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Abstract

Throughout 2020 and beyond, the entire world has observed a continuous increase in the infectious spread of the novel coro-
navirus (SARS-CoV-2) otherwise known as COVID-19. The high transmission of this airborne virus has raised countless
concerns regarding safety measures employed in the working conditions for medical professionals. Specifically, those who
perform treatment procedures on patients which intrinsically create mists of fine airborne droplets, i.e., perfect vectors for
this and other viruses to spread. The present study focuses on understanding the splatter produced due to a common den-
tistry technique to remove plaque buildup on teeth. This technique uses a high-speed dentistry instrument, e.g., a Cavitron
ultrasonic scaler, to scrape along the surface of a patient’s teeth. This detailed understanding of the velocity and the trajec-
tory of the droplets generated by the splatter will aid in the development of hygiene mechanisms to guarantee the safety of
those performing these procedures and people in clinics or hospitals. Optical flow tracking velocimetry (OFTV) method was
employed to obtain droplet velocity and trajectory in a two-dimensional plane. Multiple data collection planes were taken in
different orientations around a model of adult mandibular teeth. This technique provided pseudo-three-dimensional velocity
information for the droplets within the splatter developed from this high-speed dental instrument. These results indicated
that within the three-dimensional splatter produced there were high velocities (1-2 m/s) observed directly below the inter-
section point between the front teeth and the scaler. The splatter formed a cone-shape structure that propagated 10-15 mm
away from the location of the scaler tip. From the droplet trajectories, it was observed that high velocity isolated droplets
propagate away from the bulk of the splatter. It is these droplets which are concerning for health safety to those performing
the medical procedures. Using a shadowgraphy technique, we further characterize the individual droplets’ size and their
individual velocity. We then compare these results to previously published distributions. The obtained data can be used as
a first step to further examine flow and transport of droplets in clinics/dental offices.
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1 Introduction

The worldwide emergence of the novel COVID-19 virus has
required healthcare professionals to review existing safety
protocols and rapidly implement prescriptive adjustments
to address numerous concerns in different areas. One of the
most high-risk areas of infection is within dental practices.
This risk is due to the fact that high-speed dental instruments
have the capacity to produce and liberally expel bio-aero-
sols (Harrel and Molinari 2004). As dentists return to the
‘new’ normal, dental practices are rolling out new protocols
to mitigate the risk of COVID-19 transmission. To design
appropriate safety tools, it is crucial to understand: (1) the
size of the droplets created as a result of dental procedures,
and 2) the resident times and the travel distances of these
droplets. These are important in order to determine the viral
load captures and also to develop cleaning and social dis-
tancing measures as p previous literature has showed that
droplets diameters can range between 3—100 pm (Coulthard
2020; Mirbod et al. 2021) .

One of the primary sources of these potentially virally
loaded droplets in a dental practice, originates from the
use of high-speed dental instruments. As a by-product of
the dental scaling procedures: the largest splattered drop-
lets contain particles with diameters in the range of 50-100
pm, occurring up to 15-120 cm from the patient's oral cav-
ity, and the aerosols created are comprised of <50 pm in
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diameter (Raghunath et al. 2016). Furthermore, additional
studies related to teeth drilling and grinding procedures
have been shown to contain ultrafine particles with diam-
eters in the 20-80 nm (Liu et al. 2019). Review studies and
guidelines have been issued by the World Health Organiza-
tion (WHO), Centers for Disease Control and Prevention
(CDC), and European Centre for Disease Prevention and
Control (ECDC), suggesting droplets can travel more than
2-8 m so that unmasked individuals should stay that far
apart for their own safety. Bahl et al. (2020a, b) and Poulain
and Bourouiba (2019) have shown the rationale behind the
WHO and CDC decision relates to larger droplets evapo-
rate leaving airborne pathogens and smaller droplets that
can travel longer distances and spread contaminants further.

Recent physical mitigations suggested by Majidi and Club
(2020) and Liu et al. (2019) show that the risk is reduced by
protecting dental clinicians via droplet redirection and capture.
Rajeev et al. (2020) and Yadav et al. (2015) show the benefits
of methods based on ozonization, ionization, and use of air
sterilization. Jeswin and Jam (2012) also showed simplistic
methods such as disinfecting the patient's mouth, the use of a
rubber dam, eye protection, face masks, aspiration, and ven-
tilation can all reduce the risk of transmission. However, to
create more effective preventative strategies, we must have a
full understanding of the splatter droplet size distributions as
well as their potential travel and residence time. Relatable pre-
vious studies managed to experimentally determine both the
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volume and particle size distribution generated from human
expulsions such as coughing and speaking (Bahl et al. 2020a,b;
Beggs 2020; Gralton et al. 2011; Scharfman et al. 2016). They
have shown that particle sizes can range between 0.01 pm and
500 pm. Using both the experimental and theoretical works,
these studies have also shown that particles of less than 50 pm
diameter can remain suspended in the cloud long enough for
the cough to reach heights where ventilation systems can be
contaminated (Bourouiba et al. 2014). Other similar studies
have focused more on the ejection velocities of these parti-
cles using Euclidean-based particle image velocimetry (PIV),
the Lagrangian-based particle tracking velocimetry (PTV) or
flow visualization techniques such as shadowgraphy (Cao et al.
2014; Chao et al. 2009; Mahajan et al. 1994; Tang et al. 2012,
2013; VanSciver et al. 2011; Xie et al. 2009; Zhu et al. 2006).

To the best of the authors’ knowledge, while we cur-
rently have a good understanding of the droplet size dis-
tributions created by dental procedures, there is a lack of
understanding of their kinematics. In this study, we use the
quasi-Euclidean-Lagrangian method of optical flow track-
ing velocimetry (OFTV) to understand the kinematics of the
droplet motion. We further analyze the droplets’ sizes and
velocities for and compare these results for two different
flow rates at which a Cavitron dental scaler operates using
a shadowgraphy technique. The outcomes of the presented
research have the potential to refine the flow characteristics
of a simulated flow, more accurately model the spray pat-
terns and to propose methods to control the direction of flow
to minimize the possible contaminations.

2 Experimental procedure

We focus our study on the Cavitron ultrasonic scaler (CUS)
and simulate an adult mouth using a resin model of a man-
dibular set of teeth. To replicate a real-world scenario,
we orient the scaler at two different angles in reference to
the surface of the teeth. The first orientation analyses the
case where the point (tip) of the scaler of the CUS is being
flushed against the surface of a tooth while the teeth model
was at a 0° angle from the x-axis; therefore, the scaler point
is 90 ° from the x-axis. This situation would mimic the pro-
cedure where the point of the scaler is used to scrape against
the surface/gum-line of a tooth. This experimental setup is
denoted as “Case 17, and a schematic of the experiment is
shown in Fig. 1(a). The second orientation simulates a more
typical situation used in dental practice with a patient sitting
in a reclined position. For this purpose, the teeth model was
positioned at a 45 ° angle to the x-axis and the point of the
scaler was rotated 5 ° from its previous position in reference
to the teeth model. This configuration would then mimic
when lateral surface of the scaler is used to scrape the front
of the tooth. This CUS/teeth orientation is used in the cases

denoted as “Case 2” and “Case 3”. A schematic of both
experiments is shown in Fig. 1(b, ¢).

As per typical patient usage, a specific tip was chosen
for the scaler Powerline finger grip (30 K FSI-PWR -1000)
(Dentsply Sirona) with a tip diameter of 479.1 pm, which
vibrates at a frequency of 25-30 kHz. The scaler is con-
nected to a standard water tap with a pressure in range of
20-40 psi from which the flow rate was measured by a
standard flow measuring gauge. The average flow rate for
the scaler in all cases examined through OFVT has been
measured to be around 31.5 ml/min. The dimensionless
parameters for this experiment are reported in Table 1. The
Reynolds number, Re, defined as Re = u,p;d/u; where p; is
the density of the fluid and p; is the viscosity of the fluid.
Here, u,, is the velocity of the fluid as it leaves the point of
the scaler. The gaseous Weber number, We,;, describes the
interaction between the fluid and the air at the surface of
the droplets which predicts the nature of the spray breakup
(Lubarsky et al. 2010), can be defined as We; = pairdug /o
where o is the surface tension of the fluid (Zigan et al. 2012).
Herein, the calculated Weg; is less than 0.1 meaning that the
liquid jet is in the region of column breakup since the transi-
tion from column to bag breakup for a Newtonian liquid jet
in a crossflow occurs for gaseous We;, of 4 (Scharfman et al.
2016). The corresponding Ohnesorge number also defined
as Oh = py/+/psdo (Scharfman et al. 2016). The working
fluid in the experiments was water at room temperature
20 °C; therefore, the fluid constants are pr= O.998g/cm3,
c= O.O729kg/s2, and Hy = 0.001Pa.s.

In order to interrogate the kinematic behavior of the spray
created by the scaler, we use a thin light sheet (generated by
a 527 nm Nd-YLF laser laser) to illuminate a single plane of
droplets within the spray and capture images using a CMOS
high-speed camera (Phantom) with a 60 mm focal-length
lens. Not only does this allows us to take a detailed view
of the droplets and splatter propagation, i.e., to investigate
the particle size, it also allows us to track individual spray
particles. In this study, we use multiple planes to gather an
understanding of the measurements in the near and far field
away from the scaler. There were three different experimen-
tal setups examined, each one has a different plane/teeth
orientation with two data collection planes. Cases 1 and 2
shown in Fig. 1(a, b) have the teeth positioned at two dif-
ferent angles but have the same laser plane orientation. For
these cases, the laser plane is positioned parallel to the tip
of the CUS, and we denote this plane as P,. This creates an
x—y 2D plane according to the coordinate axis in Fig. 1(a,
b), and for these cases, u and v components of velocity are
measured. We then moved the P, plane in the + z direction to
obtain multiple parallel data collection planes moving away
from the location where the CUS tip is placed on the tooth.
In the third case, Case 3 shown in Fig. 1(c), the teeth orienta-
tion is the same as Case 2, but the laser plane is rotated 90 °
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Fig. 1 The experimental schematics for the three different experimen-
tal orientations. a Case 1: The teeth are 0 ° and the point of the CUS
is 90 ° from the x-axis, respectively. b, ¢ Case 2 and 3: The teeth are
rotated to be 45 ° from the x-axis. The point of the CUS is rotated
so that it is 5° in reference to the front of the teeth. b The configura-
tion with a P; data collection plane and ¢ shows the P, data collection
plane. d, e Diagrams of the lower mandible teeth with the appropri-

so that the plane is perpendicular to the CUS tip. This pro-
vides a y—z 2D plane, denoted as P,, shown by the coordinate
axis in Fig. 1(c). For the P, plane, the v and w components of
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_ Figure Grip

ate teeth numbers (black) and the coordinate system in reference to
the scaler tip and the front of the central incisor teeth (red). The tip
of the CUS rests firmly against the d front of tooth #24 in Case 1,
and e tooth #25 for Cases 2 and 3. f An image of the scaler tip being
used with the CUS for this study experiments. The water jet is located
within the concave side of the CUS tip

velocity are measured. Similar to the P, plane, multiple P,
planes are taken in the +x direction moving away from the
front surface of the teeth model. There are also two different
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Table 1 The experimental parameters for different tests conducted at
20°C

Flow rate (ml/min) u, Re We Oh
(cm/s)
31.5 291.3 1390.8 0.0670 1.86x 107

These dimensionless parameters remained constant throughout all
experiments

data collection planes depending on how the laser sheet is
oriented. We have denoted a P, plane which has the laser
sheet positioned perpendicular to the front of the tooth and
the laser sheet is parallel to the CUS tip that provides an x—y
2D plane. This is used in Cases 1 and 2 shown in Fig. 1(a, b).
For the last case, Case 3 (Fig. 1(c)), the laser sheet is rotated
so that it is parallel to the front of the tooth surface and
perpendicular to the CUS tip creating a 2D y—z plane, and
this is denoted as the P, plane. For each experimental case,
multiple P, or P, planes were taken at varying distances
from the tip of scaler or the front of the teeth, respectively.
Figure 1(d, e) represents the diagrams of the front adult
mandibular teeth including the tooth numbers and the coor-
dinate system used in this study where Fig. 1(f) shows the
scaler used with the CUS. As described, the lateral surface

()
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Fig.2 A top-down view of the Cavitron and the teeth to show the
locations of the 1 mm thick laser sheet for the two data collection
planes. a The data collection plane, which was parallel to the Cavit-

of the CUS rests firmly on the front teeth shown in Fig. 1(d,
e). The zero-coordinate system is located at the tip of the
CUS. Figure 2(a, b) shows the Cavitron ultrasonic scaler
(CUS) and its location in reference to the resin teeth. The
lateral surface of the scaler is placed against the surface of
either the lower left central incisor tooth (#24) for Case 1 or
the lower right central incisor tooth (#25) for Cases 2 and 3
where the point (tip) of the scalar is located in the direction
of the gum line. Figure 2(c, d) shows raw images collected
from P, and P, respectively. To characterize the kinemat-
ics of the individual particles, we use the OFTV tracking
technique.

2.1 Optical flow tracking velocimetry (OFTV)

To analyze the kinematics of individual droplets within the
splatter produced by the scaler, we use OFTV techniques.
This specific technique has been commonly used in multiple
fluid mechanics applications (Fullmer et al. 2020; Lucas and
Kanade 1981, 1985; Mella et al. 2019; Settles 2012). For
each case presented here, we use 3000 images, resolving
more than 100 integral time scales.

The OFTV analysis method for calculating the droplet
tracks is based on solving sets of linear equations (i.e., the

(b)

Imm thick
laser sheet

-20 -10 0
X [mm]

ron tip, P; and b the data collection plane that was perpendicular to
the Cavitron tip, P,. Raw OFTV images obtained from both of the
laser plane locations, ¢ P; and the d P, with the CUS and teeth at 0 °
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optical flow equations). The two main steps in this approach
are first identifying the droplets to track and then tracking
them across frames. We used the commercially available code
known as Flow On The Go software which uses eigen fea-
tures to determine the “features” in each frame from the image
gradients which highlights the locations of the droplets. The
eigen features are then determined by constructing a correla-
tion matrix defined as

2 AR
M= ; o))
i

where ¥(x, y;t) is the pixel intensity and ¥, and ¥, are the
intensity gradients in the x- and y-directions, respéctively.
A smoothing field utilizing a Gaussian kernel of five pixels
wide is applied to the raw images. The intensity gradients
are then extracted from those pre-processed images. The
correlation matrix, M, is then computed, and a response
value, R, is calculated from the minimum eigenvalue of that
matrix, M.

R = min [/11,/12], 2
where
det[M — AIl =0, 3

Within the Flow On The Go software, 4; values are defined
as regions with R>0.01. An assumption that the physical dis-
placements of the droplets between the frames are sufficiently
small such that ¥(x, y;t) can be expressed as

Y(x,y;t) = P(x + 6x,y + 6y;t + 61), 4)

Following a Taylor series expansion, the above equation can
then be rearranged to give the optical flow equation as

Y, +u¥, +Vv¥, =0, 5)

where P, is the partial derivative of the pixel intensity with
respect to time between image pairs and # and v are the
velocities in the x- and y-directions, respectively.

The resulting optical flow equation is left with two
unknowns, ¢ and v. Solving for these unknowns poses various
difficulties. We used a solution method known as the Lucas-
Kanade solution method (Lucas and Kanade 1981, 1985) to
solve the optical flow equations within the FlowOnTheGo soft-
ware. The Lucas-Kanade approach assumes that the velocity in
one area is the same as that in its neighboring regions making
the velocity gradients small. This allows the optical flow equa-
tions to be considered at each feature as

wV (x+iLy+)+wW,x+Ly+j)=-¥,x+iy+)).
(6)

where i and j define the neighborhood around the feature at

pixel x, y. When applied to the droplets within the splatter of
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the scaler, we used a neighborhood of 11, i.e.,1 and j ranged
from -5 to+ 5. This setting allowed us to solve the equation
using a least square method and determine « and v by

LR A
-

i i
TR, Y
i ij
From this equation, the u and v values can be defined,
which are then used to create Lagrangian streamlines. A
gridded interpolator approach is used to create both a veloc-
ity field and a scale within the field based on a calibration
plate (Higham and Brevis 2019), any outliers are removed
using the PODDEM algorithm (Higham et al. 2016).

1
RN

ij
S, | M)
i

3 Results
3.1 Case 1: Plane, P,, cavitronat 0 °

As mentioned before, the first case analyzed the condition
where the mandibular teeth placed with an 0° angle to the
horizontal axis, and the scaler placed against the lower cen-
tral tooth (tooth#24). Figure 3(a—c) shows the v (y-direction)
and the u (x-direction) components of the velocity and the
velocity magnitude, |U| = V/u? + v2 for the P, data collec-
tion plane positioned 3 mm away from where the CUS is
positioned against the front tooth. Figure 3(d, e) shows the
magnitude of velocity in the P, plane located 6 mm and
9 mm from the location of the CUS tip positioned against
the front of the tooth. The general shape of the splatter is
reminiscent of a cone shape where part of the splatter moves
over the teeth and the other part moves down the front of the
teeth surface. The v component of velocity shows a maxi-
mum value of around 1.5 m/s, and the # component is almost
zero resulting in the velocity vector magnitude of 1.8 m/s.
These results show that while the maximum velocity occurs
near the scaler’s tip, as the droplets move away, not only
their speed reduces, but also they evaporate due the humidity
and temperature variations in the environment. At a location
6 mm from the point of the scaler, the velocity magnitude
of the droplets then decreases to 1.2 m/s. Moving the data
collection plane further away from the scaler (i.e., 9 mm),
the magnitude of the velocity |U| of the droplets reduces to
0.6 m/s. We also noticed that at this location, the velocity
within the core of the splatter in front of the teeth surface
decreases. However, the overall width of the splatter does
not change in the 9 mm plane compared to the 3 mm plane.
For more clarification, the v and # components of velocity
contours for the P planes at 6 mm and 9 mm are shown in
Appendix Fig. 10. Note that Ou et al. (2021) studied the
splatter produced from an ultrasonic scaler using a similar
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Fig.3 The velocity measurements for Case 1: P plane with the teeth
model and scaler point at an 0 ° and 90 ° angle, respectively. a The v
(y-direction) component of velocity, b the u (x-direction) component
of velocity, and ¢ the magnitude of the velocity vector with the laser

technique to that presented in this study; however, their data
was collected within a P1 parallel plane corresponding to
our cases 1 and 2, only. They utilized an approach called
laser sheet imaging (LSI) to capture the far field splatter in
a 14 cm X 14 cm field of view. They also used an ultrasonic
scaler in conjunction with different evacuation methods (Ou
et al. 2021) where they found the majority of the splatter
produced from a scaling procedure on tooth #25 or #24 was
less than 2 m/s (Ou et al. 2021).

Figure 4 shows the velocity magnitude distribution for the
P, data collection plane taken at 15 mm (Fig. 4(a)) and at
20 mm (Fig. 4(b)) from the scaler tip. The maximum magni-
tude of velocity for P, plane that was positioned 15 mm from
the scaler point is 0.1 m/s and within the collection plane
20 mm away from the point is 0.05 m/s as shown in Fig. 4(a)
and Fig. 4(b), respectively. There is then a 97.2% decrease

Fig.4 Case 1: The far field
velocity magnitudes for the P,
plane at a location a 15 mm
and b 20 mm from the tip of
the CUS

|U| - [z=-15mm

z=-3mm

[ms” . ]

|U]- [z=-9mm]

0 10 20
X [mm]

sheet 3 mm away from the point of the CUS. The velocity magnitude
for a P| plane positions d 6 mm and e 9 mm away from the tip of the
CUS

in the velocity magnitude from the closest P, plane at 3 mm
to the farthest from the P, plane at 20 mm from the scaler.
Even though the velocity is reduced, spray cone increases
from around 10 mm to approximately 15 mm meaning that
as the droplets move away from the teeth, they spread out,
evaporate, and decrease in size. In Fig. 4(a), the velocity vec-
tors (indicated by the white arrows that are over 4 mm away
from the surface of the teeth) begin to deflect and point away
from the surface of the teeth. This is different from what was
observed in the P, data collection planes positioned closer
to the point as shown in Fig. 3. In Fig. 4(b); however, the
velocity vectors are rotated to a point perpendicular toward
the surface of the teeth. These results lead to the possibil-
ity that there are certain regions where the droplets are
moving in opposite directions indicating a chaotic motion
within the splatter cone. It should be noted that both u and

|UI- [z=-20mm)]

[ms‘l]

0 10 20
X [mm)]
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v components of velocity are reduced compared to Fig. 3 as
shown in Appendix Fig. 10(a, b). Recently, Han et al. (2021)
used fluorescent dye to color the liquid to illuminate the
splatter generated by an ultrasonic scaler, triplex syringe,
high-speed handpiece, and low-speed handpiece within a
laser sheet. Although they did not plot the velocity propaga-
tion unlike our work, they showed the splatter formation at
various locations around the procedure location. Also, the
splatter formation by ultrasonic scaler used was 40 ml/min
slightly higher than what is used in the current study, but
it still showed the chaotic droplet splatter at various loca-
tions around the procedure site. They illuminated various
planes with different orientations to the scaler around the
mock patient’s mouth. Very recently, Li et al. (2021) used
PIV to examine the flow field surrounding a patient during
an ultrasonic scaler procedure within a plane that is par-
allel to the scaler’s tip similar to our cases 1 and 2. They
also used a flow rate that was higher than the one used in
this study (i.e., 50 ml/min). They measured splatter veloci-
ties between 0.01 m/s up to 6.39 m/s which is substantially
higher than what was measured in the current study. It is
believed this was due to the higher flow rates they used in
their experiments.

The locations of the droplets within the plane located
20 mm from the point of the scaler can be seen in Fig. 5(a).
These droplets are likely candidates for carrying viral loads.
Figure 5(b) demonstrates there are multiple droplets within
the P, data collection planes that are not following the aver-
age motion of the droplets near the gumline of the teeth
model. These droplets near the gumline of the teeth model
show very low velocities in comparison to those droplets that
are further away from the gumline. The dark blue color cor-
responds to droplets with very small velocity. There are drop-
lets further away from the teeth with higher velocities which
are able to move out and away from the mouth. It should
be noted that Fig. 5(b) shows a limited number of droplets
with high velocity trajectories since this figure represents
the trajectories of only 20% of the detected droplets. This
reduction in displayed trajectories was performed to clarify
the figure so individual trajectories could be easily tracked

Fig.5 a The droplet locations (a)
at one instant in time for Case

1, P, plane with the scaler at

0° angle, with the laser sheet

20 mm from the point of the
Cavitron. b The particle trajec-
tories for 20% of droplets identi-
fied at the same laser sheet loca-
tion. The color bars correspond
to the velocity magnitude of the
detected individual droplets

y [mm]

0 10
X [mm]
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and observed. It is then safe to assume there are more high
velocity droplets propagating away from the teeth, within
a plane that is 20 mm from the CUS point. These droplets
will eventually evaporate and seed the atmosphere with viral
particles. Clearly, as the droplets move away from the mouth,
the particles trajectories are dictated by ambient air flows.

To further characterize the droplets’ sizes and velocities
and to gain knowledge of how the droplets propagate into the
environment, we applied a shadowgraphy technique com-
bined with a Eigenbased particle characterization method
(Higham et al. 2019), with the scaler/teeth setup of the Case
1, P, plane orientation with the CUS at 0° from the x-axis.
We considered the flow rate reported in (Mirbod et al. 2021)
(29.5 ml/min), which is close to the flow rate used in this
study’s OFTV experiments, and compare these results to a
lower flow rate of 16.2 ml/min obtained through the shadow-
graphy experiments. There were two different flow control
mechanisms on the CUS, and these were manipulated to
achieve the different flow rates. This flow rate was closer to
what is typically used in dental practice in conjunction with
a CUS. The shadowgraphy procedure has been discussed
in detail in our previous publications (Haffner and Mirbod
2020; Mirbod et al. 2021; Wu and Mirbod 2018). Using the
shadowgraphy technique, we obtained the raw images. We
then used an in-house detection code to determine the size
and location of each droplet. The code operates by first bina-
rizing the raw image that is based on an adaptive threshold.
Using an adaptive Hough transform (Illingworth and Kittler
1987), we then determine circular regions, i.e., droplets and
define the velocities of the droplets using OFTV method.
However, instead of using the eigenfeatures for droplet
detection, we employ the centroids determined by the Hough
transform.

Figure 6(a, b) shows the mass fraction of the detected
droplets and the corresponding velocities at the start of the
scaler for these two flow rates. The dimensionless param-
eters for 16.2 ml/min are summarized in Table 2. The equa-
tions for the Reynolds, gaseous Weber, and Ohnesorge num-
bers are reported in Sect. 2. We further calculated relaxation

time, 7, = pfﬁp /18u,,, with the average droplet diameter, Ep,

y [mm)]

20 0 10 20
X [mm]
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Fig.6 a The mass fraction distribution of the measured droplets for
the 16.2 ml/min case compared to the 29.5 ml/min at the onset of
the CUS. b The velocity measurements at the various droplet diam-
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eters detected for both flow rates of 16.2 ml/min and 29.5 ml/min.
The error bars correspond to the standard deviation of the measured
velocity for the 0.15 ps of data gathered

Table 2 The experimental parameters for the shadowgraphy experiments conducted at 20°C

Flow rate (ml/min)

u,(cm/s) Re We

Oh 7 (s) St

16.2 82.3 539.5

0.0001

5.37x107° 1.49%x 107 50 — 543.8

which was calculated 70 pm for the distribution of particle
sizes ranging from 23.4 pm to 254.2 pm. Here, p; is the
density of water, and y;, is the air viscosity. The Stokes
number that describes the rate of settling for the droplets
is also reported as St = 7 ,u,/d, (van der Voort et al. 2018)
with minimum d, value of 23.4 ym and maximum value of
254.2 pm. Since the calculated Stokes number is greater
than 1, the measured droplets are considered inertial, which
is where they retain their initial trajectories while falling
because of gravity (Fouxon 2012).

Note that the Stokes number largely depends on the parti-
cle size, while the particle size depends on both aerosoliza-
tion and evaporation. For the flow rate of 16.2 ml/min, the
range of the droplet diameter detected ranged from 23.4 pm
to 254.2 pm. Note that a majority of the droplets measured
after the initial large droplet development are measured to
be between 70.9 pm and 127.5 pm, while the maximum
diameter measured at this flow rate is less than half of the
maximum diameter detected for the 29.5 ml/min case, i.e.,
596.7 pm. We expect that while large droplets settle along
the positive y axis, the aerosols generated during this dental
procedure contain significant concentrations of low Stokes
number droplets that travel within the clinic/office atmos-
phere including the viral particles.

The mass fraction, shown in Fig. 6(a), is the ratio of the
mass of the droplets detected at a specific size to the total
mass of particles detected. In Fig. 6(b), it can be observed
that the droplet individual velocities at the lower flow rate

are much lower than those at the higher flow rate. For the
flow rate of 16.2 ml/min, the smaller droplets have slightly
lower velocities between 0.4 m/s and 0.46 m/s. The two larg-
est droplet diameter ranges have an average size of 188.9 pm
and 209.2 pm. These droplet diameters have higher veloci-
ties of approximately 0.56 m/s. While larger droplets might
settle down quickly, moderate and small droplets can evapo-
rate. These smaller droplets might carry infectious viruses
and leave those airborne when the droplet evaporates. The
resolution used in this experimental approach are the indi-
vidual pixels of each image the camera is able to take; there-
fore, the resulting data has sub-pixel accuracy. Because of
this accuracy, the relative error within the data set is less
than 1%. It is worth noting that the scaler used for the shad-
owgraphy analysis is slightly different in shape compared to
the one used in the OFTV experiments, although our analy-
sis showed that they both produce almost the same size of
droplets and operate approximately in the same manner.
Very recently, Ou et al. (2021) used digital inline holography
(DIH) to measure the droplet size within a splatter produced
by an ultrasonic scaler positioned against different teeth.
They determined that 99% of the droplets measured were
in the range of 12 ym and 200 ym which is similar to our
findings (Ou et al. 2021). Han et al. (2021) also positioned
filter papers around mock dental procedures using ultrasonic
scalers. The fluid used in their experiments contained a fluo-
rescent tracer, so they were able to measure the size of the
droplets which collected on the filter papers. These collec-
tion filter papers were placed around the procedure location
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ranging from 29 cm to 120 cm, and the droplets measured
from the scaler were on average 1.38 pm (Han et al. 2021).
These results reaffirm our observed data through the distri-
bution of velocity moving away from the CUS and also the
fact that due to the aerosolization and evaporation of large
droplets, a significant concentration of droplets travels into
the room atmosphere.

3.2 Case 2: Plane, P,, the teeth model located 45°
from the horizontal

To better simulate the scenario that appears in dental offices,
the teeth model is positioned at a 45° angle from the x axis
with the incisor teeth pointed upwards and the point of the
CUS has been rotated at a 5° angle from the surface of the
tooth (central incisor #25). This simulates the situation used
in a typical dental office. We then analyze the P, plane to
observe how the new position of the teeth/scaler changes
the splatter motion.

The velocity distribution within the P, data collection
plane is depicted at three different locations: 3 mm, 6 mm,
and 9 mm. Figure 7(a—c) shows the average v and u compo-
nents of the velocity along with the velocity magnitude for
the data collection plane positioned 3 mm for the point of
the CUS. The most notable difference in the splatter cone
between this case and Case 1 (see Fig. 3) is that there was
no detectable splatter over the top of the incisor teeth. This

v - [z=-3mm)]

y [mm]

0 10 20
X [mm]

Fig.7 The velocity measurements for Case 2: P, plane with the teeth
model at a 45 ° angle from the x-axis and the scaler 5° from the sur-
face of the tooth. The a v component of velocity, b the u component

@ Springer

showed that the splatter formed is forced entirely down the
front surface of the teeth. Figure 7(c) shows the maximum
velocity magnitude was 1 m/s with a splatter spreading
length of ~ 10 mm along the x direction with an angle of
around 45 °, and the maximum velocity is reduced from
1.8 m/s to 1 m/s without any angle. However, the length of
the cone-shape formed by the splatter is still observed to be
10 mm. For all these data collection planes, the u component
of the velocity is always greater than the v component of
the velocity with a maximum value of 0.9 m/s and 0.4 m/s,
respectively. Figure 7(d, e) corresponds to a P, data plane
located at 6 mm and 9 mm from the point of the scaler,
respectively. These figures show the maximum velocity in
the splatter formed is reduced but still contains 5 mm-long
areas of the maximum velocities. Since the teeth model
reflects the light from the laser sheet, it washes out part of
the splatter data close to the surface of the teeth. For the
P, plane located at 9 mm from the scaler point, the maxi-
mum v component of velocity is 0.6 m/s and the maximum
u component is 0.23 m/s, and these figures can be seen in
the Appendix Fig 11. In Fig. 7(e), the splatter formed is
observed to be expanding in length to 20 mm. The velocity
magnitude in Fig. 7(e) is 0.33 m/s with the directions of the
velocity vectors oriented parallel to the teeth surface. Also,
the splatter in this view spreads out to 20 mm in the x direc-
tion from the surface of the teeth; however, in this region,
the velocity magnitude decays to 0.15 m/s.

10.67

[ms‘l ]

0.33

0 10 20
X [mm]

of velocity, and ¢ the magnitude of the velocity measured in a P,
plane that is 3 mm from the CUS tip. The velocity magnitude in a P,
plane d 6 mm and e 9 mm away from the CUS tip
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Fig.8 The far field velocity
magnitudes for the P, plane at a
location a 15 mm and b 20 mm
from the tip of the CUS. These
maps are related to the Case 2

0 10

To further scrutinize how the splatter moves away from
the scaler, we plot the magnitude of velocities in P, planes
which are 15 mm and 20 mm from the scaler point shown
in Fig. 8. The magnitude of the velocity splatter formed in
Fig. 8(a) appears to be slightly less than that in Fig. 7(e),
which was located about 15 mm from the front of the teeth;
however, this is still longer than the splatter in Fig. 8. The
velocity magnitude for the plane 20 mm away from the
scaler is shown in Fig. 8(b). Previously, for all planes closer
to the scaler, the velocity vectors (indicated by the white
arrows) were pointed toward the teeth which were the main
direction of the water droplets leaving the scaler. However,
in Fig. 8(b), there is a region very close to the surface of the
teeth that shows velocity vectors pointing away from the
teeth surface with values of 0.05 m/s. This could be showing
droplets which have been reflected from the surface of the
teeth. Both v and u velocities are reduced below 0.25 m/s
and 0.03 m/s, respectively, within the P, plane thatis 15 mm
away from the scaler point shown in Appendix Fig. 13(a, b).

3.3 Case 3: Plane, P,, the teeth model 45°
from the horizontal

To provide more information for the propagation of the
droplets within the splatter, the data collection plane was
rotated 90° to create a perpendicular plane which has not
been studied extensively. The P, data collection plane only
provides information in a 2D plane parallel to the scaler
point orientation. To fully visualize the splatter cone-shape,
the P, plane is also examined at an orientation as shown in
Fig. 1(c). Previous literature has only shown visualization
of a parallel plane or a plane at an angle in reference from
the procedure location (Ou et al. 2021 and Han et al. 2021).

Figure 9(a—c) shows the average velocities for the P,
plane which is located at 3 mm from the surface of the teeth.
In Fig. 9(a), a high value of the v component of velocity can
be seen close to the orifice of the scaler. The w component

025 |UI- [z=-20mm] 025
10.17 10.17
0.08 0.08
0 0
0 10 20
X [mm]

of velocity also has a high value near the orifice with a maxi-
mum velocity of + 0.4 m/s. This likely correlates with the
generation of a water spray originated from the ultrasonic
scaler, which is not visible in the other cases studied here.
Unlike in other cases, we observe an opposing magnitude
of the w component of velocity on either side of the scaler
point. The magnitude of the velocity in this data collection
plane, Fig. 9(c), shows a maximum velocity of 2 m/s near the
scaler which then decays to 0.67 m/s as it moves out around
the teeth model.

The velocity components for the P, plane, located
at 6 mm away from the front of the teeth, can be seen in
Fig. 9(d-f). The splatter cone-shape and velocity vectors
are very similar to those of the data collection plane that
is located 3 mm away from the teeth. The v component
of velocity, shown in Fig. 9(d), has even larger regions of
the maximum velocity, 1.9 m/s, than that in the 3 mm data
collection plane. The same occurs for the w component of
velocity; there are larger areas of the maximum velocity of
+ 0.4 m/s. It should be noted that when the data collection
plane is moving further away from the surface of the teeth,
the plane is getting closer to the physical location of the ori-
fice on the scaler; thus, the water spray originating from that
location causes the higher velocity droplets as seen in Fig. 9.

Figure 9(g—i) shows the velocity vectors for a P, data col-
lection plane located 9 mm from the front of the teeth. Both
v and w components of velocity have decayed significantly to
the maximum value of 0.63 m/s. The duality of the w com-
ponent of velocity on either side of the scaler is no longer
observed. The width of the splatter formed shown in Fig. 9(i)
is still 15 mm on either side of the scaler which is compara-
ble to the closer data collection planes. In short, these figures
show how the splatter formed splits and moves around the
front of the teeth. Specifically, in this configuration, it can be
seen that the majority of velocity vectors within the splatter
point out mostly in the negative y direction. This helps us to
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Fig.9 The velocity measurements for Case 2: P, plane with the teeth
model at a 45° angle from the x-axis and the scaler 5° from the sur-
face of the tooth. The a v component of velocity, b w component of
velocity, and ¢ the magnitude of the velocity vector with the laser

conclude that most of the splatter formed is contained within
the mouth. Although for the data collection plane located at
9 mm from the front of the teeth, a wide splatter cone-shape
is still observed. As the droplets of the splatter move further
from the teeth or the scaler, they have a higher probability
of being affected by the ambient airflow.

4 Conclusions

In this work, we explore the cone-shaped splatter pattern
created around a mandibular teeth model produced by a Cav-
itron ultrasonic scaler in a setting common to dental clinics.
We carry out a series of experiments using state-of-the-art
techniques, namely OFTV to measure the global velocity
of the droplets in different orientations and planes around a
model of adult mandibular teeth. We present quasi-velocity

@ Springer

z [mm]

sheet 3 mm away from the front of the teeth. The same average values
for d-f the laser sheet 6 mm away from the front of the teeth and for
g-i the laser sheet 9 mm away from the teeth’s surface

measurements specifically surrounding the front of the teeth.
Due to experimental limitations, we only examine this field
of view which corresponds to the same field of view for
the shadowgraphy experiments. The spread of the droplets
within the splatter has been seen to move as far as 20 mm
away from the teeth. Within these regions, the smaller
droplets have relatively low velocity; it is expected that they
travel by the ambient air flow within the dental office/clinic.
These droplets are most concerning to the safety of those
preforming the dental procedure due to their trajectories
and the rate of evaporation which could potentially intro-
duce infective bioaerosols into the receiving atmosphere.
Proper safety protocols need to be applied in these regions
to remove possible bacteria and viruses from the splatter
produced from high-speed dental instruments. While the
positions of the point of the scaler on the teeth changes
the entire splatter formed, this study only considered two
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positions based on the orientation of the teeth and the scaler.
Also, the shape of patients’ mouths and the variability in the
physical and chemical characteristics of different mouths
could potentially influence the splatter droplets from this
instrument in ways which are not considered in these results.

It should be noted that the configurations described in
this study are for cases mimicking the exact scenario in a
dental office. The lateral side of the CUS and the point of
the tool are typically used in scraping the surface of the
teeth to remove built up plaque and infected tissue. We have
oriented the CUS and the teeth model in such a way that
the tool is commonly used in actual practice with the lateral
surface of the CUS on the surface of the tooth with the point
directed down toward the gumline. Based on the tooth/CUS,
the projected splatter outside of the mouth will change. We
also selected the front tooth because it could be the more
exposed teeth which would provide the highest splatter out-
side the mouth.

Using a shadowgraphy technique outlined in detail in
(Mirbod et al. 2021), individual droplet sizes and veloci-
ties are also examined and compared for two different
flow rates at which the Cavitron ultrasonic scaler typi-
cally operates. The lower flow rate of 16 ml/min, used
in this study, is more consistent with conditions typically
used in dentistry practice. At this flow rate, a bulk of the
droplets are between approximately 71 pm to 128 pm.
This corresponded to results obtained by Ou et al. (2021)
who used DHI and measured droplets within a range of
12 pm to 200 um. The velocity of these droplets on aver-
age was measured at 0.22 m/s; however, the larger drop-
lets (around 200 pm) had higher velocities of 0.28 m/s.
Kun-Szabé et al. (2021) also studied the aerosol generated
by an ultrasonic scaler when used in conjunction with an
aerosol preventing method (a high-volume evacuator or
an aerosol exhauster). However, they measured droplets
ranging from 60 pm to 384 pm with no real distinguishing
effects between the two aerosol preventing mechanisms.

These findings provide a novel understanding of the
spray formation created by a scaler using state-of-the-
art fluid mechanics experiments such as OFTV and
shadowgraphy techniques. In practice, there are dental
tools used to remove the extra fluid produced within the
mouth from the procedure, and other tools used exter-
nally to reduce the aerosols produced. The use of these
tools and their impacts on splatter propagation have been
examined by Peng et al. (2020) and recently by Kun-
Szab6 et al. (2021). The goal of our study, however,
was to provide insights into the kinematic and dynamics

of the droplets and the splatter to possibly improve the
current safety equipment already being used in dental
procedures. With the onset of the COVID-19 pandemic,
extra safety precautions are necessary to protect dental
employees. During this investigation, it was observed
that droplets of the splatter can be detected as far as
30 mm from the tip of the CUS, which could evade com-
mon dental suction tools. We were unable to analyze the
trajectories within this plane due to the sporadic motion
of the droplets and the reduction of droplets detected
within that data collection plane. Examining the splat-
ter droplets, their velocity, and their trajectories has the
potential to develop safety procedures and also can serve
as a first step to further characterizing droplets motion
and flow transport inside the dental offices/clinics. For
instance, the measured average velocity and the average
droplet size for 16.2 ml/min flow rate have been already
used as initial conditions for the computational analysis
of the spread of aerosols discussed in our recent work
by (Komperda et al. 2021). The ultrasonic scaler can
produce the highest concentration of droplets throughout
its use on a patient (Bennett et al. 2000). Holliday et al.
(2021) used fluorescent dyed fluid to examine the splat-
ter caused by drilling in conjunction with a suction tool
within an open dental clinic. They specifically examined
how the droplets were propagated through the dental
clinic while applying various suction tools. Addition-
ally, Liu et al. (2019) utilized PIV to study the velocity
of the splatter droplets of an ultrasonic scaler without
the use of a suction tool. (Plog et al. 2020) investigated
the reduction of aerosol propagation using viscoelastic
fluids and background illumination to determine droplet
sizes for different fluids. These research literatures pro-
vide insights to improve safety conditions during dental
procedures; however, they do not discuss the droplet’s
simultaneous size, their location, and their velocity com-
prehensively as presented in this study.

Any of these droplets produced could contain harmful
pathogens. This study also confirms how droplets propa-
gate leading to harmful aerosols or settle on surfaces
around the procedure (Peng et al. 2020). Other research
groups are working toward developing new innovative
ways to stop this propagation of splatter (Gandolfi et al.
2020), and we believe our research provides insight into
the nature of the droplets within the splatter to aid in the
construction of these types of safety equipment. The scope
of the future experimental work will involve examining
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various fields of view above and below the view shown

in this study.

Fig. 10 Case 1: setup v (left
column) and u (right column)
components of velocity at a P,
plane (a, b) 6 mm and (c, d)

9 mm away from the tip of the
CuS

Fig. 11 Case 1: setup v (left
column) and u (right column)
components of velocity at a P,
plane (a, b) 15 mm and (c, d)
20 mm away from the tip of the
CuS
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See Figures 10, 11, 12, 13
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Fig. 12 Case 2: setup v (left
column) and u (right column)
components of velocity at a P,
plane (a, b) 6 mm and (c, d)

9 mm away from the tip of the
CUS

Fig. 13 Case 2: setup v (left
column) and u (right column)
components of velocity at a P,
plane (a, b) 15 mm and (c, d)
20 mm away from the tip of the
CuUS
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