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Since the outbreak of COVID-19 pandemic, maintaining safety in dental operations has chal-
lenged health care providers and policy makers. Studies on dental aerosols often focus on bac-
terial viability or particle size measurements inside dental offices during and after dental
procedures, which limits their conclusions to specific cases. Fundamental understanding on at-
omization mechanism and dynamics of dental aerosols are needed while assessing the risks. Most
dental instruments feature a build-in atomizer. Dental aerosols that are produced by ultrasonic or
rotary atomization are considered to pose the highest risks. In this work, we aimed to characterize
dental aerosols produced by both methods, namely by Mectron PIEZOSURGERY® and KaVo
EXPERTtorque™. Droplet size distributions and velocities were measured with a high-speed
camera and a rail system. By fitting the data to probability density distributions and using
empirical equations to predict droplet sizes, we were able to postulate the main factors that
determine droplet sizes. Both dental instruments had wide size distributions including small
droplets. Droplet size distribution changed based on operational parameters such as liquid flow
rate or air pressure. With a larger fraction of small droplets, rotary atomization poses a higher
risk. With the measured velocities reaching up to 5 m s~}, droplets can easily reach the dentist in
a few seconds. Small droplets can evaporate completely before reaching the ground and can be
suspended in the air for a long time. We suggest that relative humidity in dental offices are
adjusted to 50% to prevent fast evaporation while maintaining comfort in the office. This can
reduce the risk of disease transmission among patients. We recommend that dentists wear a face
shield and N95/FFP2/KN95 masks instead of surgical masks. We believe that this work gives
health-care professionals, policy makers and engineers who design dental instruments insights
into a safer dental practice.

1. Introduction

Airborne diseases such as pneumonic plague, tuberculosis, influenza, Legionnaires’ disease, severe acute respiratory syndrome
(SARS) and flu in dental settings have been a topic of concern in dental settings for a while (Harrel & Molinari, 2004). The study of
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dental aerosols dates back over 30 years (Micik et al., 1969, 1971; Miller et al., 1971). However, the COVID-19 pandemic has brought
the importance of dental aerosols as vectors of infection transmission to the forefront. The dental healthcare was reduced to acute
needs worldwide during the lock-down periods. With the reopening of dental practices, new safety measures were suggested in dental
clinics. Some of these measures include patients wearing face masks in the waiting rooms, treating patients alone in a room, use of
rubber dam during the operations or use of high-volume extraction devices (Li et al., 2020; Politis et al., 2020a, 2020b).

There are several classifications for dental instruments based on shape and materials of the tips. In addition, there are several ISO
standards based on the general and specific characteristics of dental instruments, on the materials and on the shape of the dental
instruments (Ahmed & Jackson, 2019). However, there is no classification on droplet size distributions of aerosols generated by dental
instruments. The lack of the fundamental studies on atomization mechanisms, droplet size distributions and droplet velocities makes it
difficult to assess the risks associated to specific dental instruments and to develop standards based on dental aerosols.

In the field of dentistry, the term aerosols is defined to contain small particles suspended in air or gas. Depending on the study,
aerosols are defined as suspension of particles which have diameters less than 5 pm (Innes et al., 2021), 10 pm (Allison et al., 2021) or
50 pm (Harrel & Molinari, 2004; Micik et al., 1969, 1971; Miller et al., 1971) whereas splatter is used to contain larger particles
(Allison et al., 2021; Harrel & Molinari, 2004; Innes et al., 2021; Micik et al., 1969, 1971; Miller et al., 1971). Aerosols which contain
droplets smaller than 100 pm were considered risky in terms of disease transmission such as coronavirus instead of commonly used
threshold of 5 pm (Prather et al., 2020). Droplet size distribution is a continuum and these distinctions are done somewhat arbitrarily
without precise scientific evidence. In addition, large particles can evaporate quickly depending on the relative humidity. In this work,
we follow the definitions in the field of aerosol sciences. We use the term, aerosol, to refer to suspension of liquid or solid particles of
any size in air. In aerosol science, atomizer is used to refer to any device that produces aerosols by spraying a liquid suspension or
solution (Hinds, 1999; Nasr et al., 2002). In this paper, we use the term, atomizer, to refer to the dental instruments which generate
aerosols.

Although there is no consensus on the threshold droplet diameter that is considered risky as just discussed, the threshold diameter
can be based on particle deposition on the respiratory system and infection route of microorganisms for airborne transmission. Particle
deposition on the respiratory system can be predicted accurately by a model proposed by International Commission on Radiological
Protection (ICPR 66 model) (ICRP, 1994). Hinds (Hinds, 1999) simplified the ICRP 66 model to some equations which can predict the
regional deposition fraction of inhaled particles based on just droplet diameter (Hinds, 1999). Based on this model, droplets with
diameters larger than 10 pm are most likely to end up in the head airways whereas droplets with diameters smaller than 10 pm are
more likely to deposit on the alveolar region (Hinds, 1999; Rostami, 2009). When bioaerosols containing large droplets are deposited
in the head airways, viruses were hypothesized to pass through the mucous membranes, especially nasal and larynx mucosa. Then,
they can spread towards the lungs through the respiratory tract (Lin et al., 2020). However, small droplets are considered to be more
dangerous since they remain suspended in air for a longer period of time and can cause direct transmission by reaching deep into the
lungs (Guzman, 2021). All in all, droplets of any size that contain viruses or bacteria are potentially infectious (Guzman, 2021)
although it is relatively easier to mitigate the risks associated to large droplets. Surgical masks can filter droplets larger than 5 pm
whereas N95/FFP2/KN95 masks can filter droplets larger than 0.3 pm with 95% efficiency (Tcharkhtchi et al., 2021). In addition,
surgical masks are not designed to tightly fit to the face and consequently a fraction of the inhaled and exhaled breath bypasses the
filter material. Therefore, it is important to know both droplet size distribution and how far droplets can reach in dental settings to
suggest correct personal protective equipment for dentists. Keeping droplets large also decreases the likelihood of infecting the next
patient since large droplets settle more quickly.

Many dental instruments have built-in atomizers for cooling purposes. The main sources of dental aerosols in the dental practice are
ultrasonic scalers, piezotomes, high-speed air rotors and air-water syringes (Harrel & Molinari, 2004). National services of Scotland
consider dental procedures using high-speed devices such as ultrasonic scalers and high-speed drills as posing an increased risk of
respiratory infection transmission (National Services Scotland, 2021). Although dental instruments are spraying water, tips of the
instruments are directly in touch with the tissues which potentially carry various viruses and bacteria. Indeed, higher microbial activity
was observed in the air (Dawson et al., 2016; Grenier, 1995; Ireland et al., 2003) and on the coats of the dentists after the dental
procedures (Acharya et al., 2010). Innes et al. reviewed 83 studies on dental procedures which generate aerosols. Most of the studies
reviewed used settle plates and air samplers. Although dental procedures were not directly associated with the transmission of
pathogenic microorganisms, contamination of persons in the dental surgery and the air was found in all studies. The authors suggested
that a hierarchy of contamination risk: high (ultrasonic scaling, high-speed air-rotor, air-water syringe, air polishing and extractions
using motorized hand pieces), moderate (slow-speed handpieces, prophylaxis and extractions) and low (air-water syringe with water
only and hand scaling) (Innes et al., 2021).

Several studies focused on measurement of particle sizes inside dental offices during and after various dental procedures. A wide
range of particle sizes was observed (Din et al., 2020; Dudding et al., 2022; Ireland et al., 2003; Kun-Szabo et al., 2021; Polednik,
2014). Contamination was observed at the maximum distance measured (up to 4 m) with higher contamination levels within 1-1.5 m
of the source (Allison et al., 2021). Depending on the measurement setting, particle concentrations or microbial activity reached
baseline levels after 5 min (Din et al., 2020), 15 min (Kun-Szabo et al., 2021) or after 2 h (Grenier, 1995).

Most research on dental aerosols focuses on measuring microbial activity from the samples collected around the dental offices
(Acharya et al., 2010; Akin et al., 2021; Dawson et al., 2016; Grenier, 1995; Ireland et al., 2003) or on measuring particle size dis-
tributions of the samples collected from the dental offices (Din et al., 2020; Dudding et al., 2022; Ireland et al., 2003; Polednik, 2014).
In addition, a few studies focused on measuring fluorescence of the samples collected around the dental office after introducing a
fluorescent dye either in the reservoir water of the instruments (Allison et al., 2021) or to the oral cavity of the mannequin (Llandro
et al., 2021). The increased levels of particle sizes, bacterial contamination or fluorescence after the use of aerosol-producing dental
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instruments suggest that these instruments increase the risk of disease transmission. Although these studies point out the potential risks
associated to the dental operations, their conclusions are case specific and do not explain the physical mechanisms behind the
measured risk factors. Aerosols scattered around a dental office can depend on direction of the spray, size of the room, humidity and air
flow inside dental offices and whether the dental operation was performed on a patient or a mannequin. Therefore, there is a need for
fundamental understanding on the source of these dental aerosols. To the best of our knowledge, there is only one study which studied
the atomization mechanism of rotary dental instruments by measuring droplet sizes of a dental drill positioned on the dental enamel of
a mannequin. The authors concluded that elimination of mixing of coolant water and air prior to burr contact reduced the number of
small droplets. Droplet sizes were measured from only one position with a camera which can detect droplets with diameters above 100
pm. Therefore, a large fraction of the size distribution were missing. The authors also used an optical particle size counter with a range
from 0.3 to 10 pm to compensate for some part of the missing fraction of droplet sizes (Sergis et al., 2021). Due to the limitations of
their camera set-up, data collection from only one position and representation of droplet size distribution on heat maps, the overall size
distribution is not clear. A more comprehensive work is necessary to understand atomization mechanism, droplet size analysis and
dynamics of dental aerosols.

Since dental instruments that produce aerosol through ultrasonic and high-speed rotary atomization are considered to have the
highest risks of contamination (Innes et al., 2021), we investigated atomization mechanism and droplet size distribution of both types
of dental instruments with measurements right after the tip of the dental instruments at several positions inside the aerosol. Ultrasound
is used in many dental operations. Ultrasonic scalers are used in everyday dental operations to remove dental plaque and calculus
(George et al., 2014). PIEZOSURGERY® was patented around two decades ago. At the moment, it is the leading bone-cutting tech-
nology in oral and maxillofacial surgeries since it reduces the damage to the surrounding soft tissues (Labanca et al., 2008). Although
the exact tip length and design vary according to the manufacturer and the application, most tips look similar. The tip of ultrasonic
dental instruments bend towards the end of the tip. Water is sprayed on top of the tip to prevent damages due to overheating (George
et al., 2014). The choice of the correct parameters and the design of the instruments might have a major effect on the health of the
dentists. An ultrasonic frequency of 25-30 kHz is used in dental instruments to cut the mineralized tissue (George et al., 2014; Labanca
et al., 2008). Sizes of droplets generated by ultrasonic atomizers are mostly affected by ultrasound frequency along with other pa-
rameters such as flow rate, viscosity and surface tension of the liquid (Kooij et al., 2018, 2019; Rajan & Pandit, 2001). High-speed
dental drills are also used in daily dental operations. Dental drills utilize a rotary motion to atomize water. In this work, we

Piezosurgery
a) ] handpiece

b)

An opening
for water flow

OPVANGBAK CHEMISCH AFVAL
CHEMICAL WASTE UNIT

KaVo EXPERTtorque
handpiece @

opening for
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Fig. 1. Experimental systems. a) The Mectron PIEZOSURGERY® with the camera and the rail system, b) the Mectron PIEZOSURGERY® hand piece,
c) the KaVo EXPERTtorque™ Lux E680 with the camera and the rail system, d) the hand piece of the KaVo EXPERTtorque™ Lux E680.
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worked on atomization mechanism and droplet size distribution of Mectron PIEZOSURGERY® and the dental drill, KaVo EXPERT-
torque™. We expect that other dental instruments which utilize ultrasound or rotary motion to generate aerosols have similar at-
omization mechanism. We believe that this work provides insights into safer dental operation by highlighting the importance of
designs and operational parameters of dental instruments, relative humidity in dental clinics and use of personal protective equipment.

2. Methods

Droplet size analysis and the velocity measurements were done by a high-speed camera (Pyrooptic, Denmark). One pixel corre-
sponded to 2.5 pm. At least five pixels are needed to be able to detect a droplet. Therefore, in theory, minimum detectable droplet
diameter of our lens was 4.0 pm. The depth of field (DOF) of the lens was measured with a calibration ruler (Thorlabs) as 0.64 mm. The
field of view (FOV) was 3.2 x 2.4 mm. The counting efficiency of the optical methods decreases towards the minimum detectable
droplet diameter. We checked the counting efficiency of our lens by doing the same experiments with another lens which can detect
droplets as small as 1.0 pm. The results showed that the counting efficiency of the lens that we used in this work started decreasing
when droplets diameter was below 11 pm. However, the lens which can detect smaller droplets could see a volume that was more than
ten times smaller compared the volume that the lens used in this work could see. Since the dental instruments are not designed to
deliver a proper spray cone, aerosol concentration is quite low in most positions. As a result, most measurements result in empty
images, which also decreases the accuracy of the measurements. Therefore, we chose to work with the lens which has a larger DOF and
FOV.

Two consecutive images were taken with a time delay of 1 ps for the velocity measurements. The camera set-up was placed on a
linear rail system (Igus, Belgium), which was controlled with a computer. The Mectron PIEZOSURGERY® and the KaVo EXPERT-
torque™ Lux E680 were placed as shown in Fig. 1a and c, respectively. The measurements were done in every 3 mm along 90 mm
(from —45 to 45 mm) in the direction of the linear rail system (x-direction) and in every 5 mm along 90 mm (from —45 to 45 mm) in the
direction perpendicular to the rail system (y-direction). The tip of the dental equipment was considered as the origin. All measurements
were taken 3 cm below the tip of dental equipment. Around a thousand images were taken at each position. The images of the spray
break up was taken with a digital camera by shining light on the spray with Mightex high-power LED collimator light source (LCS-
6500-xx).

Water goes through an oval opening with dimensions of approximately 0.85 x 0.60 mm close to the tip of Mectron PIEZOSUR-
GERY® (Fig. 1b). There are over 90 different tips (inserts) for Mectron PIEZOSURGERY® for different types of dental operations
(Mectron. (n.d.-b)). Here, we worked with tip OT7 which is often used for bone cutting (Mectron Medical Technology. (n.d.-a)). The
KaVo EXPERTtorque™ has a circular opening with a diameter of approximately 0.60 mm for water flow (Fig. 1d). The rotating drill has
a diameter of 1.6 mm. The Mectron PIEZOSURGERY® has six functions: endo, perio, special, cancellous, cortical and implant and six
irrigation levels. The measurements were taken at each function with irrigation levels 1, 3 and 6. The irrigation level was controlled by
a peristaltic pump which was attached to the instrument. For the KaVo EXPERTtorque™, air pressure was adjusted to 2.5 and 3.0 bars
and water flow rate was 50.0 and 100 ml min~! (KaVO Dental Technologies, n.d.). KNF Simdos 10 pump and KNF pulsation dampener
were used to pump water. The whole set-up was inside a fume hood. Air was supplied to the fume hood from a central air compressor.
Air pressure was adjusted with a pressure regulator.

The images were analyzed in Fiji yielding the raw droplet size distribution data. The rest of the data analysis was done in MATLAB
R2020b. Probability density (pd) distributions of droplet diameters (histograms) and droplet velocities were obtained by considering
all the measurements along the x and y directions. Aerosol number concentration was calculated at each position in x and y directions.
The parameters of the probability density functions (pdfs) were obtained by MATLAB Statistics and Machine Learning Toolbox™
function ‘mle’ by fitting droplet size data to bimodal lognormal pdfs. More details on the data analysis is given in the Appendix.
Correlation between droplet diameter and droplet velocities were checked by using Pearson correlation with the MATLAB function
‘corr’. While checking for the correlation between velocities and droplet sizes, the negative and the positive values of velocities in the z-
direction were taken into account whereas absolute values for the velocities in the y-direction was considered. That was because
droplets going up or down in the z-direction are expected to have an effect on the correlation because of the effect of gravity. On the
other hand, droplets moving in positive or negative y-direction are not expected to make any difference in the correlation since the
instruments are expected to have quasi symmetrical distributions in the y-direction. Velocities in y and z directions are reported with
both positive and negative values. Average velocities are reported based on the sign of the z-direction without taking into account the
sign of the y-direction. The algorithms of the overall data acquisition and analysis and of all the codes used to obtain histograms for
droplet diameters, pdfs, velocities and aerosol number concentration are given in the Appendix in Fig. Al — Fig. A7. Details of the
calculations of droplet coagulation and evaporation rate are given in the Appendix.

3. Results
3.1. Droplet size distributions and velocities of Mectron PIEZOSURGERY®

The number- and volume-weighted pd distributions of droplet sizes of the Mectron PIEZOSURGERY® were fitted to bimodal
lognormal pdfs (Equation (1)). Three irrigation levels and six functions were studied. Water flow rates at different irrigation levels are
given in Fig. A8. The functions are used for different kinds of treatments and surgeries such as periodontal treatment (cleaning the
pockets around the teeth), osteotomy (bone cutting), osteoplasty (plastic surgeries on the bones), endodontics (root canal treatment),
tooth extractions, sinus membrane elevation, etc. Usually a mixture of the functions with different tips (inserts) are used depending on
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Fig. 2. Number-weighted probability density (pd) distribution of droplet diameters of Mectron PIEZOSURGERY® at irrigation levels (a) 1, (b) 3,
and (c) 6. Volume-weighted pd distributions of droplet diameters of Mectron PIEZOSURGERY® at irrigation levels (d) 1, (e) 3, and (f) 6. pd
represents probability density. The x axis is on log-scale. The lines show the predictions of the probability density function.
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the type of treatment (Mectron Medical Technology. (n.d.-a)).
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where D is droplet diameter, D50 is median droplet diameter, o is standard deviation and p is mixing parameter. Subscripts 1 and 2
denotes the first and the second pdfs.

As shown in Fig. 2, the peak for the small droplet sizes was reduced significantly at high irrigation levels for all the functions of
Mectron PIEZOSURGERY®. The parameters of the number- and volume-weighted pdfs are given in Table A.1 and A.2, respectively. For
all droplet size distributions, the experimental data fitted the bimodal lognormal pdfs very well with most R? values over 0.90. The
mixing parameter decreased as the irrigation level increased since the weight of the peak for the small droplets was decreased.

Median diameter (D50 (um)) of droplets generated by ultrasonic atomizers depend on the excitation frequency of the ultrasound (f
(Hz)), the surface tension (¢ (mN.m 1)) and the density of the liquid (p (g.cm™~)). Lang proposed a correlation (Equation (2)) to predict
droplet diameters of the ultrasonic nebulization (Lang, 1962).

D50—034(3%° " 2
—034(57%) @

The Mectron PIEZOSURGERY® operates at frequencies in the range of 24-36 kHz (Mectron. (n.d.-c)). The median diameters of
water droplets which were generated at ultrasonic frequencies of 24 and 36 kHz can be calculated based on Equation (2) as 50 and 38
pm, respectively. The spray break-up of the Mectron PIEZOSURGERY® is shown in Fig. 3. Droplet formation right after water was
coming out of the opening could be associated with the ultrasound (primary atomization). D50, can be associated with the primary
atomization. D50 of the number-weighted bimodal lognormal pd were found in the range of 32-49 pm (Fig. 2 and Appendix Table 1),
which were in line with the predictions of the Lang’s correlation. It seems that droplets are broken down into smaller droplets when
they hit the vibrating tip of the dental handpiece (secondary atomization). These two different mechanisms for atomization must be the
reason of the two peaks observed in droplet size distribution (Fig. 2).

The number of droplets which were generated by the secondary atomization decreased with increasing irrigation level. That seems
to be because the spray cone widens at high irrigation levels. As a result, less droplets hit the tip of the nozzle compared to overall
generated droplets. When less droplets hit the tip of the nozzle, less droplets with smaller diameters were generated. This can also be
seen from the aerosol number concentration at several positions in x and y directions (Fig. 4) The direction of the secondary atomi-
zation was also different at different irrigation levels. At lower irrigation levels, the droplets generated after the impact of the tip of the
nozzle ended up mostly in the negative y-direction while more droplets ended up in the positive y-direction as the irrigation increased.
It should also be noted that at high irrigation levels, aerosol number concentration was less since most of the liquid was carried with
larger droplets. The amount of droplets that are scattered in x direction were also less. That shows that after the impact with the nozzle
tip, droplets are more scattered.

Droplet size distributions with large median droplet sizes and a small standard deviation are desired for a safer dental practice.

Fig. 3. The formation of droplets at the tip of the Mectron PIEZOSURGERY®. The arrows showing z and y directions point towards the positive
directions. The positive values of the x direction are pointing away from the reader. The origin point was at 3 cm below the tip of the dental in-
strument as illustrated on the figure. (The position of the origin point is not to scale.) The instrument tip moves in the y-direction to cut the tissue.
The irrigation level was 6.
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Fig. 4. Aerosol number concentration of the Mectron Piezosurgery® in the x-direction for irrigation levels a) 1, b) 3, and c) 6. Aerosol number
concentration in the y-direction for irrigation levels d) 1, e) 3, and f) 6.

Droplet size distribution generated by dental equipment can be controlled by the design of the equipment and the physical properties
of the liquid such as surface tension and density (Lang, 1962; Mugele, 1960). Based on the Lang’s correlation, physical properties of
liquids cannot increase droplet sizes more than 10 pm. The main parameter that affects droplet sizes is the ultrasonic frequency
(Fig. A9). Micromovements caused by different ultrasonic frequencies can cut different tissue types. For example, an ultrasonic fre-
quency of 25-30 kHz is used to cut only the mineralized tissue whereas neurovascular tissue is cut by frequencies higher than 50 kHz
(Labanca et al., 2008). Therefore, the ultrasonic frequency of the dental instruments cannot be adjusted to generate larger droplets. The
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same applies for ultrasonic scalers which work with similar ultrasonic frequencies (George et al., 2014). Therefore, the best strategy to
increase droplet sizes seems to be to consider droplet size distribution of the aerosols generated by the ultrasonic dental instruments
while designing the tips of the instruments. It should be noted that once the tip of the Mectron PIEZOSURGERY® is changed, droplet
size distribution at different irrigation levels might be different. However, atomization mechanism is expected to remain the same. As a
result, bimodal lognormal pd distribution is also expected with different tips. More research on aerosol generation and droplet size
analysis is needed while designing dental instruments. This work shows that aerosol needs to be targeted to more to have similar
cooling efficiencies and less small droplets as seems to be the case for the higher irrigation levels of the Mectron PIEZOSURGERY®.

The pd distribution of droplet velocities of Mectron PIEZOSURGERY® at different irrigation levels for velocities in the y-direction
(the direction of the rail system), in the z-direction (the direction of the gravitational force) and the average velocity are shown in
Fig. 5. Droplet velocities increased as the irrigation level increased, which can be expected. While most of droplets had velocities
around 0.4 m s}, droplet velocities went up to 2.5 m s 1. Droplet diameter versus velocity figures are given Fig. A.10 for the endo
function at several irrigation levels. The rest of the functions had similar trends. We checked for a correlation between droplet diameter
and velocity with Pearson correlation. The hypothesis of no correlation was checked. When p-values are smaller than the significance
value of 0.05, the hypothesis was rejected. In other words, a correlation exists between droplet diameters and velocities when p-values
are smaller than 0.05. The positive values of the Pearson correlation coefficient (p) values indicates that there is a positive correlation.
The p-values were smaller than 0.05 for all the parameters tested. There was a correlation between droplet diameter and velocities in
the y-direction (Table A.3), velocities in the z-direction (Table A.4) and the average velocities (Table A.5). The positive correlation
between velocities in the z-direction and droplet diameter (Table A.4) indicates that larger droplets land faster, as expected. On the
other hand, there was a both positive and negative correlation between velocities in the y-direction and droplet diameter depending on
the function. Small values of the Pearson correlation coefficient indicates that the correlation was weak (Table A3). Here, we checked
for a correlation considering all droplets from all camera positions. The correlation for velocities in the y-direction and droplet
diameter might depend on the camera position. Still, droplets that are escaping the mouth of the patient at these y-velocities can reach
the dentist in a few seconds.

The size and the number of droplets that end up in the proximity of the dentist depend on the aerosols generated by the dental
equipment in addition to the other factors such as water suction in the mouth of the patient, the breathing pattern of the patient and
temperature and humidity in the dental clinics. Droplet sizes between 5 and 300 pm and velocities between 1.3 and 2.6 m s !, which
were similar to our findings, were recently reported during dental scaling around the patient’s mouth (Mirbod et al., 2021). It seems
that some droplets are indeed escaping the mouth of the patient.

3.2. Droplet size distributions and velocities of Kavo EXPERTtorque™

The number-weighted and volume-weighted pd of droplet diameters of KaVo EXPERTtorque™ in Fig. 6 a and b, respectively. The
number-weighted distributions were fitted to a lognormal distribution. The parameters of the number-weighted pdfs are shown in
Table A.6. The pdf did not fit very well with R? as low as 0.58. The reasons for the lack of the fit can be due to the small droplets that
could not be measured with our camera system along with the atomization mechanism which is explained later. There is a sharp
decrease at the lower end of the droplet size distribution which indicates that there were more, smaller droplets than what was
measured in this work. It should be noted that the goal of this work was not to provide an exact size distribution but to understand the
atomization mechanism and the effect of the parameters such as air pressure and liquid flow rate on the size distribution. The dif-
ference in number- and volume-weighted distribution shows that there were only a few large droplets which had large volumes.
Therefore, water was poorly atomized (Fig. 6 a and b). The number of small droplets was the highest at 2.5 bar and 100 ml min~! for
KaVo EXPERTtorque™. As the pressure increased to 3.0 bar, larger droplets were generated, which is counter intuitive. This
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phenomenon can be related to the atomization mechanism as explained below.

KaVo EXPERTtorque™ series is an air-turbine handpiece which operates between 400,000 and 480,000 rpm (KaVO Dental
Technologies, n.d.). However, air is not supplied to break-down the liquid into droplets as in the case of air blast nozzles. Air is
circulated inside the head of this dental handpiece to propel the drill (Juraeva et al., 2020). Sergis et al. (Sergis et al., 2021) mentioned
that water and air was premixed in the head of the dental drills. When the authors blocked the premixing, they manage to get larger
droplets. However, we could not find any technical drawings which include premixing of water and air in the head of the dental drill.
From the technical drawings in the dental drill patents, it can be seen that water comes out from the holes on the drill head directly
without getting mixed inside the head of dental drill (Aymar et al., 1959; Zhang, 2009).

Mechanical atomization is achieved by various ways such as pressure nozzles, air blast nozzles, spinning discs and whirl chambers,
etc. The main mechanism of atomization is similar among different nozzles. First, the applied force, either pressure or rotation, creates
liquid sheets or ligaments from the bulk of the liquid. Secondly, waves are formed on the liquid sheets or ligaments due to the friction
by the surrounding air. These waves grow in amplitude and create thickness modulations in the liquid sheets or ligaments. Then, the
thickness modulations cause the liquid sheet to create fragments, which, in turn, break up into droplets (Kooij et al., 2018; Marmottant
& Villermaux, 2004; Mugele, 1960). Mugele (Mugele, 1960) suggested correlations to predict droplet sizes of several mechanical
atomizers (Equation (3)). We used the constants suggested for the calculation of the maximum droplet sizes for the spinning discs or
cups (Mugele, 1960). Based on these values the maximum droplet sizes were calculated around 55 pm for both water flow rates (50 and
100 ml min™!). These predictions were close to the maximum droplet sizes of KaVo EXPERTtorque™ (Fig. 6a). The formation of
droplets at the tip of the KaVo EXPERTtorque™ are shown in Fig. 7. As the pressure increases, the rotational speed is expected to
increase. That is expected to cause a decrease in droplet sizes. However, droplet sizes decrease as the pressure increases (Fig. 6 and
Table A.6). A possible explanation could be that there were two different atomization mechanisms. Air circulating around the rotating
drill can break down the liquid somewhat similar to the case of air-assisted atomization. In addition, the liquid film can be broken
down by hitting the rotating drill as in the case of rotary atomization. It seems that the interplay of the air-assisted and rotary at-
omization is changing with the rotational speed. At high rotational speed, swirling air flow around the drill is expected to increase,
which can break down more liquid whereas droplet formation due to rotary atomization might increase at lower rotational speeds. In
fact, the lack of fit of droplet size distribution to the pdf (Fig. 6) might also be due to the two atomization mechanisms taking place at
the same time. When the liquid flow rate is lower, the amount of liquid that can get into the strong swirling air current and hit the
nozzle tip will be less. That might be the reason why the predictions of the correlation provided by Mugele (Mugele, 1960) cannot
predict the experimental data properly only at higher air pressures and lower liquid flow rates. Therefore, at these conditions, the
dominant atomization mechanism seems to be shifting from rotary atomization to air-assisted atomization.

B c
D —A Drmzzle 14 Vr ll_Vr (3)
Drmzzle ﬂ o

where Dy, is the diameter of the opening for the water flow, y is the viscosity of the liquid, V, is the velocity of liquid droplet relative
to the gas phase, and A, B and C are constants which depend on the type of the nebulization. The constants, A, B and C, were given as
1.73, —0.50 and —0.45 for the calculation of the maximum droplet sizes for the spinning discs or cups (Mugele, 1960).

As it can be seen from the aerosol number concentration at several positions in x- and y-direction in Fig. 8 droplets are scattered
widely especially in the y-direction. When the air pressure was 2.5 bar and the liquid flow rate was 100 ml min !, more small droplets

Fig. 7. The formation of droplets at the tip of the KaVo Expert Torque™. The arrows showing z and y directions point towards the positive di-
rections. The positive values of the x direction are pointing away from the reader. The origin point was at 3 cm below the tip of the dental instrument
as illustrated on the figure.
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were generated as discussed above. That setting also resulted in droplets that are scattered around the most with a high number
concentration at several positions as shown in Fig. 8. When the air pressure was 3.0 bar and the liquid flow rate was 50 ml min?, the
larger droplets were generated and most droplets were in the proximity of the tip. Therefore, for the air turbine hand pieces, we
recommend high air pressures and low liquid flow rates.

The probability density distribution of the velocities of KaVo EXPERTtorque™ in the y- and the z-direction and the average velocity
are given in Fig. 9. Droplet velocities of KaVo EXPERTtorque™ went up to 5 m s}, which were larger than droplet velocities of
Mectron PIEZOSURGERY®. Using different air pressures and liquid flow rates did not change droplet velocities significantly. Droplet
diameters versus velocities are shown in Fig.A.11 at 2.5 bar and 50 ml min~. The trend in the data was similar for other parameters
tested in this work. Parameters of the Pearson correlation between droplet diameter and velocities in the y-direction, in the z-direction
and the average velocities were given in Table A.7. Based on the p-values, it can be concluded that there was a correlation between
droplet diameters and velocities. As droplet diameter increased, droplets landed faster for most of the parameters studied except when
the air pressure was 3.0 bar and the liquid flow was 50 ml min~'. The low Pearson correlation coefficient (p) indicated that the
correlation was not strong. That was probably because the measurements were taken close to the tip. The negative correlation might be
due to the strong air current around the drill at high pressure (3.0 bar). Droplets seem to be moving with the air flow rather than based
on the effect of the gravity when they are close to the tip. At these y-velocities (Fig. 9a), droplets can reach the dentist instantly.

3.3. Discussions on the effect of droplet coagulation and evaporation

After being generated, droplets start to both coagulate and evaporate. Droplet coagulation depends on droplet diameter and aerosol
number concentration which is the number of droplets per unit volume. For both dental instruments, aerosol number concentrations
were less than 10,000 cm ™2 at any position inside the spray. At these low aerosol number concentrations, droplet sizes are not expected
to change significantly due to droplet coagulation.

When the relative humidity is below 100%, droplets evaporate. Evaporation rate depends on many parameters such as droplet
diameter, relative humidity, temperature and physicochemical properties of the liquid and airflow around the droplets. If droplets do
not hit a surface before drying out, they can remain suspended in air for a long time and are transported and distributed in the room by
any air flow such as breathing of room occupants or buoyancy caused by thermal gradients (e.g. away from the warm body surface of
the occupants). Therefore, it is important to keep droplets as large as possible to prevent airborne diseases transmission.

Xie et al. (Xie et al., 2007) investigated how far droplets can move in indoor environments theoretically. The authors validated their
model with literature data. Evaporation of pure water droplets were studied for freely falling droplets. The authors depicted their
results at several relative humidities (Fig. 10) by using Wells evaporation-falling curve of droplets after the seminal work of Wells (Wells,
1934). Wells evaporation-falling curve of droplets reports the relationship between droplet size, evaporation and falling rate from 2 m,
which is the maximum human height. The dental chairs can go up to around 1.5 m depending on the treatment (ASI Dental Specialties,
n.d.). Therefore, it is safe to assume a distance of 2 m for the dental chairs, as well. The lowest point of the Wells evaporation-falling curve
is the critical droplet diameter. Above this diameter, droplets reach the ground before drying out completely due to evaporation. Larger
droplets evaporate slowly and settle more rapidly to the ground. On the other hand, smaller droplets can evaporate completely before
reaching to the ground. As the relative humidity increases, the evaporation rate slows downs and critical droplet diameters decreases.
As it can be seen from Fig. 10, the critical droplet diameters are 125, 110, 100, 85 and 60 pm when relative humidities are 0%, 30%,
50%, 70% and 90%, respectively. It is recommended to have the relative humidity between 30% and 50% indoors (Environmental
Protection Agency, n.d.) for comfort and to prevent mold. Therefore, keeping the relative humidity at 50% is a good strategy to keep
the droplets large in dental offices.

It should be added that Fig. 10 gives an optimistic result for the evaporation rate of droplets generated by dental instruments.
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Fig. 10. Wells evaporation-falling curve of droplets for freely falling pure water droplets under different relative humidities (RH). Initial droplet
temperature is 33 °C and room temperature is 18 °C. Falling times were calculated based on 2 m distance. The figure is redrawn based on (Xie et al.,
2007). Copyright (2007) Wiley. Used with permission from X. Xie, Y. Li, A.T.Y. Chwang, P. L. Ho and W.H. Seto. How far droplets can move in
indoor environments — revisiting the Wells evaporation-falling curve. Indoor Air 17: 211-225. (2007).

Depending on the dental instruments, droplets had initial velocities going up to 2.5 and 5.0 m s~'. Higher droplet velocities increases
evaporation rate and likelihood of droplets being scattered all around the room. In addition, if there are airflows around the droplets,
evaporation rate increases due to convection. Evaporation rate is expected to be more for the dental drill due to the air flow created
around the drill. The dental instruments are operated inside the mouth of the patient. Even though Mectron PIEZOSURGERY® does not
create an airflow around the instrument, breathing pattern of the patient is expected to affect the evaporation rate of droplets.
Breathing has an air velocity of around 1 m s 1. Xie et al. also modelled the evaporation of physiological saline solutions (0.9% sodium
chloride w/v) to mimic saliva by considering the airflow models of exhalation flows. The critical droplet diameter at 50% relative
humidity was found as 95, 85, 80, 75 pm for air velocities of 1, 5, 20 and 50 m s7L respectively (Xie et al., 2007). Physiological saline
solution has a lower vapor pressure than pure water droplets, which causes droplets to evaporate more quickly. As a result, actual
evaporation rate for the dental instruments is expected to be between evaporation rate of freely falling pure water droplets and
evaporation rate of droplets of physiological solution moving with an air jet.

Keeping the relative humidity high might be the easiest way to reduce the risk of disease transmission to the next patient entering
the dental office. When the relative humidity is 50%, the critical droplet diameter is around 75-100 pm depending on the airflow
around the droplets. If the dental chair is kept at a lower level than 2 m, the critical droplet diameter will be even smaller. That can
reduce the likelihood of disease transmission to the next patient entering the dental office. However, only keeping the droplets large
enough won’t protect the dentists since dentists work very closely to the patients. The dentists need to use face shields and mouth
masks to protect themselves. A fraction of the droplet size distribution of both dental instruments contained droplets smaller than 50
pm. As a result, we suggest that dentists use N95/FFP2/KN95 masks instead of surgical masks while working with high-speed air rotor
dental instruments and ultrasonic dental instruments. Use of additional high-volume extraction devices might help to prevent aerosols
being spread around the room.

4. Conclusions

Dental aerosols have been a topic of concern for more than three decades. However, COVID-19 pandemic has brought dental
aerosols to the forefront. With the awareness brought by the pandemic, safety instructions in dental offices are being revised. Most of
the dental instruments have a build-in atomizer for cooling purposes. Dental aerosols which are produced by ultrasonic or rotary
atomization are considered to have the highest risks of disease transmission. The lack of the fundamental studies on atomization
mechanisms, droplet size distributions and droplet velocities makes it difficult to assess the risks associated to specific dental in-
struments and to develop standards based on dental aerosols. In this work, droplet size analysis and droplet velocities of the aerosols
generated by both methods were measured with a high-speed camera and a rail system. In addition, atomization mechanisms of two of
the most popular instruments were explained. It seems that for both dental instruments, there were two different mechanisms for
atomization. The number- and volume-weighted probability density distributions were fitted to bimodal lognormal or lognormal
distributions where possible. Droplet sizes were larger and the aerosol was less scattered around at high irrigation levels of Mectron
PIEZOSURGERY® and at higher pressures (3.0 bar) and lower liquid flow rates (50 ml min~1) of KaVo EXPERTtorque™. Median
droplet sizes were predicted using known correlations. The velocity measurements suggested that droplets can reach the dentist in a
few seconds. This work highlights the importance of the design of dental instruments and selection of correct operational parameters to
generate larger droplets and indicates the mechanisms controlling the aerosol quality. Droplet coagulation did not change droplet
diameter significantly. Evaporation rate is largely determined by the initial droplet diameter, relative humidity and the airflow around
the droplets. It was concluded that relative humidity inside dental clinics should be adjusted to 50% for both keeping droplets larger
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and maintaining comfort. Larger droplets have a higher chance on landing near the patient’s mouth. The use of a face shield can
prevent the droplets settling on the dentists’ face. Since both instruments generated droplets smaller than 50 pm, we recommend
dentists use N95/FFP2/KN95 masks instead of surgical masks while working with high-speed dental drills and ultrasonic dental
instruments.
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