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Influence of face shields on exposures to respirable aerosol

Marion J. Woodfield, Rachael M. Jones

, and Darrah K. Sleeth

Department of Family and Preventive Medicine, Spencer Fox Eccles School of Medicine, University of Utah, Salt Lake City, Utah

ABSTRACT

The objective of this study was to determine the influence of face shields on the concentra-
tion of respirable aerosols in the breathing zone of the wearer. The experimental approach
involved the generation of poly-dispersed respirable test dust aerosol in a low-speed wind
tunnel over 15 min, with a downstream breathing mannequin. Aerosol concentrations were
measured in the breathing zone of the mannequin and at an upstream location using two
laser spectrophotometers that measured particle number concentration over the range
0.25-31 um. Three face shield designs were tested (A, B, and C) and were positioned on the
mannequin operated at a high and low breathing rate. Efficiency—the reduction in aerosol
concentration in the breathing zone—was calculated as a function of particle size and over-
all, for each face shield. Face shield A, a bucket hat with flexible shield, had the highest effi-
ciency, approximately 95%, while more traditional face shield designs had efficiency
53-78%, depending on face shield and breathing rate. Efficiency varied by particle size, but
the pattern differed among face shield designs. Face shields decreased the concentration of
respirable aerosols in the breathing zone when aerosols were carried perpendicular to the
face. Additional research is needed to understand the impact of face shield position relative
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to the source.

Introduction

In response to the pandemic of Coronavirus
Infectious Diseases 2019 (COVID-19), there has been
an increased interest in the use of face shields, face
coverings, and respirators to prevent the acquisition
of infection among workers and the general public.
Face shields exist in a variety of designs, but the basic
element is a clear, plastic barrier that covers the facial
area (Roberge 2016). Face shields are typically used to
protect the face from splashes and sprays, and per-
formance can vary with design (Roberge 2016).
During the COVID-19 pandemic, face shield use
increased among healthcare workers to reduce droplet
contamination and prolong use of surgical masks and
filtering facepiece respirators in the face of equipment
shortages (Perencevich et al. 2020). Face shields, how-
ever, may also influence the concentration of inhalable
aerosols in the breathing zone of the wearer, such as
generated by coughs. Lindsley et al. (2014) found that
a face shield worn by a breathing mannequin reduced
inhalation of aerosolized influenza virus by 96%
immediately after a simulated cough with volume
median diameter 8.5 um, but the effect diminished to

23% over 30 min owing to the ability of small particles
to by-pass the face shield; the face shield reduced sur-
face contamination of the respirator worn under the
face shield by 97%. Lindsley et al. (2021) and Pan
et al. (2021) both found that face shields were poor
source controls due to the ability of the exhaled air to
easily escape the wearer’s breathing zone. Pan et al.
(2021) also found that face shields did not provide
much protection for the wearer, with essentially no
blockage of aerosols <0.7 um; for particles >5pum
only 25% of particles were blocked from entering the
wearer breathing zone. In none of these studies have
face shields been tested as a receptor control with the
inclusion of simulated exhalation by the wearer, which
could conceivably influence the dispersion of particles
in the breathing zone.

The objective of this study was to measure the effi-
ciency with which face shields prevent respirable aero-
sols from entering the breathing zone of the wearer.
Three face shield designs were tested in a low-speed
wind tunnel, using a computer controlled breathing
mannequin and a standardized test dust. Efficiency
was defined as the percent reduction in particle
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Face shield A
Figure 1. Face shield models tested, shown on the breathing mannequin in the wind tunnel.

concentration measured at a reference location outside
the face shield, 81 cm upstream, to that in the breath-
ing zone of a breathing mannequin wearing the
face shield.

Methods

Face shields were tested in a low-speed wind tunnel
with dust aerosol, a system that has been well
described by Schmees et al. (2008). Briefly, laminar air
flows were generated at a velocity of 0.1 m/s, repre-
senting typical indoor air conditions, through an area
1.2m wide by 1.2m tall and 3 m long. Dust was aero-
solized by a Topas Solid Aerosol Generator (SAG 410,
Topas GmbH, Dresden, Germany), connected to an
aerosol injector wand and nozzle that moved vertically
and horizontally behind a grated section of the wind
tunnel to generate a uniform aerosol concentration.
The dust that was used was ISO Al Ultrafine Test
Dust (Powder Technology Inc, Arden Hills, MN),
which had a count median diameter of 4.1 um
(GSD = 2.6) and density of approximately 2.6 g/cm”.
A life-sized, breathing mannequin system (Thermetrics,
Seattle, WA) was used to simulate a person wearing a
face shield. The mannequin included a head, torso, and
shoulders attached to a breathing machine set to mouth
breathing minute volumes of 6 lpm and 20 Ipm to gen-
erate typical mixing conditions in the breathing zone.
The exhaled air was presumed to be particle free, which
assumes that the wearer of the face shield is not a
source of exposure.

Tests were performed with the mannequin station-
ary and facing upwind. A sampling inlet tube,
threaded through the mannequin and out of a nostril,
was attached to a GRIMM 1.109 Portable Laser
Aerosol Spectrometer (Aerosol Technik, Germany),
which measured particle number concentration
(#/0.1L) and physical diameter (31 size bins from

Face shield B

Face shield C

0.25-32um) every 6sec. This instrument measured
the concentration “inside” the face shield, i.e., in the
breathing zone. A second GRIMM was located 81 cm
upstream of the mannequin, at the same height as the
mannequin breathing zone, and reflected the back-
ground concentrations “outside” the face shield.

Three face shields—labeled A, B, and C—were
tested (Figure 1). Face shield A was a bucket hat
design with a flexible plastic face shield that wrapped
around the face and covered past the ears toward the
back of the head. Face shield B was worn around the
head with a plastic cross bar system. The headpiece
was adjustable and the hard plastic face shield
wrapped around the face ending approximately at the
ear. Face shield C was a thin, plastic face shield
attached to a foam pad for forehead comfort and an
elastic band that wrapped around the head. All three
face shields had shields that went past the chin, cover-
ing a portion of the neck.

The experimental design involved the two design
factors—face shield design (A-C) and breathing rate
(6 or 20 lpm). Triplicates for each experimental condi-
tion were performed sequentially, with additional sets
of triplicate sequential experiments performed on dif-
ferent days. Each condition was tested six or nine
times. Experiments involved 15min of aerosol gener-
ation, followed by 10 min of wind tunnel operation to
remove all aerosols from the airflow. Both GRIMM
instruments were sampling for the entire 15min of
aerosol generation, and it was assumed that approxi-
mately steady state conditions were present.

Quality control included: (1) a daily zero-check on
the GRIMM instruments before sampling began; (2)
the face shield was cleaned with a clean, damp cloth
and allowed to dry between tests; and (3) cleaning of
the wind tunnel at the end of each day with a vacuum
attached to a HEPA filter to prevent particle re-
entrainment. In addition, 16 control “location” tests
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Figure 2. Particle concentrations by particle diameter sampled in four randomly selected control location tests show that concen-
trations are higher at the “outside” location than at the “inside” location (e.g., nostril of the breathing mannequin). Note, axes are

truncated for visibility.

were performed across 8 days to quantify the loss of
aerosol owing to physical transport process between
the two GRIMM locations, if any occurred. In these
tests, the experiment was performed without a face
shield and the breathing mannequin turned off. Using
the location test data, a correction factor was calcu-
lated for each of the i = {1, 2, ..., 32} particle size
bins in each replicate, and then averaged over the j =
{1, 2, ..., 16} replicates:

fi= 23

=1 Eout,ij

Cinyij. 1)
where €, ;; and Couy,;; are the average particle concen-
trations measured in the mannequin breathing zone
(in this case without a face shield) and at the outside
location upstream of the mannequin, for each size
bin, respectively.

Efficiency of each face shield was defined as the
percent reduction in the breathing zone achieved by
the face shield. Efficiency denoted &; (%), was first
calculated for each of the j experimental replicates for
each of the i particle size bin as:

Cinij 1
gi=1— 12 L% =
Cout,ij

where variables are as previously defined. The overall
efficiency of a face shield in experimental replicate j
was calculated:

> X 100% (2)

1 n
& = Ezz‘:l &j (3)

Note that ¢; is not weighted by the relative number
of particles in each size bin as the size distribution
used in this study is not directly relevant to the size
distribution of infectious aerosols, such as those gen-
erated by cough.

Particle concentrations measured by the GRIMM
were downloaded to Microsoft Excel (Microsoft Inc.,

Redmond, WA), and this software was used to calcu-
late average particle concentrations during each
experimental trial. Statistical analyses were performed
using the R Project for Statistical Computing (R. Core
Team, Vienna, Austria). As the particle diameters
could not considered independent and the data exhib-
ited heterogenous variance, the method of nonpara-
metric analysis of longitudinal data in factorial
experiments with ANOVA statistics—an F2-LD-F1
design—was used to test effect of face shield design
and breathing rate on face shield efficiency for par-
ticles of different sizes (Brunner et al. 2002; Noguchi
et al. 2012). Overall efficiency was summarized by
mean and standard deviation.

Results

The particle concentrations by particle diameter
sampled in selected control location tests are shown
in Figure 2. The overlap of the experimental replicates
indicate that the test system yielded reproducible con-
ditions. Particle concentrations were higher at the ref-
erence sampling location “outside” the face shield
than at the location “inside” the face shield, indicating
that there is some particle loss between the two sam-
pling locations. Few particles with physical diameters
>5pum were measured at either location (Figure 2).
As a result, analysis for face shield performance was
limited to particles with physical diameters <5um
(equivalent aerodynamic diameter of ~8 pum).

Figure 3 shows the correction factors calculated for
each particle size bin based on 16 location tests. The
horizontal red line in Figure 3 denotes f; = 1, where
values below this line mean that the particle concen-
tration was smaller at the breathing mannequin than
at the reference location (81 cm upwind). Particle loss
over this distance was more significant for particles
with diameter >3 um than for smaller particles.
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Figure 3. Correction factors from location control tests (n=16) by particle size bin, f. Red horizontal line shows f; = 1.

Table 1. Summary of overall face shield efficiency, ¢, for high

Table 2. ANOVA result for the face shield efficiency.

and low breathing rates considering particles with diam- Variable df Statistic p-Value
eter 0.25-5.0 um. Face Shield Design 2 55.85 <0.001
Efficiency, & (%) Breathing Rate 1 452 0.003
Breathing —_— Particle Size Bin 1.5 25.07 <0.001
Face shield Rate (Ipm) No. Replicates Mean Std. Dev Rate:Design 1.7 1.05 0.340
A 6 6 95.1 3.25 Design:Bin 2.50 3.48 0.022
20 6 94.8 1.10 Rate:Bin 1.50 3.54 0.042
B 6 9 60.5 115 Rate:Design:Bin 248 1.64 0.187
20 6 53.1 10.4
C 6 6 78.0 9.79
20 6 65.1 16.4 close fit of the shield to the mannequin face, not due

to the design that integrated the face shield into the

The mean efficiency for each face shield and
breathing rate is shown in Table 1. Overall efficiency
was highest for face shield A, followed by face shields
C and B, respectively. The ANOVA results are shown
in Table 2. The three-way interaction term was not
statistically significant (p=0.187). Two of the two-
way interaction terms were statistically significant
(p <0.05) indicating that efficiency varied between
particle sizes among the face shield designs and with
breathing rate. These patterns are graphically dis-
played in Figure 4, which shows corrected efficiency.
The efficiency varied somewhat with particle size for
each face shield and breathing rate, but this effect was
small compared to other experimental factors. The
effect of breathing rate was larger for face shields B
and C than for face shield A.

sized mannequin head.

bucket hat, as the hat was child-sized but on an adult-

In this study, overall efficiency varied between face
shield design and breathing rate over the range of
approximately 53-95% (Table 1). The overall effi-
ciency observed in this study is not inconsistent with
the findings of others. Wendling et al. (2021) found
that a face shield (similar in coverage to face shield B)
reduced the concentration of respirable water particles
emitted at approximately 5m/sec in the breathing
zone of a mannequin by 55%, where the effect
increased with increasing particle diameters over the
range of 0.5-10 um. Ronen et al. (2021) found a face
shield reduced the concentration of respirable sodium
chloride particles emitted in a jet toward a breathing
mannequin (21 Ipm) by more than 90%. Lindsley

et al. (2014) found that a face shield reduced the

Discussion

The objective of this study was to evaluate the effi-
ciency of face shields at preventing respirable aerosol
from entering the breathing zone of the wearer. Three
face shield designs were tested, with face shield A hav-
ing consistently better performance than B and C
(Figure 4, Table 1). An efficiency of 95%, such as
achieved by face shield A, means that 95% of particles
moving toward the face shield at a low wind speed do
not enter the breathing zone of the wearer. Some of
the performance of face shield A is likely due to the

Ipm and 32 lpm, respectively).

inhalation exposure to influenza viruses by 96%
immediately after a simulated cough, but over 30 min
the exposure reduction was only 26%. To our know-
ledge, other published studies have not explored the
influence of breathing rate, and the high breathing
rate used in this study was similar to that used by
Ronen et al. (2021), but lower than that used by
Lindsley et al. (2014) (20 lpm in this study versus 21

A limitation of this study was that the face shields
were challenged with respirable aerosols delivered
from the front, in a laminar airflow, and performance
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Figure 4. Corrected efficiency of face shields by face shield design (A, B, and C), breathing rate (6 and 20 Ipm) and particle phys-

ical diameter (0.25-5.0 um).

may vary with orientation of the face shield and head
relative to the source. Ronen et al. (2021) found that
the blocking efficacy of face shields challenged with a jet
(5m/sec) of water droplets (>3 um) from the side, or
shifted up or down 30 cm relative to the face shield was
lower than when challenged from the front, 30-95%
compared to nearly 100%. In a slightly different test sys-
tem, Ronen et al. (2021) also found that the particle
concentration behind the face shield was lower with an
“extended” face shield design than with a standard
design when challenged from the side. The wind tunnel
system used herein, however, distributes the aerosols
across the cross-section of the wind tunnel, and not as a
“jet”, such that aerosol passing by the sides of the face
shield over the 15-min duration of the experiment could
be entrained by the breathing mannequin.

The effect of breathing rate on the efficiency of
face shields (Figure 4; Table 1) suggests that this may
be an important factor to consider in future work.
Several recent studies (Lindsley et al. 2021; Pan et al.
2021) have found that face shields were a very poor
source control, with simulated coughs easily escaping
out of the face shield of the wearer. The results here
show that higher breathing rates typically resulted in
lower efficiency for some face shield designs. On one
hand, the exhalation jet (i.e., a directed bolus of air
that pushes contamination away from the breathing
zone) may be a primary means by which a face shield
might provide some protection for the wearer, but
high exhalation rates could be associated with more
turbulent air around the face shield that could also
entrain particles into the wearer breathing zone. This
dynamic environment suggests that face shields may
be inconsistent in their ability to protect the wearer.

The overall efficiency of face shields measured in
this study may not equate to their real-world perform-
ance. First, given that the efficiency of the face shields
varied to some extent by particle size (Figure 3), face
shield performance may be higher or lower in the
real-world, depending upon the characteristics of
the infectious aerosol encountered relative to those of
the test dust. Second, the face shield and breathing
mannequin was oriented forward into the airflow, and
may underestimate the efficiency of the face shield
when it is not parallel to the emitted infectious aero-
sol. The long duration of the experiments in this
study and the inclusion of an exhalation jet enables
this study to capture the ability of face shields to
block respirable aerosols that may be entrained to the
face shield over time, an effect that meaningfully
reduced the efficiency of face shields in the experi-
ments of Lindsley et al. (2014).

The designs of face shields evaluated herein, and in
other studies (Lindsley et al. 2014; Ronen et al. 2021;
Wendling et al. 2021) are relatively similar, but design
variations may improve performance. For example,
using computational fluid dynamics, Akagi et al. (2021)
demonstrated that changing the shapes at the edge of
the face shield (e.g., addition of a bridge or deflector)
can limit airflow into the breathing zone behind the face
shield. And, extended face shield designs that have
increased coverage of the size of the face can reduce
droplet penetration (Ronen et al. 2021).

Face shields are known to prevent droplet spray
onto the face (Roberge 2016), and this study contrib-
utes to the knowledge base as to their impact on
inhalation exposures. Though face shields may reduce

the concentration of respirable particles in the
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breathing zone of the wearer by as much as 95%,
depending upon design (Table 1), they are not a
replacement for respiratory protection when there is
concern about airborne or aerosol transmission of
infectious diseases, or exposure to other inhalable air-
borne contaminants. While this study was one of few
to compare multiple face shield designs in the same
test system, knowledge gaps persist about the impact
of face shield design, orientation, and aerosol size on
performance. While these dimensions can be explored
through experimental work, human subjects should
begin to be incorporated into this research so as to
increase realism.

Conclusions

Face shields were 53-95% efficient at reducing the
concentration of respirable particles in the breathing
zone of a breathing mannequin receptor in the test
system, with efficiency varying by face shield design,
particle size, and mannequin breathing rate. Despite
the high efficiency of face shield A, face shields are
not a substitute for respiratory protection. Future
research should explore the impact of face shield
design—particularly with modifications at the edges to
reduce air entrainment—and orientation on face
shield efficiency, including evaluations on actual
human subjects.
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