoyancy effect
of droplets with small sizes and the influence of gas released by the powder-jet-
handpieces. Positive vortices may drive droplets with small size and low velocity to
suspend at the height of the respiratory zone of medical workers, increasing the
exposure risk. The reason for the negative vortices is that droplets with large sizes
settled to the surfaces along the direction of the dummy’s chest due to the gravitational
influence, resulting in probable severe surface contamination. In Figure 11, the
minimum vorticity of all cases was -0.04 s and the maximum was 0.04 s, indicating
that the vortices strength is small near the dummy's mouth. However, considering the
long-term exposure of medical workers in such an environment during working period,

methods for vortices removal should still be necessary.

3.2.3 Velocity variation at typical locations

The above analysis showed that there was a varying range of the droplets generated
by using the powder-jet-handpieces under different conditions. The droplets with large
size settled to the surfaces rapidly within a short distance due to the gravitational
influence. The droplets with small size were rapidly dehydrated, and they were less
affected by gravity and can suspend in the air for a long time. These may cause airborne
transmission of infectious diseases, increasing the exposure risk of medical workers
and the patients who visited later.

In Figure 9, three locations were representative. Location A represented the position
with the largest velocity near the dummy’s mouth. Location C was at the edge of
emission area at the same height with Location A. Location B was between A and C,
and the velocities at the left and right regions of Location B had an obvious difference.
It is interesting to analyze the velocity fluctuation over time at these three locations
during the measurement. The velocity coordinates and distribution of these three points
were presented in Table 5 and Figure 12, respectively.

Table 5 Coordinates of key locations in the measured plane during the process of air-
powder-polishing.

Points Case 1 Case2P0 Case2Pl Case2P2 Case 3 Case 4 Case 5 Case 6 Case 7
A (0.14,0.10) (0.16,0.10) (0.16,0.10) (0.15,0.10) (0.09,0.13) (0.12,0.15) (0.08,0.14) (0.10,0.14) (0.08,0.12)
B (0.26,0.10) (0.22,0.10) (0.25,0.10) (0.24,0.10) (0.17,0.13) (0.30,0.15) (0.19,0.14) (0.14,0.14) (0.18,0.12)
C (0.29,0.10) (0.30,0.10) (0.30,0.10) (0.29,0.10) (0.22,0.13) (0.34,0.15) (0.24,0.14) (0.22,0.14) (0.26,0.12)
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Figure 12 Instantaneous synthetized velocity distribution of droplets generated by
using the powder-jet-handpieces at three typical locations:(a) Case 1, (b) Case 2 PO,
(c) Case 2 P1, (d) Case 2 P2, (e) Case 3, (f) Case 4, (g) Case 5, (h) Case 6, and (i)

Case 7.

In Figure 12, the maximum velocity at the location A in all cases were close to or
exceeds 1.0 m/s, and the maximum value appeared in Figure 12 (f), reaching about 6.0
m/s. The synthesis velocities at the locations B and C also approached to or exceed 1.0
m/s at a few times in some cases, such as in Figure 12 (e) and (f). In general, velocity
at the location A fluctuated most, followed by the locations B and C, and their order of
magnitude of the standard deviation came to be 102,10, and 102, respectively. The
reason for the fluctuation is basically the turbulent nature of the flow and particle
dynamics. In the present, the measured period of each case was 40 s, which is much
longer than the 5 s used in existing studies [26].

3.2.4 Maximum velocities closed to dummy’s mouth
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Figure 13 Synthetic velocity distribution of the location (A) with the highest velocity
under different conditions during the process of air-powder-polishing.

In CFD simulation, the mouth as a point source to release droplets in a cone shape,
approximately representing the pollution generation process. In addition to the cone
angle, the initial velocity at the point source, namely the mouth, was also an important
boundary condition. The box plot of the velocity of point A of each case (40 s) was
presented in Figure 13, and some key values were listed in Table 6.

Table 6 Key values in synthetic velocity distribution of droplets during the process of
air-powder-polishing.

Key Case Case Case Case Case Case Case Case Case
values 1 2P0 2P1 2P2 3 4 5 6 7
Minimum 0.01 000 002 0.02 0.00 0.00 001 0.00 0.01
Maximum 0.76 074 076 070 059 342 054 080 0.81
Mean 030 026 030 027 024 053 023 021 019
Median 033 028 035 031 042 111 051 029 0.28

4 Discussions

In this study, the size distribution and flow-field characteristics of droplets generated
during the use of powder-jet-handpieces and ultrasonic scaling instrument were
quantified and visualized. These findings increase the understanding of the
characteristics of droplets generated during dental treatments. These findings provide
important boundary conditions for CFD simulation, which would be helpful to assess
the exposure risk of people around and to develop new control measures.

The size and velocity of the emitted droplets are key parameters characterizing the
droplet emission. Previous studies on the characteristics of droplet emission during
dental treatments focused mainly on the teeth cleaning with the use of ultrasonic scaling
instruments. A variety of measurement techniques have been used, including PIV and
image particle counter [26], optical flow tracking velocimetry [27], digital inline



holography and laser sheet imaging method [29], and tracer particle and impacting
method [30]. Since the tracer particle and impacting method cannot efficiently consider
the evaporation of droplets [29], which may not be as accurate as the image based
methods. However, the image based methods generated only two dimensional results.
The limitation of the above studies based on image measurement method is that they
are two dimensional results, which is also the limitation of the current technology.
Regardless of this, our study on the emission characteristics of droplets can further help
to characterize the movement and transport of droplets in the clinic.

Emission angle is another important parameter characterizing droplet emission. An
emission shape with a cone, and an emission angle of 30° were widely used in past CFD
simulations as boundary conditions [35-37]. The findings of the present study showed
that such a parameter could change largely with the difference in tooth flatness, tooth
position, and flow rate. Specifically, it was shown that, at the maxillary teeth position,
the emission angle at the 9™ tooth was 20° larger than that at the 12™" tooth, and the
obvious difference also appeared at the mandibular teeth (namely, the 24" and 21%
tooth). In addition, the flow rate largely affected the initial velocity and emission angle.
Increasing the flow rate from 60 ml/min to 80 ml/min led to the increase of the initial
velocity by 0.2 m/s and the emission angle by 25°. The influence of these differences
in the initial boundary condition of droplet emission on the distribution of droplets
indoors, the fate of the emitted droplets, and the exposure risk of people around are still
awaiting for explorations.

5 Conclusions

This study examined the size distribution and flow-field emission characteristics of
droplets generated during the use of powder-jet-handpieces and ultrasonic scaling
instrument. The following conclusions may be drawn.

The peak mass fraction of droplets during the air-powder-polishing and ultrasonic
scaling processes occurs around the droplet size from 20 um to 40 um, while, for all
cases, the mass fraction of droplets with the diameter less than 100 um accounts for
over 80%. The tooth position has a negligible influence on the droplet size distribution,
but the injecting flow rate largely determines the mass fraction of droplets with small
size (0-20 um), which are 34.4 %, 10.8 %, and 13.1 % for 40 ml/min, 60 ml/min, and
80 ml/min, respectively. By fitting the mass fraction distribution of droplets emitted
during the use of air-powder-polishing with the Rosin-Rammler equation, the mean size
of droplets (d) and the size distribution parameter (n) are 54.96 and 1.35, respectively.

Major portion of droplets moved towards the dummy's chest and the region above
the chest, which is the dominant emission direction. The emitted droplets formed
approximately a cone shape, and its angle varied from 37° to 71° for different conditions.
In addition, the mean velocity of droplets under different cases was similar, mostly less
than 0.35 m/s.

The injecting flow rate and treated tooth position are the major factors influencing
the emission direction, angle, and velocity. The influence of injecting flow rate is not
linear, as the teeth surfaces are not flat planes but the irregular surfaces. The emission
angles at the front teeth were smaller than that at the side teeth, implying that the teeth



planeness is an important factor influencing emission angle. Scattered emission
directions appeared when mandibular teeth are treated, while the treatment on maxillary
teeth give larger emission velocities.

The maximum velocity of droplets at the location near the dummy’s mouth is close
or exceeds 1.0 m/s for most conditions. The velocity fluctuates strongly at such
locations, with the standard deviation at the order of magnitude of 10, which is 10”2 at
other locations at the same height.

The findings of this study increase our understanding of the emission characteristics
during dental treatments and improve the accuracy of boundary conditions for CFD
simulations, which would be helpful for the development of the new control measures.
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Appendix
See Figure 14, Figure 15, Figure 16, Figure 17, Figure 18, Figure 19, Table 7, Table 8,
and Table 9.
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Figure 14 The mass fraction distribution of droplets size during the process of
ultrasonic scaling: (a)-(g) corresponding to Cases 1-7.

Table 7 Mass fraction distribution of droplets during the process of ultrasonic scaling.

Droplets Case Case Case3d Case4 Case Case6 Case7 Mean
size range 1(%) 2 (%) (%) (%) 5(%) (%) (%) (%)
(m)

2-20 0.4 0.7 3.4 0.1 1.7 0.2 1.1 1.1
20-40 4.5 4.0 20.0 13.6 9.5 5.3 4.2 8.7
40-60 143 129 305 30.2 176 229 135 20.3
60-80 157 144 216 22.5 165 254 16.8 19.0
80-100 147 138 133 14.3 141  20.7 16.9 154
100-120 111 109 6.0 7.1 9.8 11.9 13.2 10.0
120-140 9.4 9.2 3.0 4.3 7.3 7.1 10.6 7.3
140-160 7.4 7.4 14 2.6 5.2 3.8 7.9 5.1
160-180 5.4 5.5 0.5 1.6 3.2 1.6 5.1 3.3
180-200 4.3 4.5 0.2 1.1 2.3 0.8 3.7 2.4
200-220 3.6 3.8 0.1 0.9 1.7 0.4 2.8 1.9
220-240 2.5 2.8 0.0 0.6 1.0 0.1 1.6 1.2
240-260 2.0 2.3 0.0 0.5 0.8 0.0 1.2 1.0
260-280 1.4 1.8 0.0 0.3 0.5 0.0 0.7 0.7

280-300 1.2 1.5 0.0 0.2 0.5 0.0 0.5 0.6



300-320 0.7 1.1 0.0 0.1 0.4 0.0 0.2 0.3

320-340 0.7 1.1 0.0 0.1 0.4 0.0 0.2 0.3
340-360 0.2 0.5 0.0 0.0 0.3 0.0 0.0 0.2
360-380 0.2 0.5 0.0 0.0 0.3 0.0 0.0 0.2
380-400 0.2 0.6 0.0 0.0 0.4 0.0 0.0 0.2
>400 0.00 0.7 0.0 0.0 1.6 0.0 0.0 0.3

Summary 99.8 99.7 100.0 100.0 950 100.0 100.0 99.2
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Figure 15 Droplets distribution in measured planes during the process of ultrasonic
scaling: (a) Case 1, (b) Case 2 GO, (c) Case 2 G1, (d) Case 2 G2, (e) Case 3, (f) Case 4,
(g) Case 5, (h) Case 6, (i) Case 7. Note: Each photo was formed from multiple
instantaneous photo overlays.
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Figure 16 Time mean distribution of synthesis velocity of droplets generated by using
the ultrasonic scaling instrument (from 200 samples) :(a) Case 1(30 ml/min; between
8" and 9™ teeth), (b) Case 2 GO (30 ml/min; between 8™ and 9™ teeth), (c) Case 2 G1
(30 ml/min; between 8" and 9" teeth), (d) Case 2 G2 (30 ml/min; between 8" and 9"
teeth), (e) Case 3 (15 ml/min; between 8™ and 9™" teeth), (f) Case 4(50 ml/min; between
8" and 9" teeth), (g) Case 5 (30 ml/min; between 5" and 6" teeth), (h) Case 6 (30
ml/min; between 24" and 25" teeth), (i) Case 7 (30 ml/min; between 27" and 28" teeth).
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Figure 17 The time mean vorticity distribution of droplets during the process of
ultrasonic scaling of Case 2 GO. Note that: Different cases have similar vorticity sizes
and distribution characteristics.



Table 8 Coordinates of key points in the measured plane during the process of
ultrasonic scaling.

Points Case 1 Case2G0 Case2Gl Case2G2 Case 3 Case 4 Case 5 Case 6 Case 7

A (0.14,0.19) (0.12,020) (0.150.18) (0.16,0.17) (0.13,0.17) (0.13,0.18) (0.20,0.16) (0.08,0.11) (0.08,0.10)
B (0.22,0.19) (0.22,0.20) (0.25,0.18) (0.27,0.17) (0.22,0.17) (0.30,0.18) (0.28,0.16) (0.14,0.11) (0.15,0.10)
C  (0.30,0.19) (0.30,0.20) (0.32,0.18) (0.33,0.17) (0.28,0.17) (0.34,0.18) (0.34,0.16) (0.20,0.11) (0.20,0.10)
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Figure 18 Instantaneous synthetized velocity distribution of droplets generated by

using the ultrasonic scaling instrument at three typical points:(a) Case 1, (b) Case 2

GO, (c) Case 2 G1, (d) Case 2 G2, (e) Case 3, (f) Case 4, (g) Case 5, (h) Case 6, (i)
Case 7.
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Figure 19 The synthetized velocity distribution of typical points (A) under different
cases during the process of ultrasonic scaling.

Table 9 Key values in synthesis velocity distribution of droplets during the process of
ultrasonic scaling.

Key Case Case?2 Case2 Case2 Case Case Case Case Case
values 1 GO Gl G2 3 4 5 6 7
Minimum 0.08 0.29 023 031 001 046 013 001 0.01
Maximum 1.27 0.95 088 089 057 105 067 0.70 0.98
Mean 061 064 054 057 022 077 037 034 027
Median  0.64 0.65 055 058 023 0.78 038 0.39 0.32
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