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A B S T R A C T

Introduction: During dental treatment procedures ultrasonic scalers generate droplets con-

taining microorganisms such as bacteria and viruses. Hence, it is necessary to study the

dynamic properties of generated droplets in order to investigate the risks associated with

the spread of infection. The aim of this study was to visualise the flow state of droplets and

to evaluate the impact of droplets generated during the use of an ultrasonic scaler during

an oral surgical procedure.

Methods: We studied the spatial flow of liquid droplets through a combination of imaging

and numeric simulation of a simulated dental treatment processes. First, we photographed

the real time images of the ultrasonic scaler and evaluated the images using image-proc-

essing software Image J to visualise the flow of liquid droplets. Finally we simulated the

flow process of liquid droplets by using the initial velocity of droplet splashing and the

angle of the obtained information using computerised fluid dynamics technology.

Results: Under different working conditions, the droplet particle splashing velocity, maxi-

mum height, and spray angle varied, but the particle trajectory was generally parabolic.

The maximum droplet velocity varied between 3.56 and 8.56 m/s, and the splashing height

was between 40 and 110 mm.

Conclusions: During risk assessment of an ultrasonic scaler usage, difficulties arise due to

the insufficient research on droplet velocity and distribution. This study aims to address

this gap by visualising the flow trajectories of droplets generated by ultrasonic scalers. The

obtained data will assist in developing more effective interventions based on spatial and

temporal distribution of droplets. This provides a new approach for droplet particle

research and offers new strategies for public health prevention and control.

� 2023 The Authors. Published by Elsevier Inc. on behalf of FDI World Dental Federation.

This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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Introduction

During dental diagnosis and treatment, the use of ultrasonic

dental scalers as treatment instruments generates droplets of

varying sizes containing organic particles (dental tissues, cal-

culus, and dental plaque), patient blood, saliva, and other

nasal and throat secretions as well as dental material frag-

ments.1 When patients harbour bloodborne viruses or respi-

ratory viruses,2 the resulting droplets can pose a significant

potential risk. During diagnosis and treatment, health care

workers are in close contact with patients, and when patients

cough, sneeze, or undergo oral procedures involving the cut-

ting of hard dental tissue or the use of ultrasonic instruments,
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their secretions, saliva, or blood may splatter onto the sur-

rounding area.3 Without protective measures, these droplets

may directly contaminate the conjunctiva and oral and nasal

mucosa of health care workers, leading to infection. In addi-

tion, aerosolised secretions, saliva, or blood can form air-

borne particles suspended in the air, and when patients and

health care workers are exposed to an aerosolised environ-

ment for an extended period, cross-infection is likely to

occur.

The concurrent utilisation of dental equipment engenders

a vast spectrum of droplets characterised by a varied size dis-

tribution, with average diameters spanning from 0 to 180

um.4,5 Concealed within these droplets lie infectious material,

their presence posing threats to the well-being of health care

providers and patients alike.6,7 Due to the action of gravity,

large droplets quickly fall to the ground and surface of

objects.8 Conversely, smaller droplets, endowed with a

greater capacity for prolonged aerial suspension, present a

consequential conduit for heightened transmission risks.9−11

In addition, splashes and particles that fall on the surface are

susceptible to further evaporation and ultimately carry the

virus into the air.12 In order to understand the spread of

viruses, it is important to understand the dynamics of the

droplet splashes so as to find ways to mitigate or minimise

the spread of viruses by reducing their transmission path-

ways. Therefore, visualisation studies of droplet flow are

important for assessing the risk of such infection in dentistry.

The study of aerosolised droplets generated during dental

surgeries has primarily centred around investigating the

microbial viability carried within these minuscule particles,13

−15 as well as assessing the size distribution of particles col-

lected during diagnostic and therapeutic procedures.16 Addi-

tionally, research endeavours have shed light on the spatial

dispersion of droplets during such procedures and the associ-

ated exposure risks faced by health care providers.17,18 More-

over, in order to unravel the fluid dynamics exhibited by the

trajectory of these droplets as they become aerosolised, the

utilisation of particle image velocimetry (PIV) systems in con-

junction with computer vision techniques has emerged as a

valuable tool for tracing their trajectories.19

In this study, during a simulated oral surgical process, the

ultrasonic dental cleaning treatment images were taken, and

Image J, an image-processing software, was used to process

the pictures to visualise the droplet flow and to obtain data

on the initial velocity of droplet particles and splash height

and angle; finally, computational fluid dynamics (CFD) simu-

lation was performed to simulate the spray process of droplet

particles. The simulation results were consistent with the

visualisation data in the experiment. This study not only con-

tributes to our understanding of how droplets are spread in

dental clinics, health centres, and hospitals but also provides

high-quality data for visualisation of droplets in dental

clinics.
Methods

To study the visualisation of droplet flow, we first photo-

graphed the droplet flow during diagnosis and treatment and

processed the droplet particle flow data with Image J
software. Finally, we used CFD simulation software to visual-

ise the droplet spray process by the maximum velocity, spray

angle, and other data obtained.

Experimental setup

The ultrasonic dental cleaning process was photographed in

the periodontal clinic of Guanshanhu Hospital, Guiyang Sto-

matological Hospital, Guizhou, China, and information on

the initial velocity of droplet particles, spray height, trajec-

tory, and spray angle were obtained. The principle of ultra-

sonic scaler is that the high-vibration energy from the tip of

the scaler atomises the mixture of coolant and saliva, and a

large number of small droplets and aerosols are ejected from

the oral cavity during the work, which is widely used to

remove tartar deposits on teeth. In this study, the teeth in the

mouth were divided into 4 zones, each including the buccal

and palatal sides, for a total of 8 working conditions. There

are 4 zones according to upper, lower, left, and right, which

are divided into 4 zones: upper left, upper right, lower left,

and lower right, bounded by the median suture of the inci-

sors. The designations are as follows: Case 1 pertains to the

buccal surface of the right maxillary, case 2 to the lingual sur-

face of the right maxillary, case 3 to the buccal surface of the

left maxillary, case 4 to the lingual surface of the left maxil-

lary, case 5 to the buccal surface of the left mandibular, case 6

to the lingual surface of the left mandibular, case 7 to the buc-

cal surface of the right mandibular, and case 8 to the lingual

surface of the right mandibular.

During filming, the patient was placed supine on a com-

prehensive dental treatment table (model: 8000 Performer

Operating, mode: intermittent mode, power supply: 220V

−240 V, 50−60 Hz, 10 A) in the conventional position, and the

filming device (Nubia Z40spro aperture: 0.35 mm focal length:

F/1.65 ISO: 200 frame rate: 480 Hz) was placed on the side and

directly in front of the patient for filming (Figure 1A). The

temperature fluctuation interval in the room was 25 °C to 27 °
C, and the relative humidity inside and outside the room was

40% to 60%. The size of the consultation room was

4.2 £ 3.4 £ 2.7 (L £ W £ H) m. The water flow rate of the ultra-

sonic scaler (model: PIEZON 150, power supply: 100−240 V,

50−60 Hz, 1.5 A) was approximately 40 mL/min.

Image processing

To visualise the trajectory of droplet flow, we utilised the

manual tracking module of the Image J image processing soft-

ware. Initially, we calibrated the starting position of the drop-

lets, which corresponds to their initial location after being

expelled from the oral cavity. Subsequently, we systemati-

cally captured the positions of these droplets in sequential

frames of the image. By analysing the coordinate values of

the droplet particles at each moment and calculating the

time difference between adjacent frames, we approximated

the maximum initial velocity of the droplets under each

working condition.

By synthesising the position of the same droplet particle in

different images, we constructed the flow trajectories of the

droplet particles generated by the ultrasonic scaler during the

treatment of different regions in the oral cavity. Figure 1B



Fig. 1 –A procedure for visualising droplet aerosols generated by an ultrasonic scaler. A, Experimental setup: 2 cameras were

positioned at the front and side of the chair to record the droplets produced by the ultrasonic scaler. B, Spray trajectory of

droplets generated by an ultrasonic scaler, visualised through image processing with Image J software.
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shows the flow trajectories obtained after processing the

images using Image J software. These trajectories correspond

to droplets emanating from 8 different regions of the tooth.

Computational fluid dynamics simulation

After obtaining the aforementioned data, including the initial

velocity and spray angles of the droplet particles, we pro-

ceeded to employ numeric simulation techniques to investi-

gate droplet spray phenomena. In particular, CFD was used

as a preferred method to study aerodynamic problems, pro-

viding improved predictions into the indoor gas flow and
Fig. 2 –Computational fluid dynamics simulation numerical mod

ing and local refinement.
particle dynamic characteristics. Using CFD, we were able to

simulate and analyse the intricate dynamics associated with

droplet splashing processes.

This study is a simulation of the spraying process during a

dental treatment procedure, so the main study area is the area

near the patient, and the geometric dimensions of the study

area are 2 £ 1.5 £ 1.5 m. In this area, a supine patient model is

set up, and the mouth part of the patient model is the source of

spraying droplets. The geometric model of the human body is

shown in Fig. 2A, the total length of the human model is

170 cm, the total area is 1.49 m2, and the area of the mouth of

the model is 11.46 cm2. All velocity inlets and outlets (eg, air
el. A, Human body geometric model. B, Model grid partition-



Table – Boundary settings for different operating conditions.

Working condition Initial velocity (m/s) Angle between velocity direction
and X-Y plane (rad)

Angle between velocity direction
and X-Z plane (rad)

Jet angle (rad)

Case 1 3.56 53 �43 52

Case 2 4.48 51 49 35

Case 3 8.56 59 �43 31

Case 4 7.92 68 38 34

Case 5 4.27 43 47 52

Case 6 5.53 74 44 45

Case 7 3.64 78 �51 25

Case 8 5.36 48 50 57

The X-Y and Y-Z planes refer to the coordinate system represented in Figure 1A.

The spray was set as a cone shape. To facilitate the simulation, we used the average of the spray angles obtained in the X-Y plane and Y-Z plane

from the experimental shooting as the initial parameter for the spray angle in the simulation.
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inlet, air outlet, and the mouth of the human body) in the study

were set as escape boundaries, and all wall surfaces (eg, the

skin surface of the human body) were set as capture bound-

aries. Droplet particles were analysed using spheres with diam-

eters ranging from 100 mm to 200 mmand densities of 1.2¢103kg/
m3 to approximate the splash particles in the clinic.

The particle velocity obtained in the shooting experiment

is utilised as airflow boundary conditions. Due to variations

in the initial velocity of particle sputtering observed in each

case, a simplified approach is employed to determine the ini-

tial velocity of particle sputtering. This involves calculating

the arithmetic square root of the sum of the squares of veloci-

ties in the x, y, and z directions for all particles in each case.

The calculation method is presented in Equation 1. Following

iterative calculations using Fluent software, the resulting

data were exported from the case and processed using Tec-

plot software, enabling visualisation of the calculated data.

Additional parameters include a temperature set at 27 °C and

the outlet pressure maintained at standard atmospheric lev-

els. The average skin temperature of 34 °C is considered as

the human body surface temperature. All other wall surfaces

are assumed to be static, nonsliding, and adiabatic. The

boundary settings under different working conditions are

shown in the Table.

v ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX
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� �2

þ
X

vy
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The Meshing module in Fluent was used to mesh the

model, taking into account its intricate geometry. As a result,

all meshes used were non-structural. To accommodate the

high-speed ejection of droplet particles from the model’s

mouth, grid refinement was applied to the mouth and the

junction between the mannequin and the flow field. Mean-

while, a coarser grid was used in other areas to control the

number of grids. As a result, the simulation utilised a total of

120,000 meshes, as depicted in Figure 2B. It is worth noting

that all meshes utilised in this study were nonstructural, as

indicated by previous research.20

Turbulence is a ubiquitous natural phenomenon and an irreg-

ular fluid movement. There are various eddies of different sizes

in turbulence, and the interaction between these eddies makes

the analysis of turbulence difficult. The core issue of CFD predic-

tion is how to select a suitable turbulence model to describe the

physical properties of the fluid. The k-epsilon turbulence model
was used for simulation in this study. This model assumes that

the flow is turbulent and ignores molecular viscosity. It has good

numerical stability, wide application range, low computational

resource usage, and high application range accuracy. The control

equation of the standard k-epsilonmodel is as follows.
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Results

Photographing the maximum velocity, maximum height, and
angle of a droplet in the experiment

Figure 3A presents the maximum velocities of droplet par-

ticles under various working conditions during the oral diag-

nosis and treatment process. Series 1 and 2 represent

velocities in the X-Z and Y-Z planes, respectively. Analysis of

the data reveals that the maximum velocity in the X-Z plane

is significantly higher than that in the Y-Z plane. This obser-

vation can be attributed to the predominant forward spraying

of droplets during the diagnosis and treatment process. Addi-

tionally, in the Y-Z plane, the velocity distribution of droplet

aerosol spraying is more concentrated, with the maximum

velocity primarily falling within the range of 2 to 3 m/s,

accounting for 87.5% of the total distribution.

Figure 3B displays the maximum splash heights of drop-

lets generated by the ultrasonic scaler in different regions of

the teeth, with the upper lip serving as the reference point

and the highest point of the flow trajectory as the endpoint.

The findings reveal that during ultrasonic scaler treatment,

the droplets generated in 8 teeth regions exhibited a maxi-

mum displacement in the Z direction from the upper lip of

the oral cavity, ranging from 40 to 110 mm.

Notably, in 63% of the regions, the generated droplets

reached a maximum displacement in the Z direction from the

upper lip within the range of 40 to 80mm. Moreover, in zones 1,

3, and 4, the droplets generated on the palatal side of the teeth

exhibited greater heights compared with those on the buccal

side. The maximum horizontal displacement from the upper

lip to the highest point of the droplet trajectory did not exceed



Fig. 3 –Maximum velocity, height, and ejection angle of droplets under 8 different cases and in the X-Z and Y-Z planes, as

determined by data analysis. A, Quantification of maximum droplet velocity generated by ultrasonic dental cleaning

machines in various regions of the teeth. B, Maximum height reached by droplets in the Z-direction at their highest point of

splash. C, Initial diffusion angle of droplets: the difference between the maximum andminimum angles formed by the initial

velocities of the droplets and the coordinate axis.
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140mm. specifically, in 63% of the zones, the droplets reached a

maximum horizontal displacement in the X direction ranging

from 40mm to 140mm at the highest point of their trajectory.

After undergoing image processing, the droplet flow in

each region can be visually observed. Furthermore, the initial

spreading angles of the droplets can be measured using the

Angle tool function in Image J software. The measured values

are presented in Figure 3C, where series 1 represents the

spray angle in the X-Z plane and series 2 represents the spray

angle in the Y-Z plane.

In the X-Z plane, the analysis reveals the following: (1) The

droplets generated by the ultrasonic scaler in 8 tooth regions

exhibit an initial maximum diffusion angle not exceeding 90°.
(2) In 75% of the regions, the droplets have an initial maxi-

mum diffusion angle of no more than 50°, whilst in 62.5% of

the regions, the initial maximum diffusion angle falls within

the range of 30° to 50°. The initial diffusion angle of the drop-

lets produced by the ultrasonic scaler is mainly distributed in

this range.

Meanwhile, in the Y-Z plane, the spray angle distribution

is more concentrated, ranging from 25° to 60°. Remarkably,

75% of the generated droplets have a spray angle less than

40° in this plane.

CFD simulation

CFD simulations were conducted to investigate the ambient

flow field and distribution of droplet particles under various

working conditions during the operation of the ultrasonic

scaler. The results are presented in Figure 4, which provides a
planar sectional view of the 3-dimensional field. The velocity

vectors in the figure represent the magnitude of the velocity,

with larger vectors indicating faster fluid flow.

From the figure, it is evident that the operation of the

ultrasonic scaler generates an upward airflow, which carries

the droplet particles upwards, resulting in an oblique upward

direction of the airflow within the oral cavity. The airflow

exhibits a clockwise or counterclockwise direction, and the

droplets above the patient’s face and head tend to accumu-

late. Therefore, additional attention should be given to imple-

menting preventive measures in these areas. In most

working conditions with high initial velocities, the spray dis-

tance of the droplets is greater.

In the X-Y plane, droplet particles with high initial veloci-

ties and large angles relative to the X-axis have a wider range

of dispersion in the air. For example, conditions 4, 6, and 7

exhibit significantly larger droplet splash ranges compared

with other conditions. During the initial stage of droplet

splashing, the particle clusters are densely distributed,

mainly concentrated above the model’s head. This suggests

that a majority of the droplets generated during diagnosis

and treatment tend to concentrate on the patient’s head.

Over time, the droplets gradually disperse in all directions,

and when they reach their maximum height, they begin to

fall due to gravity.

And, the maximum particle velocity is located at the

mouth of the model and the particles splash along the parab-

ola to the front of the model. Meanwhile, the particle velocity

decreases and then increases with the distance from the

droplet entrance.



Fig. 4 –Computational fluid dynamics simulation of droplet spray trajectories and velocities generated by ultrasonic dental

scaler under different working conditions.
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Discussion

Ultrasonic therapy is now a routine operation in dental treat-

ment; it has been found that the use of such equipment dur-

ing treatment increases the aerosols in the office

environment, .21 Aerosols and droplets may stem from sour-

ces such as coolant water or from the patient’s saliva, blood,

or respiratory secretions. They act as possible agents to carry

an assortment of microorganisms and bacteria.12,22 However,

previous studies have predominantly concentrated on the

sedimentation characteristics of particles,23 with little

emphasis given to the examination of suspended droplets

and flow fields. Moreover, the limited availability of data to

precisely determine the flow velocity and droplet trajectories

significantly challenges the comprehension of droplet splash-

ing phenomena. Therefore, our research concentrated on the

visualisation of splashing droplets, primarily investigating

aspects such as the initial velocity of splashing particles, ejec-

tion angle, splashing height, and spatial distribution.

Our study presents a new method for exploring the spread

of aerosol particles produced by ultrasonic dental scalers dur-

ing dental treatment, both in vitro and in clinical environ-

ments. This approach, which is more reliable and intuitive

compared to the conventional employment of microbes or

tracers for analysing aerosol distribution,13,24−26 also enables

future dental aerosol research.
Research suggests that the droplets produced by ultrasonic

dental cleaners can spread up to 1.2 m from the oral cavity. This

finding is also corroborated by the work of Puljich et al.27 Simi-

larly, a study by Kaufmann et al28 also found that these particles

could still be detected at a distance of 1.1mwhen using an ultra-

sonic dental cleaner. Additionally, research by Bentley et al29

confirmed that aerosol splashes produced by ultrasonic cleaners

can reach the patient’s chest and the operator’s face, which

aligns with our simulation results. However, according to

research conducted by Chuang et al,30 droplets are capable of

contaminating areas within a 50-cm vertical distance from the

patient’s mouth. This finding contradicts our own research

results. The disparity could be attributed to the employment of

image serialisation techniques to visualise droplet splash trajec-

tories in our study. We specifically excluded minor droplets and

prioritised larger droplets. These larger droplets exhibit more air

resistance, causing them to splash a shorter distance in the ver-

tical direction. Our results show that the trajectories of droplet

splashes are parabolic, with a large number of droplet particles

accumulating above the head, eventually settling and contami-

nating the patient’s chest and oral exit area. These droplets may

carry various bacteria andmicroorganisms.22,31 It has been dem-

onstrated that droplets with a larger diameter settle to the

ground quicker, whereas droplets with a smaller diameter trans-

form into "droplet nuclei" that linger in the atmosphere for a

longer duration after water evaporation.32 These droplet nuclei
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can be inhaled by others, increasing the likelihood of airborne

transmission of assorted infectious diseases during dental pro-

cedures. Thus, we recommend that health care providers wear

masks during surgery to prevent droplet splashes and use KN95/

N95 masks instead of regular surgical masks to provide a higher

level of protection.

In this research, we measured the top speed of droplet

particles produced during dental procedures as they exited

the mouth, with rates varying from 2 to 13 m/s, aligning with

earlier studies.33 Our observations revealed that droplet

splash velocity was faster in the upper left area of the mouth,

plausibly attributable to right-handedness of the dentists

operating the ultrasonic devices. The study of droplet velocity

serves as a foundation for further analysis of droplet flow. For

instance, we will utilise the particle splash velocity acquired

from filming as the initial state in CFD simulations. These

simulations will enable us to gain a better understanding of

the droplet splash mechanism, which in turn will help us

develop more effective safety measures that can reduce the

spread of droplets within dental offices and mitigate the risk

of infection. Additionally, the study uncovers noteworthy dif-

ferences in droplet trajectory, spray angle, and exit velocity

as an ultrasonic scaler functions in different sections of the

mouth. These observations suggest that the droplet distribu-

tion during treatment could be linked to the instrument’s

working area within the oral cavity and the contact angle

with teeth. Furthermore, it has been observed that droplet

splatter travels not only towards the patient’s front but also

towards the sides. This puts dental assistants, who usually

stand at the side of the patient to aid the dentist during treat-

ment, at risk of infection.

Although the study has yielded some important results,

there are still some limitations. First, in the process of visual-

ising the droplet distribution through image serialisation

techniques, we excluded some less obvious droplets, whilst

some droplets of droplets that are beyond the image bound-

ary of the droplets were not included in the study. Second,

our simulation process utilised a simplified model of the

human body rather than a realistic one. Whilst Nielsen’s34

study indicated that body shape had only a minor effect on

indoor airflow, it remains possible that body shape could

impact droplet dispersion in the vicinity of the body, necessi-

tating further research. Furthermore, in addition to the drop-

lets generated by ultrasonic scalers, other high-speed

equipment used during dental procedures also produce a sig-

nificant number of droplets. Consequently, we intend to con-

duct further investigations into the production of droplets

resulting from the use of other high-speed dental equipment.

During the assessment of risks of using ultrasonic scalers,

the process has encountered difficulties due to the lack of

fundamental research on droplet velocity and distribution.

Through filming and simulation, this study has achieved the

visualisation of the droplet flow trajectory induced by an

ultrasonic scaler. Our findings should help in the creation of

more efficient protocols for managing the dental care envi-

ronment, as it is based on the spatiotemporal distribution

and dynamic mechanisms of droplets. This approach

presents a novel means for investigating droplet particles

and offers innovative strategies for public health prevention

and control. This will enable us to effectively mitigate droplet
transmission and safeguard the health of dental personnel

and patients.
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