Page 1 of 49
This is the Pre-Published Version.

This is an Accepted Manuscript of an article published by Taylor & Francis in Aerosol Science and Technology on 28 Jan 2021 (Published online), available
online: http://www.tandfonline.com/10.1080/02786826.2020.1870922.

Short-range Bioaerosol Deposition and Inhalation of Cough Droplets and

Performance of Personalized Ventilation

J. C. Xu!, C.T. Wang', S. C. Fu®>", K. C. Chan?, Christopher Y. H. Chao?®

!Department of Mechanical and Aerospace Engineering, The Hong Kong University of Science

and Technology, Hong Kong, China

’Department of Mechanical Engineering, The University of Hong Kong, Hong Kong, China

Running title: Short-range Bioaerosol Deposition and Control

Address all correspondence to:

S.C. Fu

Department of Mechanical Engineering,
The University of Hong Kong,
Pokfulam,

Hong Kong, China.

Email: scfu@hku.hk


mailto:cyhchao@hku.hk

Short-range Bioaerosol Deposition and Inhalation of Cough Droplets and

Performance of Personalized Ventilation

Abstract

A short distance between infected persons and exposed persons can probably result in a high
risk of respiratory infection. This work experimentally investigated the short-range bioaerosol
deposition and inhalation by a healthy person (HP) and the effect of a personalized ventilation
(PV) on the HP, who was exposed to cough droplets from an infected person (IP) over a short
distance between 0.5 m and 1.2 m. Benign E. coli was employed to represent the pathogen from
the respiratory droplets. The microorganism deposition on different locations of the HP’s body
(shoulder, chest and body back) and face (forehead, cheek, and chin) as well as inhalation were
characterized by a cultivation method. It was found that the inhalation and deposition of vital
pathogens on the face and body surface of the HP increased as the distance between the HP and
the IP decreased. PV has been showed to reduce exposure by inhalation, while this is the first time
to demonstrate that PV can also significantly reduce the number deposition. By optimizing the
velocity of PV flow with respect to the distance, the bioaerosol deposited on the face and body and
inhaled could be reduced by a maximum of 98%, 85% and 100%, respectively. For short-range
disease transmission, physical barriers, e.g. mask and partition, are the conventional and believed
to be the only intervention measures. The current results indicate that PV can be a potential method

for infection control in the area of disease transmission in close contact situations.
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1 Introduction

Due to the outbreaks of severe acute respiratory syndrome (SARS), HINI influenza,
Meningitis, Pertussis, Diphtheria, and recently COVID-19 pandemic, the control and prevention
strategy of respiratory disease transmission has become a global issue and concern. In indoor
environments, exposed persons have a high possibility to be infected when facing expiratory
activities (breathing, talking and coughing) from infected persons (Morawska et al. 2020; Park et
al. 2015; Raja et al. 2010). Plenty of pathogen-laden droplets, as the major source of disease
transmission, are generated by infected persons (Lindsley et al. 2010; Milton et al. 2013;
Stelzer-Braid et al. 2009). Some of the exhaled droplets directly spray on the mucous membrane
of exposed persons over a short distance, called the large droplet route (Hall 2007); some of them
are inhaled by exposed persons either at a short or long range, called the airborne transmission
route (Chen et al. 2018; Mui et al. 2009; Wei and Li 2016); some of them deposit on exposed
persons’ body and environmental surfaces. Then, the deposited droplets are possibly contacted by
hands of the exposed persons that spread or transfer the pathogens to their mucous membranes.

This is called fomite transmission (Boone and Gerba 2007).

In close contact situations, the deposited droplets, as the source of fomite transmission and
large droplet route, contribute substantially to respiratory disease transmission. It was reported that
20%-40% of nosocomial infections were caused by contaminated hands of healthcare workers
(Kundrapu et al. 2012; Weber et al. 2010) and high frequency touched environmental surfaces

(Otter, Yezli, and French 2014).

Studies also showed that people touch their private surfaces (e.g. their own faces and bodies,

nearby computers, etc.) by hands are more frequently than touching public surfaces (Zhang, Li,



and Huang 2018) and pathogens deposited on surfaces can survive from hours to weeks (Greatorex
et al. 2011; Walther and Ewald 2004). There is a high infection risk for the exposed person by
fomite transmission when exhaled droplets deposited on the body and clothes. Liu et al. (2020)
investigated the bioaerosol transport released from a lying patient in a two-bed hospital ward.
Results showed that 1.11%-3.33% of bioaerosol deposited on the two patients and health care
workers. Shi and Zhao (2013) investigated the deposition of airborne particles in diameter from
0.01 um to 5 um on exposed persons. Results indicated that direct deposition of particles (diameter
< 0.05 um and diameter > 0.5 um) on body surfaces was more important than that of particles
ranging from 0.05 um to 0.5 um in diameter. Sze To et al. (2009) and Wan et al. (2009) studied
the deposition of cough droplets from an infected person in an aircraft cabin. Results showed that
most of droplets deposited on the nearby seats, passengers and ground. The passenger on the seat
immediately in front of the infected person had much larger deposited mass fraction than other
passengers. In these studies, the exposed persons were thought as a unit and only an overall
deposition value was obtained. The detailed bioaerosol distribution on the exposed person was
ignored. While, it has been reported that the touch frequency by the exposed people is different on
their own different body and face parts (Zhang, Li, and Huang 2018). Meanwhile, the viability of
pathogens on the skin and clothing is different. Therefore, the bioaerosol depositions and initial
viable pathogen distributions on the different parts of the exposed person, such as, face and clothes
surfaces, are essential information for accurate infection risk analysis, while the related

information is limited.

Personalized ventilation (PV) has been suggested to be a disease transmission control method.
PV supplies fresh air directly to the inhalation zone of the PV user, diluting the contaminants

(Cermak et al. 2004; Melikov, Cermak, and Majer 2002) and making a clean and healthy
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microenvironment (Fanger 2000; Faulkner et al. 1999). Pantelic et al. (2009) and Pantelic, Tham,
and Licina (2015) investigated the protection of the user by PV flow, who suffered cough droplets
from different distances (between 1 and 4 m) and different orientations. Results showed that PV
was able to reduce the exposure time, peak value, and personal exposure substantially. Yang et al.
(2013) evaluated the combined effect of a PV system with a personalized exhaust (PE) and
indicated that the properly designed PV-PE system was able to protect the user and minimize the
spread of contaminated air. Shen, Gao, and Wang (2013) indicated that the protection of PV
airflow was highly affected by the PV airflow rate, PV terminal and background ventilation
systems. Lipczynska, Kaczmarczyk, and Melikov (2015) reported that PV airflow combined with
chilled ceiling could substantially reduce the exposure to infectious air at workstations and meet
the requirement of thermal comfort simultaneously. Liu et al. (2017) compared the importance of
the long-range airborne route and short-range airborne route, and suggested that PV could be an

effective intervention for the short-range airborne route.

Although properly designed PV has been demonstrated to be an effective way to control
airborne disease transmission by reducing the inhalation exposure, few studies have investigated
the impact of PV flow on pathogen-laden droplet deposition on exposed persons. The above
mentioned studies focus on the effect of PV on reducing the HP’s exposure to airborne droplets.
However, poly-dispersed cough droplets, containing more pathogens due to their large volume,
are released with a high velocity. The projectile characteristic makes them easy to deposit on the
front exposed persons over a short distance. The detailed cough droplet deposition onto an exposed
person in front, over a short distance and the effect of PV flow are still unknown. Therefore,

besides the effect of PV flow on the inhalation, it is essential to investigate whether reducing the



droplet deposition by PV flow on the exposed person during close contact with the infected person

1s an additional function of PV flow.

Thus, the objectives of this work were to investigate the short-range bioaerosol deposition
and inhalation of a healthy person who was exposed to cough droplets over a short distance, and
the effect of PV flow on the deposition and inhalation of bioaerosol. Benign Escherichia coli was
used to represent the pathogen inside the expiratory droplets. Bioaerosol was released by a cough

generator and the deposition and inhalation were assessed by a cultivation method.

2 Experimental Instruments and Methods

2.1 Bioaerosol Generation

In this work, simulated saliva solution was made by dissolution of 76 g of glycerin and 12 g
of salt (NaCl) in 1 liter of sterilized distilled water according to the non-volatile content in the
respiratory fluid (Sze To et al. 2009). Benign E. coli (ATCC 11303), with a safety level of one,
was used to represent the respiratory microorganisms (Kunkel et al. 2017; Leung et al. 2013). The
nutritious solution used for the growth of E. coli was composed of 30 g of Tryptone Soya Broth
(TSB) powder and 1 L of distilled water and was sterilized at 121 °C for 20 min in an autoclave.
A colony forming unit (CFU) of E. coli obtained by the streak plate method was transferred to the
nutritious solution and an incubator was used to cultivate the E. coli in the nutritious solution at
37 °C for around 24 h. Then, a centrifuge was used to separate the E. coli from the solution, after

which, the E. coli pellet was resuspended in the simulated saliva solution by vibration. The initial
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concentration of the E. coli was prepared between 1 x 106 and 2 x 109 CFU/mL by serial dilution

(Nicas and Best 2008; Nicas and Sun 2006).

A custom-built cough generator with an atomization nozzle was used to generate the cough
droplets using the prepared saliva solution with E. coli. The size distribution of generated droplets
was similar to those exhaled by people. The detailed description of the cough generator can be
found in our previous work (Sze To et al. 2009). The release rate of the solution was 0.075 ml/s
and the flow rate of compressed air for atomization was 308 ml/s for a cough activity. The air-
atomizing nozzle of the cough generator was positioned at the mouth of a thermal manikin, which
was labelled as the infected person (IP). The aerosolized droplets were released horizontally to

simulate a cough activity.

2.2 Experimental Setup

The experiment was performed in a chamber of 4.0 m (length) * 2.6 m (width) * 2.3 m
(height). During the experiment, the room temperature and relative humidity were maintained at
24 £ 1 °C and 65 £ 5%, respectively. A window-type air conditioner unit, widely used in Hong
Kong (Bojic, Yik, and Lo 2002; Lin and Deng 2006), was used to control the air temperature. The
air supply flow rate was 290 m3/h, which was measured by a capture hood (Model 8380, TSI,
USA) with a resolution of 1 m3/h. Two identical seated male-shaped thermal manikins, with a
height of 1.4 m and a heat release rate of 70 W for moderate office work (ASHRAE 2009), were
used to simulate the IP and the healthy person (HP) who was exposed to cough droplets from the
IP, as shown in Fig. 1. The clothing insulation for each thermal manikin was around 0.46 clo. The

two thermal manikins were placed in a face-to-face situation and the distance between the HP and



IP was 0.5 m, 0.8 m, and 1.2 m. The situation was used to represent a case of a relatively short
distance between two people during close contact. Such cases might occur when two people have
face-to-face conversations, such as, people in an office, public transport (e.g. buses or trains) or

during doctor-patient interaction in a hospital.

The nozzle of the cough generator positioned at the mouth of the IP manikin was used to
simulate coughing. The HP thermal manikin was seated on a chair in front of a desk, where a PV
terminal with a honeycomb flow straightener was placed facing the HP. The diameter of the PV
terminal was 0.108 m. The angle between PV terminal and the table was 75°. The distance between
the PV terminal and the mouth of the HP was 0.4 m, as shown in Fig. 1 (a). The PV system was
connected to another chamber so that fresh air was supplied from the PV directly to the HP. The

exhaust was only operated when PV was used.

The experiment was performed under different PV velocities and different distances between
the IP and the HP (0.5 m, 0.8 m, and 1.2 m). An anemometer (Swema 03, Sweden) with velocity
measuring range of 0.05-3.0 m/s and an accuracy error of + 3% was used to measure the flow
velocity around the HP’s inhalation zone. At each distance, three PV velocities of 0.75 m/s, 1.2
m/s, and 1.6 m/s, measured around the inhalation zone of the HP, were investigated. The
corresponding flow rate of PV was 10 L/s, 16 L/s and 23 L/s, respectively. During each distance,

the performance of PV airflow with three different velocities was compared.

Three coughing activities were generated lasting for one second with an interval of 30 seconds
in the experiment. Both of the bioaerosol deposition and inhalation by the HP were measured.
Control cases were conducted without turning on the PV. Each measurement was repeated three

or four times. After each measurement, two ultraviolet light ozone generators were activated for
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30 minutes for sterilization. Then, sufficient time was given for ventilation to clean the chamber

before the next measurement.

Figure 1

2.3 Measurement of Bioaerosol Deposition on the HP Manikin

Deposition of bioaerosol was measured on the HP’s face and body parts. A 3-D silicone mask
with a plastic support (Xuanhui trading company, Guangzhou, China) was used to cover the HP’s
face before the experiment, as shown in Fig. 2. The face was divided into three areas: forehead,
cheek and chin. The measurement on the body parts of the HP included chest, back and shoulder.
For these measurements, square pieces of silicone sheets (4 cm * 4 cm) were used for sampling.
Silicone sheets were positioned on the chest (12 pieces), back (15 pieces) and shoulders (8 pieces)
of the HP before the experiment (Fig. 2(b)). The silicone mask and silicone sheets made from the
same material were used to eliminate the effect of surface properties on the deposition and
survivability of the microorganisms. After the experiment, the silicone mask was cut into
corresponding parts, all silicone sheets on every body parts were removed from the HP, and they
were sealed into separate bottles with 50 ml of saline solution. The bottles were shaken by hands
for five minutes in order to disperse the deposited bioaerosol into the saline solution. The
concentration of E. coli bacteria from each part of the body and face was determined by the

cultivation method at 37 °C for 24 h in the incubator, based on colony-forming unit (CFU).

Figure 2

The deposition density on each part was calculated using the following equation (1):



(Number deposition)sampiing

(1)

Deposition density =
Asampling

where Aggmping (cm?) was the surface area of the silicone sheets for sampling on each
individual parts of the HP. The (Number deposition)sumping (CFU) was the total number of

deposited viable E. coli on the silicone sheets of each part. The unit of the Deposition density was

CFU/cm?.

The number deposition of E. coli on the HP’s body surfaces was determined by the product
of deposition density and total area of each part via equation (2):

Number deposition = Deposition density X Apgr ()
where A4, (cm?) was the surface area of chest (770 cm?), back (1575 cm?) and shoulder (512 cm?)
on the thermal manikin (the HP). The number deposition (CFU) on the face was equal to the
(number deposition)samping caused by the cough activities. The term ‘number deposition’ means
the number of deposited viable bacteria on each part. In the following, the term of ‘deposition’

was used to represent the ‘number deposition’.

2.4 Measurement of Inhalation of Bioaerosol

A biosampler (SKC, Eighty Four, PA, USA) was used to measure the inhalation of bioaerosol
of the HP in the inhalation zone, as shown in Fig. 3(a). The biosampler was connected to the HP’s
mouth through a short metal tube. Airborne pathogen-laden droplets were trapped by the
biosampler by swirling liquid. The standard sampling flow rate of 12.5 L/min was used to simulate
the inhalation phase of human respiration (Tang et al. 2014). The average human breathing rate
from 9.90 L/min to 13.8 L/min was widely used (Olmedo et al. 2012; Liu et al. 2016;
Environmental Protection Agency 1997) to represent the breathing process in light activities. It

was reasonable to use the SKC biosampler to simulate the breathing process. There was 20 ml
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sterilized saline solution in the collection vessel to collect airborne droplets. The biosampler started
to operate 10 seconds ahead of the generation of cough droplets. The measurement time was 100
seconds, which covered the three coughing activities and allowed the concentration of cough
droplets in the inhalation zone to decay into the background concentration as checked by an optical
particle sizer (Model 3330, TSI, Shoreview, MN, USA). After the experiment, the collection vessel
was sealed by the Parafilm (Bemis). Then the cultivation method was used to acquire the

concentration of the viable bacteria in the solution and overall inhaled number of viable bacteria.

Figure 3

2.5 Velocity of Cough Air Jet

It has been found that during the release of coughing activities the cough droplets first
followed the exhaled air puff, then, large droplets gradually settled down due to gravity effect and
deposited on some surfaces, while small droplets remained suspended in the exhaled air, and then
dispersed in the environment (Pantelic et al. 2009; Sze To et al. 2009; Xie et al. 2007), so in order
to understand the droplet dynamics, it is important to measure the air velocity caused by the cough.
Since the solution release rate was much smaller than that of the compressed air in the cough
generator, in order to avoid the high concentration of droplets damaging the measuring instrument,
without loss of the accuracy, the saliva solution valve was closed during the measurement of the

velocity distribution around the HP. This cough release without solution was called cough air jet.

The velocity of cough air jet around the face, chest, and shoulder was measured by the
anemometer (Swema 03, Sweden) as shown in Fig. 3(b). For the velocity of the cough air jet at
the shoulder, the probe of the anemometer was placed vertical to the surface of the shoulders.

When the velocity on the face was measured, the probe was placed with the protection cage of the
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anemometer touching the mouth. The radius of the protection cage was 4.4 cm. For the chest, the
probe was positioned at the center of the sampling area with the protection cage touching the chest.
To measure the velocities caused by background ventilation around the HP (i.e. no cough air jet),

the probe was set at the same positions as before.

3 Results

3.1 Short-range bioaerosol exposure

The short-range bioaerosol deposition on the HP and inhalation by the HP were influenced
by distance effect (0.5 m, 0.8 m and 1.2 m). The effect of PV flow with three different velocities

(0.75 m/s, 1.2 m/s and 1.6 m/s) was also investigated in this study.

3.1.1 Short-range Bioaerosol Deposition on the HP

When PV was off, the velocity around the HP manikin caused by the background ventilation
was between 0.06 m/s to 0.1 m/s, as shown in Table 1. The total deposition of microorganism on
the HP’s face and body surfaces without PV were plotted in Fig 4(a). The average number and
standard deviation were calculated based on three repeated experiments. Increasing the distance
between the HP and the IP from 0.5 m to 0.8 m and 1.2 m reduced the total deposition on the HP

from 5.1x10% to 1.9x10% and 7.6x103 CFU, respectively.

When the HP was located at a distance of 0.5 m from the IP, the number of deposition on the
HP’s face (including forehead, cheek and chin) was 4.6 times as high as that on the body parts
(including chest, shoulder, and back), as shown in Fig. 4. For the individual parts of the HP, the
deposition on the shoulder, chin, cheek, and forehead was higher than that on the back and chest,

as shown in Fig. 5. The cough droplets containing bacteria had a high initial velocity around 11.7
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m/s. The air velocity from the cough, reaching the HP’s face, was around 1.61 m/s which was
much higher than the background velocity of 0.08 m/s (Table 1). It was suggested that most of the
cough droplets followed the cough air jet and directly impinged on the HP’s face because of the

high inertia, while some of the droplets settled on the body surfaces.

When the HP was moved farther away at a distance of 0.8 m from the IP, the deposition on
the forehead and cheek was reduced dramatically, while the deposition on the shoulder was
increased and it was higher than that on the forehead and cheek (Fig. 5). The deposition on the
HP’s body surfaces was 1.6 times as high as that on the face, as shown in Fig. 4. Since the velocity
caused by the cough air jet around the face, chest, and left/right shoulder are 0.93 m/s, 0.18 m/s
and 0.26/0.30 m/s, respectively, the reduced deposition and decayed velocity reflected the fact that
more large droplets did not follow the horizontal cough air jet because the trajectory of the large
droplets went downward, to some extent, due to gravity effect, and deposited on the area of the

HP’s chest.

When the HP was positioned at a distance of 1.2 m from the IP, the deposition on the HP’s
body surfaces was around 3.9 times higher than that on the face, as shown in Fig. 4. The cough
velocity caused by the cough air jet on the face, chest and left/right shoulder was around 0.46 m/s,
0.18 m/s, and 0.45/0.43 m/s, respectively (Table 1), which were further reduced by comparing
with the case at a distance of 0.8 m. The deposition on the HP’s body and face were also reduced
significantly. There are three possible reasons. First, as the cough jet travelled forward, it went
further downward and deposited on the lower part of the HP’s body surface. Second, the cough jet
became wider and dispersed over a larger area, resulting in a lower number density reaching the
HP. Third, the dispersed droplets were more easily influenced by air motion caused by background

ventilation so that some droplets were observed to be deposited on the back of the body.



Table 1

Figure 4

Figure 5

3.1.2 Inhalation of Bioaerosol by the HP

Fig. 6 shows the inhalation of bioaerosol by the HP at different distances from the IP. It was
found that the distance between the IP and HP was an important factor on the inhalation of
pathogen-laden droplets. Increasing the distance from 0.5 m to 0.8 m reduced the inhalation of
microorganisms from 54 CFU to 25 CFU, resulting in a reduction of 54%. Moreover, the number

of inhaled microorganisms was almost the same when the IP was at a distance of 0.8 m and 1.2 m.

Figure 6

3.2 Performance of PV

3.2.1 Bioaerosol Deposition on the HP with PV

In this section, the deposition of bioaerosol on the HP with the effect of PV is discussed.
Three PV velocities measured around the HP’s inhalation zone, 0.75 m/s, 1.2 m/s, and 1.6 m/s
were examined. By comparing with the cases without PV, it was found that the total number of
deposition influenced by PV flow was reduced by up to 63.7%, 51.7% and 57.1% respectively

when the HP was located at distances of 0.5 m, 0.8 m and 1.2 m from the IP, as shown in Fig. 7.

When the HP was located at a distance of 0.5 m from the IP, by comparing the case without
PV, the depositions on the HP’s face and body parts influenced by PV flow was reduced by up to
63% and 79%, respectively, as shown in Fig. 8(a). Fig. 9(a) shows that PV flow reduced the

deposition on almost all the individual parts. It was likely that when the cough flow and PV flow
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collided, the cough flow probably blown off PV flow. After a while, PV flow reestablished and
blew off the droplets or changed their trajectory (Pantelic, Tham, and Licina 2015). When the HP
was at a distance of 0.8 m from the IP, as shown in Fig. 8(b), the deposition on the face and body
surfaces under the PV flow was reduced by up to 39% and 69%, respectively. As shown in Fig.
9(b), the number of microorganisms deposited on most of the individual parts under PV flow was
lower than that without PV, except for the forehead, when the PV velocity was 1.6 m/s, the number
of deposition on the forehead was higher than that without using PV. Since the PV flow was
pointing upward in the current design, it is suspected that if the PV velocity is too high, it would
enhance the inertia impaction effect of the droplet deposition. When the HP was moved to a
distance of 1.2 m from the IP, the PV can still reduce the deposition on the body and face surfaces,
as shown in Fig. 8(c). Comparing with the case without PV, the reduction of deposition on the
body was between 60% and 55%, and the reduction on the face was between 18% and 47%. Fig.
9(c) indicates that PV flow also reduced the deposition on the back, chest, and shoulder

significantly.

In this work, the number of bacteria deposited on the HP’s face and body parts was reduced
by up to 98% and 85% respectively by considering the velocity of PV flow (0.75-1.6 m/s) with the
distance between the HP and IP (0.5-1.2 m). As mentioned before, it was found that, in some cases,
PV flow with a velocity of 1.6 m/s slightly increased the deposition on some of the individual parts
of the HP compared with that of PV flow with a lower velocity of 1.2 m/s. It indicates that an
optimal PV velocity should be sought for the best protection. But the velocity is also limited by
the user perspective, because a high velocity of PV airflow around the face may result in

discomfort and eye blink for the HP (Nan G. 2006).



Deposition on the body back was also observed and it indicated that airborne droplets from
coughing activities could be influenced by the air motion caused by background ventilation and
vortices created by the cough jet going around the face. Similar results were also found in the
previous research (Kunkel et al. 2017) where microorganism deposition was found at locations of
0.5 m, 3 m and 5 m from the release point in an apartment with a recirculating HVAC system.
However, when PV was used, the deposition on the body back was reduced in most cases, which

shows the effect of dilution provided by the PV flow.

Figure 7

Figure 8

Figure 9

3.2.2 Inhalation of bacteria by the HP with PV

Fig. 10 shows the inhalation of pathogen-laden droplets by the HP with PV flow at different
distances from the IP. The inhalation was decreased dramatically when the PV velocity increased
from 0.75 m/s to 1.6 m/s. Compared with the case without PV, the reduction of inhalation
influenced by PV was up to 83%, 94% and 100% when the IP was located at a distance of 0.5 m,
0.8 m, and 1.2 m, respectively. Especially, when the IP was located at a distance of 1.2 m from the

HP with PV at a velocity of 1.6 m/s, there was no inhaled microorganism detected by cultivation.

Figure 10
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4 Discussion

The present work investigated the short-range bioaerosol deposition and inhalation of the HP
exposed to cough droplets and the performance of PV flow on protection for the HP. Without PV,
large number of pathogens were found deposited on the face suggests that coughing from the IP
in a short distance poses a high threat on the HP. Apart from the direct spray on the mucous
membranes, e.g. eyes, nose and mouth, the deposited droplets on the face (except for mucous
membranes) and clothes are possibly touched by the hands of the person and then transferred to
the mucous membranes, resulting in an infection. Moreover, washed hands become dirty again by
unconsciously touching their bodies. The deposited pathogens on the body could contaminate
chairs and tables when people are working, possibly resulting in a surface touch network that
contaminates more places in the environment (Lei et al. 2017; Zhang, Li, and Huang 2018). Results
in this work suggest that coughing from the IP in a short distance poses a high threat on the HP.
The detail distributions of the deposited bioaerosol on different parts of the face and body found
in this work could help modelling the infection risk via the contact route. The current finding could
be integrated into the model of infection risk assessment, working as the initial bioaerosol

concentration in different touching positions.

This work demonstrates that PV not only effectively reduces inhalation of airborne droplets,
but also has the potential to decrease the bioaerosol deposition on the HP. During close contact,
conventionally, physical barriers, such as surgical masks, face shields or partitions, are the only
effective intervention methods to prevent pathogens depositing on the HP. The current finding

proposes to consider PV as one of the infection prevention strategies.



However, there are some limitations in this study. This work investigated two seated people
in face-to-face scenarios. When the coughing IP released the droplets, it was assumed that the IP
was stationary and in a fixed orientation with respect to the HP. It may deviate slightly from
realistic situations. During close contact, people would like to turn left, turn right, lower or raise
the heads from time to time which are not considered in this study (Zhang, Tang, and Li 2019).
Further studies have been conducting to investigate the IP with different head postures and at
different orientations during coughing activities. The measurement of bioaerosol deposition on the
body and face surfaces was performed on silicone samples and silicone masks in order to eliminate
the effect of surface properties on the survivability of the bacteria. In reality, people wear different
types of clothing and this will affect the deposition and survivability of the bacteria. The bioaerosol
deposition on the mucous membranes of the eyes, mouth, and nose was not considered separately
in this work. Future work has been performing to investigate the deposition on the mucous
membranes. The reduced bioaerosol deposition indicates that PV airflow has a potential to reduce
the droplet deposition. But the information about the diameter of reduced droplets is lacking. It is
necessary to investigate the dominant size range of the droplets, which is mainly affected by the
PV flow. The high velocity of PV airflow around the face may cause eye irritation or draught risk
for the PV users. Further studies are needed to investigate the suitable air velocity range for PV to
meet the requirement of thermal comfort and indoor air quality simultaneously. Moreover, the
supply flow rate corresponded to circulation rates of 12 per hour in the experimental design. This

kind of high supply flow rate is usually used in hospitals and clean rooms.

E. coli was used to represent the bacterial pathogens inside cough droplets, while some
infectious diseases are transmitted via virus laden aerosols. The study from Wang, Fu, and Chao

(2020) found that bacteria or viruses inside cough droplets did not affect the short-range bioaerosol
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deposition and distribution on the front surfaces. Thus, it was expected that the results of this work
based on bacterium E.coli could represent both the bacterium and virus laden droplet deposition
on front person. However, Kunkel et al. (2017) indicated that virus-laden airborne droplets had
different performance from the bacteria-laden airborne droplets in the bioaerosol transport in
indoor environments. Therefore, the impact of microorganisms on aerodynamics will be more
pronounced from short-range to long-range and future studies about the inhalation of virus-laden

droplets by the exposed persons are needed for a complete picture.

Conclusions

The present study investigated the short-range bioaerosol deposition and inhalation by the
HP, and the ability of PV flow to protect the HP, who was exposed to cough droplets from the IP
over a short distance between 0.5 m and 1.2 m. The key findings of this study are summarized as

follows:

1. The exhaled cough droplets can directly deposit on the healthy person’s face and body
when the IP is at distance of 0.5 m and 0.8 m. When the HP is at a distance of 1.2 m from
the IP, the number of deposited pathogens is significantly reduced. Increasing distance to
1.2 m results in a reduction of deposition and inhalation of up to 85% and 54% on the HP,

respectively, but the deposition is not low enough for 1.2m as a safe distance.

2. The deposition and inhalation can be substantially reduced by turning on the PV when the
IP is at close distance. Considering the optimized PV flow with the distance between the

HP and the IP, the maximum reduction in the number of deposition and inhalation of



pathogens is up to 94% and 100%, respectively. A larger PV flow performs better to
prevent the inhalation of airborne pathogen-laden droplets, but it is not the case for droplet
deposition, where an optimal PV flow velocity should be sought. PV airflow has the
potential to be a useful method to reduce the bioaerosol deposition on the healthy person

and inhalation by the healthy person simultaneously.

3. The current finding of bioaerosol deposition could be integrated into the model of
infection risk assessment, working as the initial bioaerosol concentration in different

touching positions.
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Figure 1. (a) Schematic diagram of the experimental setup in the chamber, (b) Air flows for the

background ventilation and the exhaust

Figure 2. Sampling measurements (a) at the HP’s face and (b) body surfaces

Figure 3. Schematic showing the measurements of (a) bioaerosol inhalation by SKC Biosampler

and (b) cough air jet velocity

Figure 4. Total number of bacteria deposited on the HP (the face and body surfaces) and number
of bacteria deposited on the HP’s face and body surfaces at different distances from the IP. The
average and standard deviation (error bar) of deposition from three repeated experiments were

reported in each histogram.

Figure 5. Number of bacteria deposited on individual parts of the HP’s face and body surfaces at
different distances from the IP. The average and standard deviation (error bar) of deposition from

three repeated experiments were reported in each histogram.

Figure 6. Inhalation of bacteria of the HP measured by SKC Biosampler at different distances from
the IP. The average and standard deviation (error bar) of deposition from three repeated

experiments were reported in each histogram.

Figure 7. Total number of bacteria deposited on the HP including face and body surfaces with and
without PV at different distances from the IP. The average and standard deviation (error bar) of

deposition from three repeated experiments were reported in each histogram.

Figure 8. Number of bacteria deposited on the HP’s face and body surfaces with and without PV
at a distance of (a) 0.5 m, (b) 0.8 m, and (c) 1.2 m from the IP. The average and standard deviation

(error bar) of deposition from three repeated experiments were reported in each histogram.



Figure 9. Number of bacteria deposited on individual parts of the HP’s face and body surfaces with
and without PV at a distance of (a) 0.5 m, (b) 0.8 m, and (c) 1.2 m from the IP. The average and
standard deviation (error bar) of deposition from three repeated experiments were reported in each

histogram.

Figure 10. Inhalation of bacteria of the HP with and without PV measured by SKC Biosampler at
different distances from the IP. The average and standard deviation (error bar) of deposition from

three repeated experiments were reported in each histogram.
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Table 1. The velocity of cough air around the face, chest, left shoulder and right
shoulder on the HP without PV when the IP was located at distances of 0.5 m (HP-
0.5m), 0.8 m (HP-0.8m) and 1.2 m (HP-1.2m). HP-background meant the average air

velocity around the HP manikin caused by background ventilation.

Face Chest Left Right shoulder Back
(m/s) (m/s) shoulder (m/s) (m/s)

(m/s)
HP-0.5 m 1.61 0.20 0.27 0.26 0.07
HP-0.8 m 0.93 0.18 0.26 0.30 0.08
HP-1.2 m 0.46 0.18 0.45 0.43 0.07

HP-background 0.08 0.06 0.10 0.09 0.07
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Figure 2. Sampling measurements (a) at the HP’s face and (b) body surfaces

149x61mm (300 x 300 DPI)



Page 33 of 49

Figure 2. Sampling measurements (a) at the HP’s face and (b) body surfaces
(Grayscale)
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Figure 4. Total number of bacteria deposited on the HP (the face and body surfaces) and number of bacteria
deposited on the HP’s face and body surfaces at different distances from the IP. The average and standard
deviation (error bar) of deposition from three repeated experiments were reported in each histogram.
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Figure 4. Total number of bacteria deposited on the HP (the face and body surfaces) and number of bacteria
deposited on the HP’s face and body surfaces at different distances from the IP. The average and standard
deviation (error bar) of deposition from three repeated experiments were reported in each histogram.
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Figure 5. Number of bacteria deposited on individual parts of the HP’s face and body surfaces at different
distances from the IP. The average and standard deviation (error bar) of deposition from three repeated
experiments were reported in each histogram.
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Figure 5. Number of bacteria deposited on individual parts of the HP’s face and body surfaces at different
distances from the IP. The average and standard deviation (error bar) of deposition from three repeated
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Figure 6. Inhalation of bacteria of the HP measured by SKC Biosampler at different distances from the IP.
The average and standard deviation (error bar) of deposition from three repeated experiments were
reported in each histogram.
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Figure 6. Inhalation of bacteria of the HP measured by SKC Biosampler at different distances from the IP.
The average and standard deviation (error bar) of deposition from three repeated experiments were
reported in each histogram.
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Figure 7. Total number of bacteria deposited on the HP including face and body surfaces with and without PV
at different distances from the IP. The average and standard deviation (error bar) of deposition from three
repeated experiments were reported in each histogram.
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Figure 7. Total number of bacteria deposited on the HP including face and body surfaces with and without PV
at different distances from the IP. The average and standard deviation (error bar) of deposition from three
repeated experiments were reported in each histogram.
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Figure 10. Inhalation of bacteria of the HP with and without PV measured by SKC Biosampler at different
distances from the IP. The average and standard deviation (error bar) of deposition from three repeated
experiments were reported in each histogram.
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