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Abstract: 11 

Cross-infection risk induced by the emitted droplets and bioaerosols during dental 12 

procedures has challenged service providers and patients alike. The present study aims 13 

to investigate the transmission mechanism of emitted droplets during the dental 14 

atomization procedures: vibration ultrasonic scaling (vUS) and rotation high-speed 15 

drilling (rHSD) and propose the risk assessment. Computational fluid dynamics (CFD) 16 

simulation was performed, and the experimentally recorded droplet velocity and 17 

diameter distribution during the atomization procedures were defined as initial 18 

boundary conditions. The droplet transmission in the dental clinic was analyzed from 19 

the final fate (deposition, suspension, and escape) and fallow time (FT) of emitted 20 

droplets. The results revealed that the diameter threshold for the droplet deposition and 21 

suspension was 60 𝜇𝜇𝜇𝜇, and the fraction of deposited droplets would be stable at 79.5% 22 

for rHSD and 85% for vUS. The primary contamination distance was generally within 23 

0.28 m and 0.4 m from the treatment position for the atomization procedures of rHSD 24 
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and vUS, respectively. An increment of about 2% in the fraction of escaped droplets 25 

was noted when conducting the rHSD. The median of estimated FT for the atomization 26 

procedure of rHSD, 34 min, was longer than that of vUS, 30.6 min. In general, cross-27 

infection risk during rHSD can be regarded as “higher” than vUS. The contribution of 28 

the present study can serve as guidance to decrease the cross-infection risk in dental 29 

clinics. 30 

Keywords: Computational fluid dynamics (CFD); Dental atomization procedure; 31 

Droplet; Cross-infection risk; Dental clinic. 32 

 33 

1. Introduction 34 

Since the severe acute respiratory syndrome (SARS) epidemic swept the world in 2003, 35 

respiratory infectious disease outbreaks such as avian flu in 2005, swine influenza in 36 

2009, and novel coronavirus disease 2019 (COVID-19) have emerged one after the 37 

other. The COVID-19 pandemic has substantially impacted economic development and 38 

the provision of medical services [1]. Based on the three documented transmission 39 

routes, including airborne transmission, droplet transmission, and direct contact [2], 40 

dental clinics have been widely treated as one of the most vulnerable healthcare 41 

organizations with a high cross-infection risk [3]. The spread of virus-laden droplets 42 

and bioaerosols generated during dental atomization procedures has attracted 43 

significant attention in recent months.  44 

Although understanding of the severe acute respiratory syndrome coronavirus (SARS-45 

CoV-2) has been deepened [4], there is still insufficient evidence to support policies to 46 
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reduce the possible infection risk in dental clinics [5]. Contrarily, the research field of 47 

dental aerobiology has been reported for over 50 years, and Micik first studied the 48 

relationship between dental professionals, patients, and aerosol particles [6]. Owing to 49 

the outbreak of COVID-19, plenty of experimental studies have been conducted to 50 

investigate droplet distribution through advanced equipment and methodologies. Li et 51 

al. [3, 7] employed the laser light scattering method to investigate the spatial-temporal 52 

distribution and airborne lifetime of the emitted droplets during ultrasonic scaling. Xing 53 

et al. [8] measured the bioaerosol concentration in the dental surgery room by the 54 

particle counter and found that the current mitigation measures were ineffective for 55 

high-momentum bioaerosols. Allison et al. [9] and Holliday et al. [10] investigated the 56 

contaminated region during dental procedures through the luminescent tracer and 57 

microbiological methods, respectively. Plog et al. [11] measured the diameter 58 

distribution and velocity of emitted droplets by the blacklight shadowgraph. However, 59 

considering the inherent limitations of point-based measurement by the particle counter 60 

and surface/plane recorded by the high-speed camera, the critical information about the 61 

airborne lifetime and the fraction of deposited and escaped droplets are inadequately 62 

reported. The aforementioned limitation of low spatial-temporal resolution studies 63 

poses a need to explore the detailed droplet transmission characteristics during different 64 

dental atomization procedures.  65 

The fluid mixture in the oral cavity, including saliva, blood, and coolant water, would 66 

be rapidly atomized during dental procedures. However, the definition of dental 67 

atomization procedures still presents discrepancies among 72 countries [12], with 68 
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rotation high-speed drilling (rHSD) at 56% recognition and vibration ultrasonic scaling 69 

(vUS) at only 43%. Owing to the difference in atomization mechanisms, the initial 70 

diameter distribution and velocity of emitted droplets and bioaerosols would be 71 

inconsistent [13]. Several studies have been conducted to identify the diameter 72 

distribution of emitted droplets during different dental atomization procedures. For 73 

instance, Ou et al. [14] found that a bulk of the droplets were in the range of 12 - 200 74 

𝜇𝜇𝜇𝜇 during the atomization procedure of vUS. Similar droplet size distribution was also 75 

observed by Haffner et al. [15] using the optical flow tracking velocimetry method. 76 

Recently, Yuan et al. [13] experimentally compared the atomization mechanisms of the 77 

vUS and rHSD procedures and found a slight discrepancy in velocity but a significant 78 

difference in diameter distribution. The geometric mean diameter of emitted droplets 79 

during the atomization procedures of the vUS and rHSD was 42.5 𝜇𝜇𝜇𝜇 and 25 𝜇𝜇𝜇𝜇, 80 

respectively. The smaller droplets and bioaerosols can be suspended in the air for much 81 

longer, increasing the mass fraction of inhalable particles and the probability of 82 

infection. Besides, different dental atomization procedures may lead to the ineffective 83 

performance of currently recommended mitigation measures. Li et al. [16] first proved 84 

the hypothesis about the moderate performance of the high-volume evacuation on high-85 

velocity droplets and called for advancing targeted mitigation measures. Therefore, 86 

investigating the transmission mechanism of emitted droplets is of critical importance 87 

during different dental atomization procedures, which serves as the intrinsic basis for 88 

developing targerted mitigation measures. The quantitative infection risk between 89 

dental professionals and patients will help identify the risk level of dental atomization 90 
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procedures. 91 

To quantitatively analyze the cross-infection risks in the dental clinic, the computational 92 

fluid dynamic (CFD) methods provide a convenient framework by investigating the 93 

droplet transmission and flow field characteristics [4, 17-19]. However, limited 94 

numerical studies have been conducted in the dental clinic owing to the model's 95 

complexity [20]. The oversimplifications, like the human microenvironment, droplet 96 

size distribution, and evaporation model, may lead to misunderstandings on droplet 97 

transmission and infection risk assessment [21-25]. For instance, Komperda et al. [21] 98 

investigated SARS-CoV-2 contamination in an open dental clinic, but they mainly 99 

focused on the effect of room ventilation without considering the human 100 

microenvironment. The thermal plume rising from the heated human body can directly 101 

impact the droplet dispersion around the human body [26], further affecting the cross-102 

infection risk. Liu et al. [22] numerically studied the cross-infection risk in the dental 103 

environment by only considering the 1 𝜇𝜇𝜇𝜇 aerosol particles. Chen et al. [25] assessed 104 

the droplet dispersion in dental clinics without considering the evaporation effect. Since 105 

droplets in a wide-size distribution would be emitted during dental atomization 106 

procedures, some free-falling droplets gradually dehydrate, and the remaining non-107 

volatile components form the droplet nuclei. Therefore, the aforementioned factors 108 

should be reasonably considered in future CFD studies. 109 

Therefore, the present study aims to investigate the transmission mechanism of droplets 110 

emitted during the atomization procedures of the vUS and rHSD and propose a risk 111 

assessment. The droplet transmission in the dental clinic would be analyzed based on 112 
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the final fate (deposition, suspension, and escape) and fallow time (FT) of emitted 113 

droplets. The statistical data about the final fate of emitted droplets can help to identify 114 

the highly-contaminated region and the minimum required FT. The study can be 115 

regarded as necessary to help develop the targeted mitigation measures for different 116 

dental atomization procedures. 117 

2. Model description 118 

2.1 Computational geometry 119 

The single dental surgery environment with dimensions of 𝑥𝑥 − 𝑦𝑦 − 𝑧𝑧  = 3.6 𝑚𝑚 −120 

 2.7 𝑚𝑚 −  2.3 𝑚𝑚 is numerically constructed, which is similar to the size of our previous 121 

experimental study [16]. The dental clinic is in the mixing ventilation, and the square 122 

supply and exhaust are located on both sides of the long axis of the ceiling. As shown 123 

in Fig. 1, a dental chair is located in the room center. The computational thermal 124 

manikin (CTM A) in red refers to the patient lying on the dental chair. The CTM B in 125 

blue represents the dental professional sitting next to the patient. The manikin models 126 

are obtained from a virtual manikin library [27]. The total surface area of CTM A and 127 

B is 1.74 m2 and 1.68 m2, respectively. The supply air temperature, ventilation rate, and 128 

relative humidity are maintained in line with our previous experimental study [16], 129 

which are the typical environmental conditions in dental clinics with air-conditioning 130 

systems. Two different dental atomization procedures, the vUS and rHSD, are 131 

separately conducted to investigate the spatial-temporal distribution and final fate of 132 

emitted droplets. 133 
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 134 

Fig. 1 Computational domain of the dental surgery environment: CTM A in red refers 135 

to the dental patient, and CTM B in blue represents the dental professional 136 

 137 

3.2 Airflow phase model 138 

CFD simulation in the present study is performed using the commercial software Ansys 139 

Fluent. The Realizable 𝑘𝑘 − 𝜀𝜀  turbulence model is adopted owing to its better 140 

performance in the velocity and contaminant prediction in the indoor environment [28]. 141 

The indoor air is modeled by the ideal-gas mixture of air and water vapor to reproduce 142 

the relative humidity in the dental surgery environment. The conservation equations of 143 

total mass, momentum, turbulent kinetic energy, turbulent dissipation rate, temperature, 144 

and species transport are discretized to obtain the steady-state solution of the initial 145 

flow field. Then the model would switch to a transient simulation. All the governing 146 

equations are discretized by the finite volume method. Pressure-implicit with the 147 

splitting of operators (PISO) algorithm is employed to couple the velocity and pressure 148 

field of the flow. The pressure equation is discretized using the “PRESTO” scheme, and 149 



8 
 

other equations are discretized using the second-order upwind scheme. The hybrid 150 

initialization by solving the 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿’𝑠𝑠 equation is employed as the initial guess. The 151 

convergence is achieved by the residuals of continuity, momentum, turbulence, energy, 152 

and species below the order of 10−6. 153 

3.3 Discrete phase model 154 

The Euler-Lagrange method is employed to track the trajectories and evaporation-155 

induced size changes of the droplets in the dental surgery environment. The discrete 156 

phase model (DPM) and one-way coupling method are adopted to simulate droplet 157 

transmission in the air. The external forces acting on droplets should be equated with 158 

the inertia force (Newton's second law). The gravitation force, drag force, 159 

thermophoretic force, and Saffman’s lift force are considered in the present study. The 160 

discrete random walk model is also employed to track the turbulent dispersion of 161 

droplets, allowing for the instantaneous fluctuating components on the droplet 162 

trajectories. Since the aforementioned models have been well-documented in the Fluent 163 

theory guide [29], plenty of research has been conducted using the method above [30-164 

32]. The detailed equations are not presented. Once the mass of escaped droplets from 165 

ventilation and evaporated droplets reaches the constant, the DPM solution could be 166 

treated as converged. 167 

The initial size distribution of the droplets generated during the atomization procedures 168 

of the vUS and rHSD on the central incisor has already been obtained from the laser 169 

light scattering method [13]. The diameter range of emitted droplets maintains in same 170 

from 5 𝜇𝜇𝜇𝜇  to 250 𝜇𝜇𝜇𝜇  for two the different atomization procedures, but the mean 171 
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diameter is quite different with the 42.5 𝜇𝜇𝜇𝜇 for the vUS and 24 𝜇𝜇𝜇𝜇 for the rHSD. In 172 

the DPM model, the Rosin-Rammler distribution is employed to fit the experimental 173 

size distribution of emitted droplets, following the equation: 𝑌𝑌𝐷𝐷 = 𝑒𝑒−(𝐷𝐷 𝐷𝐷�⁄ )𝑛𝑛, where the 174 

𝑌𝑌𝐷𝐷 is the mass fraction of droplets of diameter larger than D; 𝐷𝐷� is the mean diameter, 175 

and 𝑛𝑛  is the spread parameter. Fig. 2 shows the experimental size distribution of 176 

droplets during dental atomization procedures compared to the Rosin-Rammler 177 

distribution in the DPM model. The velocity of emitted droplets during the vUS and 178 

rHSD is maintained at 2.63 𝑚𝑚/𝑠𝑠  and  2.22 𝑚𝑚/𝑠𝑠 , respectively. The aforementioned 179 

velocity and diameter distrbution characteritics of emitted droplets were measured, 180 

when the coolant water flow rate were kept at 60 𝑚𝑚𝑚𝑚 𝑚𝑚𝑚𝑚𝑚𝑚⁄  [13]. 181 

  182 

Fig. 2 Experimental size distribution of droplets during dental atomization procedures 183 

compared to the Rosin-Rammler distribution in the DPM model: a) Atomization 184 

procedure of vUS; b) Atomization procedure of rHSD 185 

During dental atomization procedures, volatile and non-volatile components are present 186 

in the emitted droplets. The droplets' diameter gradually decreases when the droplet 187 

temperature is higher than the vaporization temperature. Several experimental studies 188 

have investigated the evaporation rate and final diameter of human respiratory droplets 189 

[33-37]. For the present study, the size of the evaporated droplet nuclei provided by 190 
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Basu et al. [37] is around 26% of the initial droplet diameter for the studied relative 191 

humidity range. Therefore, the droplets are modeled to be composed of 98.2% water 192 

(𝜌𝜌 = 998 𝑘𝑘𝑘𝑘/𝑚𝑚3) and 1.8% salt (𝜌𝜌 = 2170 𝑘𝑘𝑘𝑘/𝑚𝑚3). To the best of our knowledge, 193 

more accurate estimates about the size of the evaporated droplet nuclei in dental clinics 194 

are still unknown. The evaporation characteristics of coughing-generated droplets have 195 

been systematically investigated [36, 38]. Under the assumption that coolant water does 196 

not dilute the saliva [21], the evaporation properties of dental-emitted droplets can be 197 

treated in line with those of coughing generated. 198 

3.4 Boundary conditions 199 

The setting of human breathing flow and thermal plume should be accurately defined 200 

to reproduce the human micro-environment. Even in the same environmental 201 

temperature, the surface temperature of different human body segments also presents a 202 

difference (larger than 3℃) [39]. In addition, the division of CTM’s body segments 203 

can help to identify the contamination region when droplets are deposited on the human 204 

body. Therefore, the CTMs are divided into four segments (shown in Fig. 3a): head, 205 

arm, torso, and leg, where the CTM’s head and arm are exposed to the ambient 206 

environment. Based on the results of the previous experimental study [40], the heat 207 

power of each CTM is defined as 80 W. The convective and radiation heat load ratio is 208 

3:7 [41]. Thus, a convective heat load of 24 W is employed in the present study without 209 

considering the radiation effect. A summary of boundary conditions is presented in 210 

Table 1. 211 

 212 



11 
 

Table 1 Summary of boundary conditions 213 

Airflow 

phase 

Air supply 
Velocity inlet, Temperature=27 ℃,  

RH= 50%, ACH=6 ℎ−1 

Air exhaust Outflow 

Human body Total heat power of 80 W 

Room wall Adiabatic 

Discrete 

phase 

Patient’s mouth 

𝑉𝑉𝑣𝑣𝑣𝑣𝑣𝑣 = 2.63 𝑚𝑚/𝑠𝑠,𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 2.22 𝑚𝑚/𝑠𝑠, 

Injection type: cone; Injection angle =30°;  

Mass flow rate=0.001 𝑘𝑘𝑘𝑘/𝑠𝑠 

Droplet sizes 
Range: 5 − 250 𝜇𝜇𝜇𝜇, 𝐷𝐷𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚−𝑣𝑣𝑣𝑣𝑣𝑣 = 42.5 𝜇𝜇𝜇𝜇, 

𝐷𝐷𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚−𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 24 𝜇𝜇𝜇𝜇 

Composition & 

density 

98.2% water (𝜌𝜌 = 998 𝑘𝑘𝑘𝑘/𝑚𝑚3) and 1.8% salt 

(𝜌𝜌 = 2170 𝑘𝑘𝑘𝑘/𝑚𝑚3), Density=1000 𝑘𝑘𝑘𝑘 𝑚𝑚3⁄  

Temperature Temperature=37 ℃ 

Inlet Escape 

Outlet Escape 

The definition of CTM breathing conditions can directly impact the cross-infection risk 214 

assessment between dental professionals and patients. In addition, the nasal breathing 215 

flow of the dental patient would directly act on the droplet ejection from the treatment 216 

region. Therefore, the dental patient is set as the nose inhalation/exhalation during the 217 

dental atomization procedures, while the dental professional is set as mouth 218 

inhalation/exhalation. Since the present study only focuses on the worst condition, 219 
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susceptible subjects (dental professionals) breathing through the mouth can induce high 220 

cross-infection risks [42, 43]. The respiratory rate of nasal breathing flow is set as 6 221 

L/min, and the two jets are inclined 45° downwards from the vertical plane and 30° 222 

from each other [44]. The cross-sectional area of each nostril is 38.5 𝑚𝑚𝑚𝑚2 [40]. As 223 

shown in Fig. 3b, each breathing cycle is composed of inhalation (2.5 s), exhalation 224 

(2.5 s), and break (1.0 s) [45, 46]. The User-defined function is employed to set the 225 

nasal breathing conditions, and the breathing flow against time is a sinusoidal curve: 226 

𝑉𝑉 = 0.1884 sin(1.256𝑡𝑡) , where 𝑉𝑉  refers to the flow rate, 𝐿𝐿/𝑠𝑠 ; 𝑡𝑡  is the time, 𝑠𝑠 . 227 

Non-slip wall with enhanced wall treatment is applied for all wall surfaces. When 228 

droplets encounter a surface, two distinctive fates are presented: trap and escape. All 229 

building wall, floor, dental chair and human segments are assigned with the “trap” 230 

condition. Once the droplets are deposited on the aforementioned surfaces, they would 231 

not re-suspend in the air. “Escape” condition is used for the ventilation inlet, outlet, 232 

dental patient’s noses and dental professional’s mouth.  233 

 234 

Fig. 3 a) Division of CTM body segments; b) Nasal breathing settings of the dental 235 

patient 236 
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3. CFD simulation 237 

3.1 Grid independence test 238 

A grid independence test is then conducted by the three polyhedron-based grids, namely 239 

fine: 14.2 million, medium: 8.8 million, and coarse: 4.6 million. The comparison of 240 

dimensionless velocity profiles along the measurement line E-F is presented in Fig. 4 241 

based on the three sets of grids. A similar variation in velocity with distance is found 242 

for the three grids. The average relative deviation of the velocity magnitudes between 243 

the medium and coarse grids is 22.5%, and the relative deviation between the fine and 244 

medium grids is only 1.2%. Since the difference between the fine and medium grids is 245 

tiny, the medium grid of 8.8 million is employed in the study to balance the 246 

computational cost and accuracy of the results. 247 

 248 

Fig. 4 Grid independence test by comparing the dimensionless velocity magnitude 249 

along the measurement line E-F 250 

3.2 Model validation 251 

Cross-infection risk between dental professionals and patients is significantly impacted 252 

by the evaporation process of droplets, which is driven by the difference between the 253 

equilibrium vapor pressure of the droplet surface and the partial pressure of the water 254 
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vapor in ambient air. The results are compared with the studies of Li et al. [35] and 255 

Redrow et al. [36] to validate the evaporation model. The experimental chamber 256 

maintained a fixed temperature of 25 ℃. Droplets with two different initial diameters 257 

of 10 𝜇𝜇𝜇𝜇  and 100 𝜇𝜇𝜇𝜇  descend in the quiescent air and dry condition. Single 258 

droplets of the temperature of 37 ℃ were sequentially released with a time resolution 259 

of 0.01s. Droplets were defined with a density of 1000 𝑘𝑘𝑘𝑘/𝑚𝑚3 , containing 98.2 % 260 

water and 1.8 % non-volatile materials. As shown in Fig. 5, a satisfactory agreement 261 

can be noticed between the predicted time-dependent droplet diameter (solid line) and 262 

data reported in the literature. The normalized mean square error (NMSE) and fraction 263 

bias (FB) are employed as evaluation metrics to quantify the reliability of the model 264 

validation.  265 

𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 = (𝑀𝑀i−𝐶𝐶i)2�������������

𝑀𝑀�  𝐶𝐶̅
                         (1) 266 

𝐹𝐹𝐹𝐹 = 𝑀𝑀�−𝐶𝐶̅

0.5(𝑀𝑀�+𝐶𝐶̅)
                           (2) 267 

where 𝑀𝑀i and 𝐶𝐶i refer to the measured and computed values for the sample 𝑖𝑖. 268 

The maximum calculated values of the NMSE and |𝐹𝐹𝐹𝐹| are respectively 0.022 and 269 

0.13, which satisfies the recommended criteria (𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 ≤  4 and |𝐹𝐹𝐹𝐹| ≤ 0.3) in Li et 270 

al. [47]. The evaporation rate is significantly affected by the initial droplet diameter. 271 

The required time for 10 𝜇𝜇𝜇𝜇 droplets is less than 0.1 s to dehydrate as droplet nuclei, 272 

while about 4 min is needed for the 100 𝜇𝜇𝜇𝜇 droplets. The results indicate that the 273 

present CFD simulation can reasonably predict the evaporation process of droplets. In 274 

the dental surgery environment, the diameter distribution of emitted droplets during 275 

different atomization procedures is quite discrepant, further impacting their 276 
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corresponding transmission patterns. The results of the present study would advance 277 

knowledge about dental atomization procedures and promote the development of 278 

targeted mitigation measures. 279 

 280 

Fig. 5 Model validation of droplet evaporation compared with the studies of Li et al. 281 

[35] and Redrow et al. [36] 282 

4. Results 283 

4.1 Flow field analysis 284 

The analysis of the flow field serves as the foundation for the subsequent research on 285 

the transmission of emitted droplets. Fig. 6a shows the velocity vector and velocity 286 

streamlines on the plane (𝑦𝑦 = 2.035 𝑚𝑚), crossing the dental professional’s mouth and 287 

dental treatment region. Fresh air enters the dental environment through the ceiling inlet, 288 

along with the interaction with the human thermal plume. An apparent velocity 289 

fluctuation is presented near the human body owing to the temperature difference. 290 

Finally, the mixed air is expelled through the ceiling outlet. The distribution of turbulent 291 

kinetic energy (TKE) in the dental clinic is presented in Fig. 6b. Generally, a high TKE 292 

region refers to considerable fluctuations in root mean square velocity [21]. The higher 293 
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magnitude TKE is presented on the left side of the dental surgery environment and 294 

around the dental professional. The difference in TKE between the left and right sides 295 

of the room could cause an imbalance in the flow characteristics in the dental clinic, 296 

further significantly impacting the distribution of generated droplets and aerosol 297 

particles (detailed analysis in Section 4.2).  298 

  299 

Fig. 6 a) Velocity vector and velocity streamlines on the plane (𝑦𝑦 = 2.035 𝑚𝑚); b) 300 

Non-uniform distribution of turbulent kinetic energy in the dental surgery 301 

environment 302 

4.2 Droplet characteristics 303 

4.2.1 Spatial-temporal distribution of emitted droplets 304 

Airborne transmission of respiratory diseases causes significant concern about the 305 

residence time, final fate, and proportion of emitted droplets in dental surgery 306 

environments. Fig. 7 compares the spatial-temporal distribution of generated droplets 307 

during the dental atomization procedures of vUS and rHSD. Since the diameter range 308 

of emitted droplets (5 − 250 𝜇𝜇𝜇𝜇), ambient relative humidity (50%), and temperature 309 

(27℃) are maintained in the same, the diameter threshold for the droplet deposition and 310 

suspension is identified as 60 𝜇𝜇𝜇𝜇. It is calculated based on the maximum diameter of 311 

remaining non-volatile components (15.6 𝜇𝜇𝜇𝜇  after 10 min) and the volatile mass 312 
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fraction. Some of those smaller droplets, with an initial diameter < 60 𝜇𝜇𝜇𝜇, gradually 313 

dehydrate and move with the flow. Smaller droplets almost saturate the entire dental 314 

environment after the cessation of atomization procedures (2 min). As illustrated, the 315 

smaller droplets first move along the ejection path, then rise following the thermal 316 

plume near the dental patient, and spread with the ambient ventilation flow. By contrast, 317 

different transmission behavior is noted for the larger droplets > 60 𝜇𝜇𝜇𝜇 . Owing to 318 

their large initial momentum, the larger droplets would travel a longer distance even 319 

when subjected to the drag force induced by the air. After losing their initial momentum, 320 

gravity acting as the dominant force on droplets would lead to deposition near the dental 321 

treatment region. For example, a majority of larger droplets over 60 𝜇𝜇𝜇𝜇  would be 322 

deposited on the patient’s chest (0.634 s on average) and dental chair (5.19 s on average) 323 

during the atomization procedure of the vUS. After about 30 min, the mass of 324 

evaporated and escaped droplets maintains nearly constant with the converged DPM 325 

solution. 326 

 327 



18 
 

 328 

Fig. 7 Comparison of the spatial-temporal distribution of emitted droplets under the 329 
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dental atomization procedures: a) vUS and b) rHSD 330 

The flow field characteristics can directly impact the spatial-temporal distribution of 331 

generated small droplets. Higher droplet concentration resides on the left side of the 332 

dental environment with the increased TKE (shown in Fig. 7). The observation of the 333 

particle behavior is in line with prior studies [21, 48, 49], indicating that the emitted 334 

inertial particles would concentrate in high-strain regions. Our previous experimental 335 

study also observed a spatial region with high droplet mass concentration [16]. 336 

Avoiding direct exposure to dental professionals should be highly noticed. In addition, 337 

the decontamination and disinfection inside the dental surgery environment should be 338 

extended to cover all possible surfaces. The cooperation of dental suction equipment 339 

has been confirmed to help remove the high-strain region [16], further reducing the 340 

number of emitted droplets and areas of the contaminated region. 341 

4.2.2 Final fate and proportion of emitted droplets 342 

Generally, three distinct fates are considered for the emitted droplets during the dental 343 

atomization procedures. Some droplets are deposited on surfaces, some escape the 344 

computational domain, and the rest become suspended in the dental surgery 345 

environment. Fig. 8 presents the fraction of escaped and deposited droplets after the 346 

dental atomization procedures of vUS and rHSD. As illustrated, different dental 347 

atomization procedures significantly affect the final fate and proportion of emitted 348 

droplets. The rHSD, with a higher fraction of escaped droplets, indicates fewer droplets 349 

left inside the dental environment. After 30 min, the fraction of escaped droplets is 350 

stabilized at 4.2% for vUS and 6.1% for rHSD. An increment of about 2% in the fraction 351 
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of escaped droplets is noticed when conducting the rHSD. The result about the fraction 352 

of escaped droplets is generally in line with a prior study conducting the atomization 353 

procedure of vUS in a large dental clinic, with an escape rate of 3.953% [21]. Smaller 354 

droplets generated during the dental atomization procedures would follow the flow 355 

streamlines created towards the ventilation exhaust. The virus-laden droplets entering 356 

the air-conditioning system may lead to possible transmission in dental clinics, and the 357 

disinfection of the air-conditioning system should be conducted. In Fig. 8b, the fraction 358 

of deposited droplets increases progressively with time and remains constant for around 359 

30 min. That would be stable at about 79.5% for rHSD and 85% for vUS. 360 

  361 

Fig. 8 Fraction of escaped and deposited droplets after the different dental atomization 362 

procedures: a) the vUS and b) the rHSD 363 

Fig. 9 shows the detailed deposition location of the emitted droplets during the dental 364 

atomization procedures of rHSD and vUS at 40 min. As illustrated, a vast majority of 365 

droplets would deposit on the patient’s torso, accounting for about 44.3% during the 366 

rHSD and 62.5% during the vUS. The following deposition regions are the floor and 367 

the patient's head. For example, for the atomization procedure of rHSD, approximately 368 

19.4 % and 10.7% of emitted droplets would be deposited on the floor and the patient’s 369 

head. The primary contamination distance for larger droplets (> 60 𝜇𝜇𝜇𝜇) during the 370 
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atomization procedures of rHSD and vUS is generally within 0.28 m and 0.4 m from 371 

the treatment position, respectively. The initial momentum of emitted droplets could 372 

account for the difference in the area of the contaminant region during different dental 373 

procedures. The results about the contaminant regions are in line with previous 374 

experimental studies using the luminescent tracer and microbiological methods [10, 50]. 375 

As for smaller droplets (< 60 𝜇𝜇𝜇𝜇), some would be concentrated in high-strain regions 376 

(shown in Fig. 6b). With time development, they would gradually deposit in the dental 377 

floor and escape from the ventilation exhaust. A higher density of droplet deposition 378 

resides on the left side of the dental environment due to the increased TKE (shown in 379 

Fig. 7). It highlights that the decontamination and disinfection inside the dental surgery 380 

environment should be extended to cover all possible surfaces. 381 

 382 

Fig. 9 Deposition location of the emitted droplets at 40 min after the different dental 383 

atomization procedures: a) the rHSD and b) the vUS 384 

4.3 Fallow time (FT) determination and infection risk 385 

In the dental surgery environment, FT is defined as the time taken for the number of 386 

suspended droplets to drop to a defined safe level after dental atomization procedures 387 

are completed for dental patients. One challenge in the dental surgery environment is 388 
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balancing the minimum required FT and the number of daily appointments, thereby 389 

removing the fear and uncertainty associated with the possible airborne transmission of 390 

diseases. Fig. 10 presents the decay curve of droplet count on the central room plane 391 

(𝑥𝑥 = 1.8 𝑚𝑚) and the estimated FT under different atomization procedures of vUS and 392 

rHSD. The blue shadow zone is the measured FT in our previous experimental study 393 

using the laser light scattering method on the central room plane [7], with a median FT 394 

of 30.6 min (range 27–35 min). The FT result for the vUS procedure is in line with 395 

many previous studies using the point-based measurement of the particle counter [9, 51, 396 

52]. Based on the baseline level defined by the vUS procedure in the same dental 397 

environment, the median FT for the rHSD can be predicted for appropriately 34 min. 398 

The results are consistent with a previous study that indicated that a more extended FT 399 

was required for the atomization procedure of rHSD to reduce the aerosol concentration 400 

level [53]. Therefore, the FT determination in dental clinics should consider the 401 

different dental treatment plans and atomization mechanisms.  402 

 403 

Fig. 10 Decay curves of droplet count and the estimate FT under different dental 404 



23 
 

atomization procedures of vUS and rHSD 405 

Cross-infection risk for dental atomization procedures is estimated by calculating the 406 

viral load of droplets in the dental professional’s breathing zone. The breathing zone 407 

proposed under transient breathing conditions is employed in the present study [47, 54]. 408 

Droplets emitted during the rHSD take more time to the dental professional’s breathing 409 

zone than those generated during the vUS. For example, the average time for droplets 410 

presented in the dental professional’s breathing zone is 6.03 min and 7.34 min for the 411 

atomization procedures of vUS and rHSD, respectively. As for the cross-infection risk, 412 

the viral load of SARS-CoV-2 in droplets is assumed to be proportional to the initial 413 

size of the droplet and is unaffected by droplet dehydration. Owing to the lack of studies 414 

on the viral load in the emitted droplets during dental procedures, the median SARS-415 

CoV-2 viral load (3.3 × 106 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐/𝑚𝑚𝑚𝑚) proposed by To et al. [55] in saliva specimens 416 

are employed. The breathing zone of the dental professional could contain upwards of 417 

0.017 𝜇𝜇𝜇𝜇  saliva and  0.0216 𝜇𝜇𝜇𝜇 saliva  for the atomization procedures of vUS and 418 

rHSD, respectively. Upwards of 4.3 × 105 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐/𝑚𝑚3 of the virus are contained in 419 

the dental professional’s breathing zone for the rHSD. The results are generally in line 420 

with previous microbiological risk assessments of 0.014 𝜇𝜇𝜇𝜇 of aerosolized saliva [56]. 421 

Overall, based on the final fate of emitted droplets and minimum required FT, cross-422 

infection risk during the atomization procedure of rHSD can be regarded as “higher” 423 

than that of vUS. Notably, the current estimation is based on the worst-case scenarios 424 

without the cooperation of precautionary measures like personal protective equipment, 425 

high-volume evacuation, and air purifiers. 426 
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5. Discussion 427 

Droplets and bioaerosols emitted during dental atomization procedures may promote 428 

the cross-infection of diseases among dental professionals and patients. However, to 429 

the best of our knowledge, there are at least three primary questions with no clear 430 

quantitative answers. Question 1: What is the limit aerosol concentration that could be 431 

considered a safe operation room? In other words, the minimum required FT between 432 

two appointments should be established when finishing the dental atomization 433 

procedures in the confined surgery room. Clearly, this would be determined by plenty 434 

of parameters like ventilation rates, droplet emission characteristics induced from the 435 

procedure types, duration time, and treatment region. Especially concerning the droplet 436 

emission characteristics during different dental atomization procedures, the information 437 

available in the scientific literature is relatively scarce [57]. Question 2: how about the 438 

actual performance of the recommended mitigation measures on the droplets emitted 439 

during different dental atomization procedures? In the case of insufficient ventilation, 440 

the moderate effect of high-volume evacuation on the large and high-velocity droplets 441 

has been proven [16], and they called for the advancement in developing targeted 442 

mitigation measures. Question 3: Which dental atomization procedures would induce 443 

the “higher” cross-infection risk in the dental surgery environment? Owing to the 444 

difference in atomization mechanisms, the initial diameter distribution and velocity of 445 

emitted droplets would be inconsistent [13]. Besides, the definition of dental 446 

atomization procedures still presents discrepancies among countries [12], with the 447 

recognition of rHSD at 56% and vUS at only 43%. Therefore, the present study aims to 448 
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answer the first and third questions. From the decay curves of droplet count (Fig. 10) 449 

in the same ambient environmental conditions, the estimated FT for the rHSD 450 

procedure is 4 min longer than that for the vUS procedure. The results are consistent 451 

with a previous study that required a more extended FT for the rHSD procedure to 452 

reduce the aerosol concentration level [53]. Based on comparing the final fate of 453 

emitted droplets and cross-infection risk assessment, cross-infection risk during the 454 

atomization procedures of the rHSD can be regarded as “higher” than that of the vUS. 455 

The aforementioned quantitative assessment can serve as guidance to decrease the 456 

cross-infection risk in dental clinics and develop targeted mitigation measures for 457 

different dental atomization procedures. 458 

Plenty of mitigation measures have been proposed to reduce the cross-infection risk 459 

between dental professionals and patients, shown in the literature with better 460 

performance in limiting disease transmission. Those include the negative pressure room, 461 

personal ventilation, the dental dam, high-volume evacuation, enhanced filtration, 462 

protective chamber, and air purifiers [58-60]. The high-volume evacuation was 463 

recommended at the beginning of the pandemic. It is a suction device that draws a large 464 

volume of air along with droplets and aerosol particles. Recently, Li et al. [16] used the 465 

laser light scattering method and found its moderate effect on large, high-velocity 466 

droplets. Notably, these high-momentum particles are a significant source of prolonged 467 

suspended particulate matter in the dental surgery environment, increasing the mass 468 

fraction of inhalable particles and the probability of infection. Air purifiers equipped 469 

with high-efficiency particulate air filters have been suggested as the supplemental 470 
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mitigation measure to reduce the cross-infection risk during the current severe COVID-471 

19 pandemic [61]. Rodríguez et al. [62] employed the real-time RT-PCR method to 472 

investigate the virus concentration in households and found that the air purifiers can 473 

effectively decrease the viral RNA from room air, thus further reducing the risk of 474 

airborne transmission. However, the application of air purifiers in the dental clinics of 475 

Hong Kong is relatively rare, even though the COVID-19 pandemic is already more 476 

than two-year. Besides, the effect of these combined strategies, like high-volume 477 

evacuation, air purifiers, and ventilation, is not well-explored in dental clinics. 478 

Investigating the aforementioned combined strategies is necessary to further reduce the 479 

potential infection risk.  480 

Further reducing the emitted droplets is critical to quickly restore the global healthcare 481 

system, especially for routine medical and dental procedures. Recently, Hong Kong 482 

Dental Association pointed out that dental professionals and assistants with appropriate 483 

personal protective equipment when performing dental atomization procedures would 484 

not be classified as having close contact with confirmed patients [63]. Although 485 

personal protective equipment performs better in shielding dental professionals, the 486 

long airborne lifetime of suspended droplets still calls for the need to institute the FT 487 

between appointments. Establishing FT in dental clinics can protect dental patients’ 488 

health and well-being. Besides, due to the absence of negative-pressure rooms, many 489 

dental clinics, especially those in old commercial buildings, rely only on the heating, 490 

ventilation, and air-conditioning system alone [64]. From the results of the present study, 491 

the fraction of escaped droplets from the ventilation system can reach 6.1% for the 492 
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atomization procedure of rHSD. The air-conditioning system in dental clinics should 493 

be decontaminated to avoid possible transmission. Besides, a vast majority of droplets 494 

become deposited, with 79.5% for the rHSD and 85% for the vUS. Disinfection should 495 

be extended to cover all possible surfaces in the dental surgery environment. 496 

Saliva is rheologically complicated and varies from person to person [65]. In the present 497 

study, coolant water during dental atomization procedures is assumed to not dilute the 498 

saliva, owing to the limited investigation on the evaporation characteristics of dental-499 

emitted droplets. Future research is warranted to verify the assumption. As for the viral 500 

load in the emitted droplets in the dental surgery environment, the median SARS-CoV-501 

2 viral load (3.3 × 106 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐/𝑚𝑚𝑚𝑚) in saliva specimens are employed [55]. The size 502 

distribution and velocity of the emitted droplets are obtained from the experiments 503 

carried out on the central incisor, where the vast majority of droplets would be emitted 504 

from the patient’s oral cavity. Different treatment regions would directly impact the 505 

characteristics of emitted droplets, but the present study can be regarded as the worst-506 

case scenario. The results of the present study could serve as guidance to advance our 507 

understanding of disease transmission in dental clinics and further help develop the 508 

target mitigation measures. 509 

6. Conclusion 510 

The present study investigates the transmission mechanism of droplets emitted during 511 

the atomization procedures of the rHSD and vUS, with a particular focus on the final 512 

fate and FT of the emitted droplets. Cross-infection risk assessment in the dental clinic 513 

has also been proposed. The results can help protect dental professionals' and patients' 514 
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health and well-being.  515 

Some meaningful conclusions can be stated: 516 

1) Diameter threshold for the droplet deposition and suspension can be identified as 517 

60 𝜇𝜇𝜇𝜇, and the fraction of deposited droplets would be stable at 79.5% for rHSD 518 

and 85% for vUS. The primary contamination distance was generally within 0.28 519 

m and 0.4 m from the treatment position for the atomization procedures of rHSD 520 

and vUS, respectively. 521 

2) Owing to the discrepancy in droplets' velocity and diameter distribution during 522 

different atomization procedures, the fraction of escaped droplets for the rHSD 523 

(6.1%) was higher than that for the vUS (4.2%). The air-conditioning system in 524 

dental clinics should be decontaminated to avoid possible transmission. 525 

3) Without cooperating mitigation measures, the median of estimated FT for the 526 

atomization procedure of rHSD, 34 min, was longer than that of vUS, 30.6 min. 527 

Cross-infection risk during rHSD can be regarded as “higher” than vUS. 528 
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