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Abstract
Background: Droplets and aerosol cloud generating procedures in dentistry can increase the risk of airborne transmission of diseases such
as COVID-19. To gain insight into the diffusion of spatters and possible preventive measures, we measured the particle spatial-temporal
distribution characteristic and evaluated the effectiveness of the control measures.

Methods: We conducted an experiment to observe the emitted spatters obtained during the simulated dental preparation by using high-
speed videography. We measured the particle size distributions by laser diffraction and preliminarily estimated its velocity. We qualitatively
and quantitatively described the spatial-temporal distributions of spatters and their control measure effects.

Results: Majority of the dental spatters were small droplets (diameter less than 50 μm). A large number of smallest droplets (diameter less
than 10 μm) were generated by high-speed air turbine handpiece. At the oral outlet, the speed of large droplets could exceed 2.63 m/s, and
the speed of aerosol clouds ranged from 0.31–2.37 m/s. The evolution of the spatters showed that the more fully developed the state, the
greater the number of spatters and the wider the contamination range. When the operation mode was moved from the central incisor to the
�rst molar, the spatter direction became increasingly concentrated, and the velocities were enhanced. Larger droplets randomly moved along
trajectories and rapidly settled. The aerosol cloud tended to �oat as a mass that interacted with the surrounding air. The high-volume
evacuation could effectively clear away most of the dental spatters. The suction air puri�er could change the diffusion direction of the
spatters, compress the contamination range, and control aerosol escape into surrounding air.

Conclusions: Our view is that we should combine the ‘point’ control measure (high-volume evacuation) and ‘area’ control measure (suction
air puri�er) to reduce the scope of pollution and prevent the aerosol escape into the surroundings. The study contributes to devising more
accurate infection control guidelines, establishing appropriate interventions for different oral treatments, and minimizing the spread of
respiratory diseases so that we can reduce cost and achieve the best results when medical resources are limited.

Introduction
Viral acute respiratory illnesses, ranging from severe acute respiratory syndrome (SARS, 2003) to coronavirus disease 2019 (COVID-19,
2019), are caused by infectious agents. The pathogens responsible for such diseases include but are not limited to in�uenza virus,
rhinovirus, respiratory syncytial virus (RSV), severe acute respiratory syndrome coronavirus (SARS-CoV), and novel SARS-CoV-2 [1-5].
Although we are continuously learning about the transmission modes of these pathogens, current evidence indicates that the primary route
of transmission of most acute respiratory agents is through droplets, including short-range direct spray and indirect contact via self-
inoculation from fomite sources [6]. However, the available literature[7, 8] shows that aerosols may represent another important pathway for
transmission based on cases of SARS-CoV-2 spreading in proximity to asymptomatic individuals [9], as the virus can remain infectious in
aerosolized form for hours and on contaminated surfaces for up to days [1, 10].

Droplets and aerosol clouds produced during dental procedures are visible to both dentistry workers and patients, and the particulate matter
generated by high-powered pneumatic or electric tools (e.g., rotary instruments, the ultrasonic scaler) may contain pathogens originating
from the patient’s saliva, blood, or respiratory secretions [11-13]. As stated above, these particles are a potential transmission route for
infection in light of the possibility that particles of varying sizes could be inhaled through the respiratory tract or contaminate the surfaces
of clinical equipment [12, 13]. Therefore, the number, size, and spatial-temporal distributions of the particles produced by dental procedures
must be investigated.

Wells reported that the particle size has a great in�uence on its trajectory in the air and its spreading range [14, 15]. Large droplets settle to
the ground in less than 1 second without signi�cant evaporation, contaminating the immediate vicinity of the source, while small droplets
evaporate faster than they settle. Recent work using high-speed imaging to acquire observation data has proven that sneezes do not
contain simply large and small droplets; rather, sneezes primarily comprise a turbulent multiphase cloud that entrains surrounding air as
well as droplets of varying diameters[16, 17]. Accordingly, dental infection control strategies should be developed based on the spreading
modes and distribution characteristics of droplets and aerosol clouds in the air. Nevertheless, relative to the �uid dynamics of violent
expirations, the basic mechanisms of particulate matter transmission modes during dental procedures remain poorly understood. The size
of the spatter varies from micrometers to millimeters. Various techniques have been leveraged to measure expiratory spatters size
distributions, including enumeration on glass slides [18], optical counting [19], aerodynamic droplet sizing [20], interferometric Mie
imaging [21], scanning mobility droplet sizing [22], and laser diffraction [23]. However, the size and number distribution of droplet particles
produced by dental procedures have rarely been reported.

Though some published articles have provided recommendations of comprehensive precautionary measures [24, 25], bacterial evidence-
based infection control measures [26], it's still crucial for advising data-supported selection of infection control measures when treatment is
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too urgent to take prophylactic actions or when resources are limited. To gain insight into the diffusion of spatters and potential preventive
measures, we measured the particle spatial-temporal distributions to visualize the original dental surgery procedure and evaluated the
effectiveness of the common infection control methods. We believe that studying the spatial-temporal distributions of contaminants and
their control methods can contribute to devising more accurate infection control guidelines, establishing appropriate interventions for
different oral treatments, and minimizing the spread of respiratory diseases such as COVID-19.

Materials And Methods
Operatory and equipment setup. 

We conducted an experiment to observe the spatter pattern obtained during the simulated preparation of the central incisor (Operation mode
1, OM1) and the �rst molar (Operation mode 2, OM2) by using a high-speed air turbine handpiece (HSH) and an ultrasonic scaler (US). The
control measures contained a high- and low-volume evacuation (HVE and LVE), and a suction air puri�er (SAP).

All dental procedures were conducted in an enclosed dental operatory equipped with a dental unit (KaVo INTRAmatic LUX 3 25 LHA, KaVo
Dental), including a HSH with water spray (T3 SIROBoost, Sirona Dental Systems GmbH), an US (Suprasson P5 Newtron, SATELEC) with a
Dentsply 30K slimline scaling tip, a HVE and LVE, and an SAP (AeroVac Pro Dental, E-Maxdent Co., Ltd.). To prevent the air�ow from
affecting the spatter pattern, we turned off air conditioning and ventilating fans in the operatory operation. The experiments were performed
at a relative humidity of 25% and a temperature of 25°C.

The mannequin head with a typodont was placed on dental chair to simulate the dental preparation. The Mandibular plane was parallel to
the ground (60 cm above the ground). To simulate an oral cavity, we positioned the rubber dam on the typodont to expose teeth and
prewetted with water.

We placed a �xed stand with a clamp next to the mannequin. A piece of dental equipment (a HSH or a US) is �xed in 6-o’clock operation
mode by the clamp. The power settings and the water dispenser (100% power and 100% �ow rate) on the dental equipment were identical
throughout the experiment. We operated the HSH (400,000 revolutions per minute) and the US (30 kHz) for 20 seconds. The water �ow was
set at 60.0 milliliters/minute.

We oriented the HVE and LVE 1 cm from the experimental tooth. We measured the suction rate of the two kinds of evacuations. The time of
emptying 1,000 ml water was 12.70 seconds and 38.64 seconds, equating to rates of 78.74 mL/second and 25.88 mL/second for HVE and
LVE, respectively. We oriented the suction air puri�er 10 cm from the manikin head. The diameter of the suction port is 120 mm. The
corresponding clean air delivery rate is 440 m3 h-1.

Image data processing 

As shown in Fig. 1, we set the oral outlet as the origin of the spatial coordinates and de�ned the corresponding x-, y-, and z-axes. The spatter
pattern was recorded at two observation positions, the xz-plane on the back and the yz-plane on the side, by high-speed videography
(Phantom VEO 410 L, Vision Research Inc.). The position of the LED video light was manually adjusted at each camera site. The diameter of
smaller droplets that appeared in the frame was recorded as a pixel.

To make the spatters more visible, the original images were processed at the pixel level by using OpenCV. First, one clear background image
was selected from a set of images, and it was successively eliminated from other images as the base. Next, these preliminarily processed
images were subjected to three key steps: degradation, histogram equalization, and gamma correction. These steps are responsible for
removing signal noise and for clarifying the images to obtain as many details as possible.

Particle size distributions

A spray droplet measurement system (Spraylink, Linkoptic, CHINA) is used to measure the particle size distributions of spatters by laser
diffraction. The focal length of the Spraylink lens used was 100 mm, which allows one to determine particles in a size range of 0.1–2080 
µm. A sample frequency con�guration of 1 to 10 kHz was used. The volume-based particle size distribution was measured, and the
software allows users to calculate the volume mean diameter (D4,3).

Statistical Analysis

We qualitatively described the spatial-temporal distributions of the spatters at the oral outlet. The velocity of the presented droplets and
aerosol cloud was preliminarily estimated via OpenCV. We selected 120 particles with clear trajectories at the oral outlet on the image and
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recorded their coordinates frame by frame. Due to the determined scale and shutter speed, the coordinates on these images could be plotted
as the displacement curve of the particles over time, from which velocity could be obtained. Then, we calculated the mean of the velocity in
all directions.

A trial-and-error thresholding process was used to binarize over 3,000 processed images for fully developed clouds at the oral outlet. Based
on these binary images, the number of white points appearing in the same pixel was tallied and divided by the quantity of each test
images. The heat map of the spatters for every test case measured is generated from the frequency calculated above at each location on
the image.

Before any measurements were performed, the conditions were re-established in all cases, with 10 independent repeats per condition on
average. The mean and standard deviation of the particle size distribution characteristic parameter in each case were calculated. The
Wilcoxon signed-rank test were used to evaluate differences in the size and number distribution.

Results
The HSH is powered by air turbines, and the US is powered by an electrical current generator. Table 1 reports the velocity components (u, v,
w and magnitude) of spatters under different working conditions. In the instrument head of the HSH, air is combined with water to generate
a high-velocity gas-liquid mixture that exits the handpiece. In OM1, the projection velocity of the aerosol cloud reached 2.22 m/s, and the
direction of the velocity vector was mainly on the horizontal plane (p<0.05). In OM2, the projection velocity of the aerosol cloud reached 2.37
m/s, and the direction of the velocity vector was mainly on the coronal plane (p<0.05). For the US, coolant water is ejected from the head of
the instrument, producing large droplets and aerosol clouds from the ultrasonic tip with weak air�ow. The mean total velocity of large
droplets was 2.63 m/s. The spread of aerosol cloud was generally slow. Speci�cally, the particle velocity reached 0.31 m/s and 0.46 m/s in
OM1 and OM2, respectively.

Table 1  The mean and standard deviation of the spatter velocity under different working condition

Spatter Type Equipment Operation
mode

X-axis Velocity
(m/s)

Y-axis Velocity
(m/s)

Z-axis Velocity
(m/s)

Total
Velocity(m/s)

Mean SD Mean SD Mean SD Mean SD

Aerosol
cloud

HSH OM1 1.56 0.68 1.63 0.66 0.63 0.51 2.22 0.73

HSH OM2 0.87 0.52 0.92 0.59 1.51 0.95 2.37 0.90

    *   *   *      

US OM1 0.25 0.11 0.11 0.09 0.16 0.07 0.31 0.14

US OM2 0.14 0.09 0.31 0.18 0.27 0.15 0.46 0.21

      *   *   *   *  

Large
droplets

US OM1 1.60 0.74 1.02 0.72 1.41 0.81 2.63 0.71

*  Wilcoxon signed-rank test, p < 0.05

OM1: Operation mode 1, the simulated preparation of the central incisor. OM2: Operation mode 2, the simulated preparation of the �rst
molar. HSH: high-speed air turbine handpiece. US: ultrasonic scaler.

            Fig. 2 shows the evolution of spatters from generation to a fully developed state under different working conditions. Generally, the
more fully developed the state is, the greater the number of spatters and the wider the contamination range. When the HSH worked in OM1,
the spatter pattern was divided into a sparse upward �ow and a relatively dense �ow that expands in all directions under the reaction force
exerted by the teeth. As shown in Fig. 2A, the former carried small droplets to a high place from the beginning until the end, while the latter,
consisting of free-falling droplets and a puff of mist. Fig. 2C shows that more droplets were produced by the US in OM1 than those
produced under other working conditions, and the aerosol cloud was more localized to the vicinity of the head.

As seen in Fig. 2B and Fig. 2D, when the operation mode is moved from the central incisor to the �rst molar, the direction of the aerosol
cloud becomes more concentrated, regardless of the equipment. What is remarkable here is the spatter morphology produced by the HSH in
OM2. As shown in Fig. 2B(ii), the spatters bifurcating from the mouth at the beginning tended to approach in the following time and
successfully gathered as the water accumulated in the mouth.
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As shown in Table 2 and Fig. 3(A, B), two distinct types of sprays were found, HSH spray (33.44 μm in volume mean diameter D4,3) and US
spray (101.38 μm in volume mean diameter D4,3). The concentration histogram indicated that more large droplets were produced by US
spray (41.62% in volume fraction of droplet diameter larger than 100 μm) and that aerosol clouds composed of millions of small droplets
were produced by HSH spray (83.84% in volume fraction of droplet diameter less than 50 μm). The mean number concentrations of HSH
and US spray were 45495.15 and 895.00 per cm3, respectively. During the simulated dental preparation, the volume 

Table 2. The size distribution of the dental spatters under different working condition.

Equipment Operating
mode

Control D4,3 (μm) Number (%) Volume (%)

Mean S.d. <10μm 10-
50μm

50-
100μm

>100μm <10μm 10-
50μm

50-
100μm

>100μm

HSH Direct - 34.44 3.13 77.46 22.48 0.06 0.00 9.56 74.28 10.69 5.47

US Direct - 101.38 8.69 0.00 78.04 19.37 2.59 0.00 23.51 34.88 41.62

      *                  

HSH OM1 - 30.67 4.98 71.30 28.67 0.03 0.01 10.34 76.12 5.98 7.56

OM2 - 14.32 0.30 87.03 12.97 0.00 0.00 23.59 76.40 0.01 0.00

      *                  

HSH OM1 HVE 28.62 4.32 29.59 70.25 0.16 0.00 2.66 91.29 6.05 0.00

OM1 LVE 18.48 1.37 65.94 34.06 0.00 0.00 15.38 84.38 0.24 0.00

OM2 HVE -   - - - - - - - -

OM2 LVE 12.45 1.15 88.27 11.73 0.00 0.00 35.39 64.61 0.00 0.00

                         

US OM1 - 40.05 2.63 5.15 93.80 1.03 0.03 0.24 80.70 16.26 2.79

OM2 - 32.75 1.58 21.61 78.02 0.37 0.00 1.23 90.95 7.79 0.03

      *                  

US OM1 HVE -                  

OM1 LVE 35.75 1.69 0.47 98.60 0.92 0.00 0.02 88.34 11.37 0.17

OM2 HVE -   - - - - - - - -

OM2 LVE -  - - - - - - - -

* Wilcoxon signed-rank test, p < 0.05

- The number of particles is too low to be detected

OM1: Operation mode 1, the simulated preparation of the central incisor. OM2: Operation mode 2, the simulated preparation of the �rst
molar. HSH: high-speed air turbine handpiece. US: ultrasonic scaler. HVE: high-volume evacuation. LVE: low-volume evacuation. SAP:
suction air puri�er.  D4,3: volume mean diameter.

means diameter D4,3 of US spatters decreased signi�cantly, from 101.38 to 32.75 μm. Small droplets (diameter less than 50 μm) dominated
the scene. The volume fraction of the small droplets was more than 80% under different working condition. Most notably, the number
fraction of the droplets (diameter less than 10 μm) was 71.30% in HSH-OM1 and 87.03% in HSH-OM2. Compared with OM2, more and larger
droplets were detected in OM1 (p<0.05). As shown in Fig. 3C and Fig. 3D, a large number of spatters escape to the surroundings with the use
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of LVE. Even the HVE could effectively clear away practically all spatters, some smaller droplets still could escape to the surroundings,
especially in OM1. The detailed result of the particle size distribution is supplied in Appendix Table 1.

Fig. 4 shows the heat map of spatters under different working conditions. A red pixel shows a 100% likelihood of a droplet at any time, while
a blue pixel points to a 0% chance. The probabilistic result without intervention is supplementary to Fig. 2. It is general that the
contamination range of the HSH is wider than that of the US, regardless of what control method is used. The contamination range of the US
could be effectively controlled with the use of LVE or HVE, as seen in Fig. 4C and Fig. 4D. Only when a US operated in OM1
under LVE intervention remained a small amount of aerosol clouds. In contrast, as seen in Fig. 4B, the decontamination of the HSH was
hard to work except for one case when it operated in OM2 under HVE intervention. Overall, both LVE and HVE are capable of reducing
pollution, but HVE has a better performance.

            In regard to the SAP, the quantity of spatters out of the mouth remained unchanged. Most of them were removed under the suction
caused by negative pressure, so the most important role of the SAP is to change the diffusion direction of the spatters, compress the
contamination range, and control aerosol escape into surrounding air. It should be noted that the mottled sputtering marks on the last three
pictures in Fig. 4C(ii) indicate that none of the three control methods could dispose of large droplets.

On the whole, larger droplets (with higher mass and momentum) randomly move along trajectories because their inertia is unaffected by the
air�ow, so they will rapidly settle to the surfaces. In contrast, aerosol clouds tend to �oat as a mass that interacts with the surrounding air.
Because the particles have a small mass, the gravitational effect on the trajectories of the aerosol cloud is limited. Nevertheless, due to the
resistance of the surrounding air, the velocity of the aerosol cloud gradually decreases and eventually evaporates into droplet nuclei, which
cannot be recorded by high-speed videography. Different control methods must be adopted according to the characteristics of the two kinds
of spatters.

Discussion
The high-speed air turbine handpiece works at the operatory in combination with coolant water sprays and compressed air. When the water
spray and compressed air re�ect off a surface within the operative area, a large number of droplets and aerosolized particles are formed
and escape the air of the dental operatory. These droplets and aerosol clouds can arise both from the coolant water source and directly
from the patient's saliva, blood, or respiratory secretions. Previous studies usually concentrated on the bacterial species and particle count
measured by using colony-forming units [27, 28]. However, bacteria that require special media or growth conditions and viral particles are
not measured by bacterial culture [29]. Qualitative and quantitative analyses of the composition of dental droplets and aerosol clouds
would be extremely di�cult, and the composition of the spatter probably varies with each patient and operative site.[11] Therefore, we focus
on how to measure the size, number, velocity and spatial probabilistic distributions of the droplets at the oral outlet.

As shown in our study, high-speed imaging can directly record the diffusion process of particles; consequently, we can qualitatively and
quantitatively describe the diffusion characteristics. We found that the captured aerosol cloud seems stochastically generated by the �ow
instability and diversity of the re�ection interface. The morphology of clouds evolves in a varied and unpredictable way. Due to a different
light re�ection on different positions of the drops, the LED-illuminated spatters and corresponding probabilistic calculations consistently
belittle the spatial measurement of the spray. However, it is possible to compare the cases systematically and parametrically.

The World Health Organization classi�cation systems categorized host-to-host transmission as droplets or aerosol routes[30]. As shown in
our study, most of dental spatters were the small droplets (diameter less than 50 µm) and a large number of smallest droplets (diameter
less than 10 µm) were generated by HSH. Large droplets settle and contaminate the immediate vicinity of the oral outlet. Small droplets
evaporate faster than they settle. They evaporate and form droplet nuclei or aerosols made of the dried material from the original droplets.
These aerosols may contain pathogens. Previous studies indicated that the smaller droplets can remain suspended long enough to reach
heights 4–6 m. The droplets (10 µm) evaporates in 0.027 s and would remain suspended meters away from the cougher [31]. Therefore, the
spatters generating in dental procedures can increase the risk of airborne transmission of diseases such as COVID-19.

The speeds of spatters ranged from 0.31 to 2.63 m/s at the exit in our study. Since the HSH emits a high-velocity gas-liquid mixture, the
speed of the resulting aerosol cloud is several times faster than that emitted by the US. For comparison, the speed of the spray directly from
the HSH can exceed 12 m/s, as shown in a recent study [19]. The difference may be due to the presence of various surfaces in the oral
cavity, which may transform the spatter pattern or spray volume. In fact, the primary energy of droplets of different sizes is partially
absorbed by the saliva, tongue, mucous membrane, or teeth.

The visible droplets fell to the ground within 1 second due to gravity even if their speed reached 2.63 m/s, while the aerosol cloud with so-
called low speed traveled far and �oated in the air. This result can be explained by comparing gravity (F = mg; where m denotes mass and g
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denotes gravitational acceleration) and air drag (F = 6πηRU, limiting for small Reynolds numbers, where η represents air viscosity, R the
radius of the spherical droplet, and U the �ow velocity relative to the droplet). Due to the resistance of the surrounding air, the velocity of the
aerosol cloud with less momentum and mass rapidly decreases and �nally equals the air�ow velocity of the environment. These small
droplets are particularly important since they were linked to the aerosolized transmission of SARS-CoV-2 [32].

Our data show that the spatters were more divergent in the anterior area. The spatter directions were more concentrated, and the spatter
velocities were enhanced when the operation mode was moved from the central incisor to the �rst molar, regardless of the equipment.
These changes can be explained by the fact that if the water spray source is placed nearer to the oral aperture, the spray would escape from
the exit more likely than from the adjacent oral tissue. When the generation source is deep within the oral cavity, the spatter is more
concentrated in the exit.

Recent developments associated with the current COVID-19 pandemic have already changed existing protocols regarding personal
protective equipment (PPE) and infection control procedures in dental settings [33]. Current recommendations for minimizing COVID-19
transmission include rubber dam isolation, four-handed techniques, and preferential use of high-volume evacuation [34]. Based on our
research, we found that the working conditions led to signi�cant differences in the infection control effect. When operating by HSH, almost
no spatters can be detected in OM2 under HVE intervention. Therefore, we believe that dental treatment should be safe in the posterior teeth
area with HVE. However, we found that due to the dispersed spatter in OM1, all interventions could not completely clear the spatters in the
anterior tooth area, which reminds dental practitioners to pay attention to better personal protective equipment and ventilation of dental
operatories. When operating by US, regardless of the tooth position, the use of HVE achieved good results, while if HVE cannot be provided,
LVE can also play a role in the posterior teeth area. In general, the ‘point’ control measures (HVE and LVE) cannot completely clear all
aerosol. We can assist with the use of ‘area’ control measure (SAP) to reduce the scope of pollution and control aerosol escape into the
surroundings. Although the aerosol clouds produced by HSH are faster (2.22–2.37 m/s) and wider in scope, we can use a rubber dam to
block liquid in the oral cavity during treatment. The aerosol clouds produced by US are slower (0.31–0.46 m/s) and more limited in scope;
however, more saliva, blood, and secretions may be brought out due to the lack of rubber dams. The results above give us guidance to
choose appropriate methods of intervention so that we can cost least to achieve the best results when medical resources are limited.

It would be preferable to work in a negative pressure environment where clean air can be drawn to the treatment room from less
contaminated areas. In most dental clinics, however, it is not possible to work in such an environment. Although the virus load will be diluted
by su�cient ventilation [12, 35], natural window ventilation will reverse the pollutant trajectory, which causes it to move towards the warning
area. Therefore, we recommend active ventilation and SAP, that is, installing an active exhaust system in the treatment room to remove
possible pathogens from the air. In this case, 10 minutes would be needed to cycle the air between two patients' appointments, which
restricts the use of and access to the dental operatory [36]. Air�ow is the most important factor in the persistence of aerosols. As shown in a
previous study, in a room with active ventilation, the number of droplets with an average diameter of 5 µm halved after 30 seconds, and the
total time required for all droplets to disappear was less than 5 minutes [23]. The evidence should be weighed against the bene�ts of
shortened intervals to ensure the economic viability of current care provision models and the accessibility of oral health services.

We assume that because our study was the �rst, to the best of our knowledge, to observe and model the diffusion process of spatter in
dental treatment, the addition of other variables (types of dental equipment, tooth position) will contribute to dissimilar �ndings. However,
the �ndings from this study have limitations. Although attempts to replicate a real clinical environment are possible, all variables involved in
actual clinical practice are di�cult to capture through simulation in vitro studies. Previous studies have indicated that computational �uid
dynamics is a useful and e�cient tool to investigate the air�ow and dispersion of particle contaminants in hospital rooms and to evaluate
the performance of well-designed ventilation systems and other precautionary measures [37–39]. Referring to theoretical models [16, 17,
31], recent simulations [40–42] of violent expiratory events, and the results of the present study, we plan to customize a numerical solver to
simulate the transmission of spatters during dental treatment procedures. We hope the numerical model facilitates the extension of
experimental conditions and provides guidelines in a relatively qualitative way in future studies.

Conclusion
Our view is that we should combine the ‘piont’ control measure (HVE) and ‘area’ control measure (SAP) to reduce the scope of pollution and
prevent the aerosol escape into the surroundings. The study of the spatial-temporal distributions of contaminants and their control
measures can contribute to devising more accurate infection control guidelines, establishing appropriate interventions for different oral
treatments, and minimizing the spread of respiratory diseases, allowing us to reduce cost and achieve the best results when medical
resources are limited.

Abbreviations
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OM1: Operation mode 1, the simulated preparation of the central incisor.

OM2: Operation mode 2, the simulated preparation of the �rst molar.

HSH: high-speed air turbine handpiece.

US: ultrasonic scaler. 

HVE: high-volume evacuation.

LVE: low-volume evacuation.

SAP: suction air puri�er.
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Figure 1

Operatory and equipment setup. Experimental set-up for the visualization of dental spatters by high-speed cameras and the measurement
of particle size distributions by laser diffraction.
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Figure 2

The high-speed image of the spatter spatial-temporal distribution in dental procedures (A) The image of the central incisor preparation with
HSH. The spatter pattern was a relatively dense �ow that expands in all directions under the reaction force exerted by the teeth. The time of
the dental spatter to a fully developed state was 1.25s(yz-plane) and 2.19s(xz-plane). (B) The image of the �rst molar preparation with HSH.
The spatters bifurcating from the mouth at the beginning tended to approach in the following time and successfully gathered. The time of
the dental spatter to a fully developed state was 0.90s(yz-plane) and 0.60s(xz-plane). (C) The image of the central incisor preparation with
US. More droplets were produced than other working conditions, and the aerosol cloud was more localized to the vicinity of the head. The
time of the dental spatter to a fully developed state was 1.05s(yz-plane) and 0.42s(xz-plane). (D) The image of the �rst molar preparation
with US. The direction of the aerosol cloud becomes more concentrated. The time of the dental spatter to a fully developed state was
1.10s(yz-plane) and 1.20s(xz-plane).
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Figure 3

Particle size distribution in dental procedures by laser diffraction. (A) Particle size distribution of HSH. The volume fraction of the small
droplets (diameter less than 50 μm) was 86.46% in OM1 and 99.99% in OM2. (B) Particle size distribution of US. The volume fraction of the
small droplets (diameter less than 50 μm) was 80.94% in OM1 and 92.18% in OM2. (C) Characteristic parameters of HSH with or without
control measures. HVE could effectively clear away practically all spatters, except in OM1. A large number of small droplets still escape to
the air while using the LVE. (D) Characteristic parameters of US with or without control measures. HVE could effectively clear away
practically all spatters. LVE only could effectively eliminate spatters in OM2.
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Figure 4

Heat map of spatters produced under different working conditions. A red pixel shows a 100% probability of a drop at any time, whereas a
blue pixel points to a zero probability. (A) HSH operates in OM1 without intervention (N-I) or with LVE, HVE and SAP intervention. The
contamination scope diverges, with none of the interventions clearing all the contaminants. (B) HSH operates in OM2 without intervention
(N-I) or with LVE, HVE and SAP intervention. The contamination scope is concentrated, and almost all interventions work well with the
exception of the LVE. (C) US operates in OM1 without intervention (N-I) or with LVE, HVE and SAP intervention. Despite the map result looks
good, droplets still exist in the form of radial sputtering no matter what intervention is used. (D) US operates in OM2 without intervention (N-
I) or with LVE, HVE and SAP intervention. All of the interventions give good performance. The LVE and HVE evacuate water from the mouth
while the SAP sucks all the spatters under negative pressure.
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