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• Facemasks and face coverings aremain-
stay non-pharmaceutical interventions
(NPIs) to help prevent COVID-19.

• Random controlled trials will inform ef-
ficacy of relative risk (RR) for single and
combined use of NPIs.

• Mathematical modelling will inform ef-
ficacy of NPIs to address COVID-19 risk
multipliers.

• Surge in new face mask design, func-
tionality and material innovation re-
flects need for sustainable PPE.

• Other RR factors include emerging win-
ter conditions, religious and cultural
events that also challenge NPIs.
⁎ Corresponding author at: Department of Nursing and
E-mail address: nrowan@ait.ie (N.J. Rowan).

https://doi.org/10.1016/j.scitotenv.2021.145530
0048-9697/© 2021 The Author(s). Published by Elsevie
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 12 October 2020
Received in revised form 25 January 2021
Accepted 26 January 2021
Available online 1 February 2021

Editor: Damia Barcelo

Keywords:
COVID-19
Face masks
Face coverings
Best-published evidence supports the combined use of vaccines with non-pharmaceutical interventions (NPIs),
to reduce the relative risk of contracting severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) that
causes COVID-19; thiswill enable a safe transition to achieving herd immunity. Albeit complex, the strategic pub-
lic health goal is to bundle NPIs to keep the basic reproduction number R0 below one. However, validation of
these NPIs is conducted using random clinical trials, which is challenging in a swiftly moving pandemic given
the need for recruiting large participant cohort over a longitudinal analysis period. This review highlights emerg-
ing innovations for potentially improving the design, functionality and improved waste management of dispos-
able face masks such as filtering facepiece (FFPs) respirators, medical masks, and reusable face coverings to help
prevent COVID-19. It describes use of different mathematical models under varying scenarios to inform efficacy
of single and combined use of NPIs as important counter-measures to break the cycle of COVID-19 infection in-
cluding new SARS-CoV-2 variants. Demand for face masks during COVID-19 pandemic keeps increasing,
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Non-pharmaceutical interventions
Relative risk modelling
Sustainability
especially for FFPs worn by medical workers. Collaborative and well-conducted randomised controlled trials
across borders are required to generate robust data to inform common and consistent policies for COVID-19
and future pandemic planning andmanagement; however, current use of systematic reviews of best available ev-
idence can be considered to guide interim policies.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

At the time of writing (8th December 2020), there has been,
68,225,313, cases of coronavirus disease (COVID-19) reported world-
wide, including 1,556,877 deaths (European Centre for Disease Preven-
tion and Control, 2020). COVID-19 pandemic has imposed
unprecedented challenges to healthcare systems (Chowdhury et al.,
2020), where this respiratory-virus has spread to local communities
globally. COVID-19 is primarily a respiratory disease and the spectrum
of infection with this virus can range from very mild, non-respiratory
symptoms to severe acute respiratory illness, sepsis with organ dys-
function and death (WHO, 2020a). Some people infected have reported
no symptoms (WHO, 2020a). There is currently a 7-day average of
204,574 new cases of severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) in the United States (Johns Hopkins University, 2020),
which is the highest affected country for COVID-19. Several of these af-
fected countries are experiencing peak infections rates, such as the
United States, Russia and Turkey (Table 1). The occurrence of third
waves of COVID-19 infection that affects greater numbers of people is
common for many countries globally, which puts added pressure on
deploying appropriate disease-prevention counter-measures.

Many countries are appealing for greater compliance with increased
and correct wearing of face masks, maintaining social distancing,
adopting hand hygiene, use of personal and protective equipment
(PPE), along with detection testing and contact tracing that are also re-
ferred to as ‘non-pharmaceutical interventions’ (NPIs) (Rowan and
Laffey, 2020a). The combined use of complementary NPIs are deployed
to helpflatten the curve of COVID-19 infections so as to particularly pro-
tect to our frontline healthcare workers (HCWs) and the most vulnera-
ble in society (Rowan and Laffey, 2020a). For example, the WHO
(2020a) stated “use of a mask alone is insufficient to provide an ade-
quate level of protection, and other measures should be adopted”. The
WHO (2020a) advises that each country apply their own risk based-
approachwhen recommending different increasing tiers of NPIs includ-
ing restrictive lockdowns, which also inflicts significant economic hard-
ship on societies (Rowan and Galanakis, 2020). The emergence of
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COVID-19-related “behavioural fatigue” or “adherence fatigue” associ-
ated with sustained societal compliance with NPIs brings added public
health pressures. Michie et al. (2020) described a Google search for
“pandemic fatigue” that resulted in approximately 200 million hits,
with articles on the first page with titles such as “10 reasons why pan-
demic fatigue could threaten global health”, and “Europe experiencing
pandemic fatigue”.

Precisely how coronavirus spreads between susceptible individuals
remains a matter of debate, but transmission of this respiratory virus
may be through contact, droplet, or airborne spread (Asadi et al.
2020). “Direct” modes indicate person-to-person transmission such as
via contaminated hands, or indirectly via fomites, which are inanimate
or non-living objects or materials (i.e. transfer via a contaminated
door handle through touch). If we touch a contaminated surface, we
may then potentially transfer the virus onto the face mask if adjusting
it, and may then directly inoculate the virus onto mucosal surfaces
such as through the touching of the nose or eyes (Wibisono et al.,
2020). Droplet and airborne spread occur through the air through
sneezing, coughing, singing, talking and exhaling (Chua et al., 2020). It
is appreciated that particles larger than 5 μm may fall to the ground
within 1m.However, a “gas cloud” theory has been proposedwhere ag-
gregated mucosalivary droplets from these different exhalation activi-
ties can form a cloud, and potentially be expelled up to 7 to 8 m in
combination with environmental factors (Bourouiba, 2020: Dbouk and
Drikakis, 2020a, b). Uncertainty surrounding the modes by which
these respiratory viruses transmit among humans under varying condi-
tions hinders evaluation of the efficacy of NPIs designed to prevent their
spread (Milton et al., 2013; Perencevich et al., 2020).

The first COVID-19 vaccine, manufactured by Pfizer-BioNTech, was
administered in the UK today (Diaz, 2020). Priority emphasis has been
placed on protecting the most vulnerable to reduce illness and death.
While Phase 3 clinical trial data highlights both safety and 95% efficacy
for this vaccine, it will take time to observe if it prevents COVID-19
transmission and creates broad herd immunity in communities. Thus,
despite this positive news, there will remain a strong reliance on the
combined use of NPIs to prevent COVID-19 transmission. The Republic

http://creativecommons.org/licenses/by/4.0/


Table 1
Daily confirmed new cases of COVID-19 (7-day moving average)— outbreak evolution for the current 10 most affected countries (08/12/2020).

Country Population 7-day mean average
(K−1) for COVID-19

Highest 7-day mean
average (K−1) for
COVID-19

Total number of
COVID-19 cases

Total number of
COVID-19 deaths

Trend direction of
COVID-19 cases in
country

Days since first case of
COVID-19 reported

United States⁎ 331,002,651 204.574 204.574 14,949,299 283,703 ⇑ Up 320
Brazil 212,559,417 39.521 55.891 6,623,911 177,317 ⇓ Down 285
India 1,380,004,385 36.001 96,735 9,703,770 140,958 ⇓ Down 312
Turkey⁎ 84,339,067 32.736 32.736 860,432 15,103 ⇑ Up 271
Russia⁎ 145,934,462 28.701 27.701 2,466,961 43,122 ⇑ Up 311
Italy 60,461,826 20.709 37.977 1,742,557 60,606 ⇓ Down 311
United Kingdom 67,886,011 17.370 26.870 1,754,911 62,130 ⇓ Down 311
Germany 83,783,942 15.971 22.820 1,229,269 20,002 ⇓ Down 315
Ukraine 43,732,762 11.928 14.167 843,898 14,208 ⇓ Down 279
Iran 83,992,949 11.56 13.961 1,051,374 50,594 ⇓ Down 292

Data accessed from Johns Hopkins University on 8th December, 2020 (https://www.coronavirus.jhu.edu/data/new-cases).
⁎ Countries currently experiences peak number of cases of COVID-19.
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of Ireland hasmanaged to curtail twowaves of COVID-19 through effec-
tive implementation of these NPIs, alongwith enforcing two lockdowns
(Government of Ireland, 2020); however, key challenges remain includ-
ing greater mingling of people due to the opening up of hospitality that
coincides with the festive Christmas holiday period. There is sustained
pressure on maintaining supply chains of vital personal and protective
equipment (PPE) to ensure that frontline healthcare workers, and the
most at risk populations are protected (Rowan and Laffey, 2020b;
Cook, 2020; Flaxman et al. 2020; Perencevich et al., 2020).

While there is priority emphasis on flattening COVID-19 infections
to enable effective roll out of vaccines, there is a commensurate urgency
to avoid economic chaos (Guan et al., 2020; Rowan and Laffey, 2020b).
Many countries have tried to lift NPIs that has increased the occurrences
and likelihood of disease resurgence (Chowdhury et al., 2020). Ensuring
continuity in the supply chain for vital personal and protective equip-
ment (PPE) has been a significant challenge that has been met, where
possible, by increased production of single-use plastic PPE along with
initiatives to safely address their reuse under emergency use authoriza-
tion (Rowan and Laffey, 2020b). Given the initial gap in knowledge on
specific efficacy of existing and emerging counter-measures to combat
COVID-19, there has been a commensurate surge of new publications
on PPE and other NPIs to meet these public health needs that also has
implications for sustainable waste management (Silva et al., 2020).
For example, recently research and systematic reviews on these topics
approximate 20,000 publications since the first reporting of COVID-19
(such as Silva et al., 2020; Derraik et al., 2020; Rowan and Laffey,
2020a; Rubio-Romero et al., 2020; Chu et al., 2020; Barceló, 2020).

“Face masks are physical barriers to respiratory droplets that may
enter themouth and nose and to the expulsion ofmucosalivary droplets
from infections individuals” (Chua et al., 2020). The classification of, and
technical standards for, different type of disposable masks available
according to their intended use, as defined by the European Centre for
Disease Prevention and Control (2020), has been comprehensively de-
scribed by Rubio-Romero et al. (2020). In brief, (a) filtering facepiece
(FFP) respirators are classified as PPE and are designed to protect the
wearer from exposure to airborne contaminants, such as N95-type res-
pirators; (b) medical face masks (also known as surgical or procedural
masks), are classified as a medical device that covers the mouth, nose
and chin ensuring a barrier that limits the transition of infective agent
between hospital staff and patients; and (c) other facemasks (also com-
monly known as non-medical, home-made cloth or barrier masks) in-
cludes various forms of self-made or commercial masks, or face
coverings, made of cloth or textiles that are not standardized and not
intended for use in healthcare settings (Rubio-Romero et al., 2020)
(Fig. 1). The effectiveness of these disposable FFP masks is different de-
pending on type and certification, which is established across 3 levels of
protection depending on leakage of all particles into the interior, either
through the adjustment of themask to the face, by the exhalation valve,
if any, or penetration through the filter that are 22%, 8% and 2% for FFP1,
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FFP2 and FFP3 respectively. The effectiveness of two types of medical
masks, namely surgical or procedural masks, is defined by bacterial fil-
tration efficiency, differential pressure (Pa/cm2), splash resistant pres-
sure (kPa) and microbial cleaning. Improvised non-medical face
coverings are intended for low-risk cases where the risk of infection
can be potentially increased due to humidity, liquid diffusion and
virus retention (European Centre for Disease Prevention and Control,
2020b).

Given the aforementioned, the purpose of this review is (1) to high-
light key developments surrounding sustainable use of disposable face
masks such as PPE, medical masks, and reusable face coverings; (2) to
review the role of face masks in the context of other NPIs in breaking
the cycle of COVID-19 infection, and; (3) to use relative risk assessment
and statistical modelling to inform efficacy of single, and combined NPIs
to prevent COVID-19 transmission with particular emphasis on differ-
ent face mask designs and functionality features. This review does not
address non-disposable filtering facepiece (FFP3) respirators.

2. Transmission and survival of SARS-CoV — breaking the chain of
infection

2.1. Characteristics of SARS-CoV-2 and survival of contact surfaces

SARS-CoV-2 is a Coronavirus, which is characterised as a positive
stranded RNA virus with an envelope containing glycoprotein spikes.
Coronaviruses are among the largest RNA viruses comprising a genome
of between 26 and 32 kb in size (Jin et al., 2020), and ranges from 60 to
140 nm in size (Chua et al., 2020). Therefore, “face masks and respira-
tors made of materials with larger pore sizes, such as cotton and syn-
thetic material, will not be able to effectively filter these viruses or
virus-laden droplets, as compared with those materials with much
smaller pore smaller pore sizes”. Additionally, face masks and respira-
tors made of, or coated with, water-resistant materials are more effec-
tive against large virus-laden respiratory droplets” (Chua et al., 2020).
Coronaviruses, such as SARS-CoV-2 comprise complex structural
enveloped viruses and it is this complexity that attributes to its sensitiv-
ity to popular disinfectants and biocides (Rowan and Laffey, 2020b;
Kampf et al., 2020; Van Doremalen et al., 2020). Researchers have re-
ported that the use of conventional disinfectants and biocides inactivate
SARS-CoV-2 by disrupting the lipid-containing viral envelope, the cap-
sid, and the genome (Dev Kumar et al., 2020). Indeed, compared to
that of naked viruses, enveloped viruses, such as SARS-CoV-2, are gener-
ally more sensitive to conventional disinfection strategies and at similar
dosages. Thus, in this case, the evolution of greater complexity at the
cost of vulnerability can be readily exploited in mitigation approaches
(Pinon and Vialette, 2018).

The emergence of SARS-CoV-2 variants in the UK (Volz et al., 2021)
and South Africa (WHO, 2020b) may influence viral transmissibility,
and possibility pathogenicity. However, it is unlikely that the multiple

https://www.coronavirus.jhu.edu/data/new-cases


Fig. 1.Examples of disposal facemasks and reusable cloth face covering: (a)KN95-typefiltering facepiecemask, (b)medical or proceduralmask, and (c)non-medical reusable cloth face covering.
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mutations observed in SARS-CoV-2 variants alternating outer surface
spike proteins will impact on efficacy of commonly-used disinfection,
or penetrating face masks, given that these mutations lead to minor
morphological changes to what is still a large enveloped coronavirus
from a destructive or preventative perspective. However, an evaluation
of variant analysis of SARS-CoV-2 to ensure efficacy of NPIs are merited
in order to comprehensively establish same (Koyama et al., 2020). Pre-
vious studies have highlighted the importance of the outer lipid mem-
brane in rendering enveloped viruses more susceptible to naked
viruses when using disinfectants (Rotter, 2001; Figueroa et al., 2017;
Kampf, 2018; Blázquez et al., 2019). WHO (2020b) noted that previous
reports of the D614G mutation, and the recent reports of virus variants
from the Kingdomof Denmark, the United Kingdomof Great Britain and
Northern Ireland, and the Republic of South Africa have raised interest
and concern in the impact of viral changes. Moreover, the WHO
(2020b) stated “Over a period of several months, the D614G mutation
replaced the initial SARS-CoV-2 strain identified in China and by June
2020 became the dominant form of the virus circulating globally. Stud-
ies in human respiratory cells and in animal models demonstrated that
compared to the initial virus strain, the strain with the D614G substitu-
tion has increased infectivity and transmission. The SARS-CoV-2 virus
with the D614G substitution does not cause more severe illness or alter
the effectiveness of existing laboratory diagnostics, therapeutics, vac-
cines, or public health preventive measures”. Given greater transmissi-
bility of SARS-CoV-2 variants, there is likely to be enhanced pressure
on supply chain for personal and protective equipment such as filtering
face-piece respiratory (FFR) masks, and stricter adherence to NPIs.

Current evidence shows that disinfectants, such as use of 70% (v/v) al-
cohol, are effective for hand sanitation and for fomite disinfection (Dev
Kumar et al., 2020; VanDoremalen et al., 2020; Kampf et al., 2020).More-
over, several authors are reported on the viability of SARS-CoV-1 and
SARS-CoV-2 on different surfaces, such as printed paper, tissue, wood,
glass, banknotes, plastic, stainless steel, surgical masks layers under a va-
riety of temperature and relative humidity (RH) conditions (Pagat et al.,
2007; Behzadinasab et al., 2020; Chan et al., 2020; Derraik et al., 2020).

In general, SARS-CoV-2 is inactivated on surfaces within 4 days at
ambient room temperatures, depending upon the viral load and pres-
ence of organic matter or soiling. For example, Chin et al. (2020) used
4

medium tissue culture infective dose (TCID50) to report reductions of
≥4.5 log10 for SARS-CoV-2 at room temperature (22 °C, 65% RH) and
37 °C after 14 and 3 days respectively. However, Riddell et al. (2020)
measured the survival rates of SARS-CoV-2, suspended in a standard
ASTM E2197 matrix, and reported that using initial viral loads broadly
equivalent to the highest infectious patients, viable virus was isolated
for up to 28 days at 20 °C from common surfaces, such as glass, stainless
steel, and both paper and polymer banknotes. This highlights the impor-
tance of using handhygiene and surface disinfection and to avoid touch-
ing the outer layer of face masks during the COVID-19 pandemic.

Chin et al. (2020), and other (Chan et al., 2020) highlightedmuch lon-
ger persistence of SARS-CoV-2 on surfaces under colder or refrigeration
temperatures (4 °C), where the virus was only reduced by 0.7 to 2 log10
after 14 days. The soiling of face masks and coverings, such as potentially
touching the outer surfaces where fingers are coated with natural oils,
and possibly with SARS-CoV-2 if contaminated, may contribute to viral
persistence. For example, Kasloff et al. (2020) simulated typical infectious
body fluids of infective patients and showed that to achieve a 5 log10 re-
duction of SARS-CoV-2 at room temperature (20 °C), it took 14 days on
nitrile gloves, and survival up to 21 days on plastic face shields, N100 fil-
tering facepiece respirators (FFRs) andpolyethylene overalls. Some resid-
ual SARS-CoV-2 infectivity was evident from the artificially-inoculated
FFRs after 3 weeks. Chin et al. (2020), using non-soiling studies, reported
that SARS-CoV-2 exhibited residual infectivity on the inner and outer
layers of surgical masks after 7 days where there were ≥4.8 log10 and 3
log10 reductions in viral load respectively. Fischer et al. (2020) noted ≥4
log10 reduction (TCID50/mL) on SARS-CoV-2 inoculated N95 respirator
and stainless steel respirator disks after 24 h and 48 h respectively
when held at 21–23 °C, 40% RH. These observations may have implica-
tions for longer survival of SARS-CoV-2 when suspended in aerosols or
on contact fomite surfaces (such as face coverings), given the transition
to the colder winter season in the Northern hemisphere.

2.2. Breaking the chain of infection in the context of non-pharmaceutical
interventions (NPIs) to address COVID-19

Adopting key principles of conventional infection control prac-
tices has proven effective against COVID-19, namely, breaking the
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chains in the infection cycle in at risk settings including use of
non-pharmaceutical interventions (NPIs) (Fig. 2). In the context of
this infection cycle (Fig. 2), the “infectious agent” is the pathogen,
such as SARS-CoV-2, which causes diseases that can be influenced by
level of virus or load, transmissibility and virulence of viral variants.
The “Reservoir” includes places in the environmentwhere the pathogen
resides, such as people, contact surfaces (door handles, and medical
equipment (stethoscope, thermometer), where persistence can be in-
fluenced by presence of organic matter and environmental factors
(temperature, relative humidity). For example, Rowan (2019) reviewed
the disruptive potential of pulsed light technology to disinfect contam-
inated surfaces in healthcare to prevent disease transmission. “Portal of
exit” is the way the infectious agent leaves the reservoir, such as
through open aerosols, and splatter of body fluids including coughing,
sneezing, and saliva (WHO, 2020a). “Mode of transmission” is the
means by which the infectious agent can be passed on, such as through
direct or indirect contact or by inhalation (WHO, 2020a). There is also
the possibility of transmission from people who are infected and the
shedding virus, but have not yet developed symptoms; this is called
pre-symptomatic transmission (Arons et al., 2020). Lee et al. (2020)
quantitatively evaluated SARS-CoV-2 molecular shedding among 303
patients in a community treatment centre in Cheonan, Republic of
Korea; of those initially considered asymptomatic, 89 (about 30%)
remained healthy throughout the study. Twenty-one others went on
to develop symptoms of the virus. The incubation period for COVID-
19, which is the time between exposure to the virus and symptom
onset, is on average 5–6 days, but can be as long as 14 days (WHO,
2020a). “Portal of entry” is the way the infectious agent can enter a
new host, such as, the respiratory tract, mucousmembranes or contam-
inated personal and protective equipment (PPE) (WHO, 2020a).
Fig. 2. Breaking the chain of COVID-19 infe
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“Susceptible host” can be any person, but the most vulnerable are
those who are immune-suppressed or have comorbidities or an aging
immune system (elderly) (WHO, 2020a; Murphy et al., 2020). Fig. 2
highlights the important role of NPIs, (such as PPE, face coverings), in
breaking multiple inter-connected links in the infection cycle that will
prevent COVID-19 transmission.

The main modes of SARS-CoV-2 transmission is through suspension
in virus-laden aerosols or droplets that are typically liberated through
the nose and mouth of infected spreaders. Airborne spread occurs
with pathogens found in exhaled droplets <5 μm in diameter (Chua
et al., 2020); where it is generally thought that SARS-CoV-2 can be
transmitted in exhaled particles smaller or larger than 5 μm (Leung
et al., 2020). A greater risk of SARS-CoV-2 transmission is appreciated
through talking, singing, coughing and sneezing where the aerosolised
virus can remain airborne due to low sedimentation velocity; thus,
highlighting the importance of maintaining a 2m (6.6 ft) social distanc-
ing and the wearing of face masks (WHO, 2020a). The further the dis-
tance apart from an infected SARS-CoV-2 spreader, the lower the
relative risk of acquiring SARS-CoV-2, such as from airborne aerosols
and droplets. Using laser light scattering, Anfinrud et al. (2020) found
that there were average emissions of about 1000 droplet particles per
second speech, with high emission rates of up to 10,100 droplet parti-
cles per second. Stadnytsky et al. (2020) estimated that 1 min of loud
speaking generates greater than 1000 droplets containing virus; this
was calculated by fitting the time-dependent decrease in particle de-
tected to exponential decay. Chu et al. (2020) conducted a systematic
review and meta-analysis of 172 observational studies and found that
there is a 12.8% chance of contracting COVID-19 with physical distanc-
ing measures of less than 1 m, but this falls to just 2.6% with a distance
of 1 m or more. The WHO (2020a) stated that “Droplet transmission
ction: contributions of different NPIs.
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occurs when a person is in close contact (within 1 m) with an infected
person and exposure to potentially infective respiratory droplets occurs,
for example, through coughing, sneezing or very close personal contact
resulting in the inoculation of entry portals such as the mouth, nose or
conjunctivae (eyes)”. This emphasizes the challenges of mitigating
transmission of SARS-CoV-2 in the indoor environment as there is a
higher risk of viral exposure with the close congregation of potential
viral spreaders, and there is limited ability for air treatment or exchange.
Thus, improving behavioural change, such as avoiding complacency,
when using face masks and face coverings to ensure that both the
nose and mouth are kept covered will be beneficial (Rowan and
Laffey, 2020b).

SARS-CoV-2 is spread through infectious aerosols (Asadi et al. 2020).
Beldomenico (2020) also proposed that superspreaders play an impor-
tant role in the spread of SARS-CoV-2. The potential variance in individ-
uals to spread SARS-CoV-2 may also explain apparent differences
between studies that typically report on low secondary attack rates
with homes (11.2% in one Chinese study (Bi et al., 2020) and attack
rates in specific clusters of transmission, such as the Skagit County
choir where 87% of attendees were affected by one individual
(Hamner et al., 2020). Kenyon (2020) highlighted the complexity of
quantifying relative risk (RR) for susceptible individuals as there is in-
creasing evidence that a large proportion of SARS-CoV-2 transmissions
occur whilst the transmitters have low or no infection (Arons et al.,
2020). Thus, it is also increasingly recognised that asymptomatic in-
fected individuals, or symptomless spreaders, may also effectively
cross-infect other susceptible people with SARS-CoV-2 (Asadi et al.,
2020a,b; Arons et al., 2020), which supports the need for wearing of
face masks and improvised face coverings and to follow additional
nonpharmaceutical mitigation strategies. However, Perencevich et al.
(2020) highlighted that no studies have evaluated the effects or poten-
tial benefits of face shields on point source control (i.e., containing a
sneeze or cough), when worn by asymptomatic or symptomatic per-
sons. These authors also noted that major recommendations should be
evaluated using clinical studies, but it is unlikely that a randomised
trial has been conducted to verify efficacy due to restricted time associ-
atedwith fast moving pandemic conditions; thus, with the introduction
of new vaccines, many future randomised control studies that focus on
efficacy of NPIs may be retrospective in nature. The type and degree of
non-pharmaceutical strategies applied are influenced by the perceived
severity of the relative risk; for example, full PPE should be worn
in a high-at-risk healthcare setting, such as ICU (Rowan and
Laffey, 2020b). Whereas wearing improvised cloth face coverings,
hand-sanitation and social distancing are used for lower relative risk
community settings. However, the relative contribution of each
of these transmission modes remains uncertain, and variance in
viral, host, or environmental factor is likely to influence which
modality is favoured in different settings (Tellier et al., 2019;
Asadi et al., 2020b).

2.3. Aerosol and non-aerosol generating procedures: the role of facemask and
face covering including design, features, characteristics and maintenance

Medicalmasks should be certified according to international and na-
tional standards to ensure they offer predictable product performance
when used by HCWs, according to the risk and type of procedure in a
healthcare setting (WHO, 2020a; Rubio-Romero et al., 2020). “Defined
for single use, a medical masks' initial filtration (at least 95% droplet fil-
tration), breathability, and if required, fluid resistance are attributed to
the type (e.g. spunbond or meltblown), and layers of manufactured
non-woven materials (e.g. polypropylene, polyethylene or cellulose)”
(WHO, 2020a). Recent theories suggest that SARS-CoV-2 can also be
transmitted by attachment to particles or dust that have been from con-
taminated surfaces, which have been recently designated as “aerosol-
ized fomites” (Asadi et al., 2020a,b). This, if true, further strengthens
the importance of wearing face masks and coverings to prevent
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infection. The scientific community has been discussing whether the
COVID-19 virus, might also spread through aerosols in the absence of
aerosol generating procedures (AGPs) (WHO, 2020a). This is an area
or active research. It is noteworthy, that the presence of viral RNA is
not the same as replication- and infection competent (viable) virus
that could be transmissible and capable of sufficient inoculum to initiate
invasive infection. High quality research, including randomised trials in
multiple settings, are required to addressmany of the acknowledged re-
search gaps related to AGPs and airborne transmission of the COVID-19
virus (WHO, 2020a). The global spread of COVID-19 has substantially
increased thedemand for facemasksworldwide that has accelerated re-
search and innovation surrounding their efficacy (Rowan and Laffey,
2020a). In general, the term “facemask governs a broad range of protec-
tive equipment with a primary function of reducing the transmission of
particles or droplets” (Fischer et al., 2020). Fischer et al. (2020) tested 14
commonly available masks, or mask alternatives that included impro-
vised face coverings, using a simple yet cost-effective optical measure-
ment method to evaluate the efficacy of masks to reduce the
transmission of respiratory droplets during regular speech. Improve-
ments in preventing droplet transmission was evident using increased
layers of cotton-polypropylene and pleats compared to fitted N95,
while neck gaiters or bandanas offered very little protection. Fischer
et al. (2020) also observed a significant increase in relative droplet
count when the N95 respirator was fitted with a value.

TheWHO (2020a) have provided comprehensive guidance on use of
masks and improvised fabric face coverings in the context of the COVID-
19 pandemic. New guidance is provided on non-medical (also referred
to as “fabric”) mask features and characteristics, including choice of fab-
ric, number and combination of layers, shape, coating andmaintenance.
“Masks can be used either for protection of healthy persons (worn to
protect oneself when in contact with an infected individual) or for
source control (worn by an infected individual to prevent onward trans-
mission). However, the use of a mask alone is insufficient to provide an
adequate level of protection or source control, and other personal and
community level measures should also be adopted to suppress trans-
mission of respiratory viruses. Whether or not masks are used, compli-
ance with hand hygiene, physical distancing and other infection
prevention and control (IPC) measures are critical to prevent human-
to-human transmission of COVID-19” (WHO, 2020c). While non-
medical masks may be made from different combinations of fabrics,
layering and are available in diverse shapes; however, few of these com-
binations of fabrics andmaterials have been systematically reviewed for
filtration and breathability. A non-medical mask standard has been de-
veloped by the French Standardization Association (AFNOR, 2020) to
define minimum performance in terms of filtration (minimum 70%
solid particle filtration or droplet filtration), and breathability (maxi-
mumpressure difference of 0.6mbar/cm2 ormaximum inhalation resis-
tance of 2.4 mbar and maximum exhalation resistance of 3 mbar. It is
noted that the lower filtration and breathability standardized require-
ments and overall expected performances, should be considered for
source control (used by infected persons) in community settings, and
not for prevention. WHO (2020c) recommended that they can be used
ad-hoc for specific activities where social distancing cannot be main-
tained, and their use should be accompanied to hand hygiene and
physical distancing. Dbouk and Drikakis (2020a, b) described a com-
putational fluid dynamic model that takes into account turbulent
dispersion forces, droplet phase-change, evaporation, and breaking
up in addition to droplet-droplet and droplet-air interactions, mim-
icking reave events by using data that closely resemble coughing
(Table 2). The study showed that criteria employed for assessing
face mask performance requires modification to take into account
the penetration dynamics and airborne droplet transmission, the
fluid dynamics leakage around the filter, and reduction of efficiency
during cough cycles. The study proves that use of masks reduce air-
borne droplet transmission, and will protect the wearer from con-
taminated droplets; however, many droplets still spread around



Table 2
Published studies on new facemask design, functionality and sustainability factors to help address supply chain shortage and improvements inwastemanagements presented by ongoing
COVID-19 pandemic.

Innovations Main development(s) Citing reference(s)

Computational fluid dynamics for face mask filter
efficacy

Face mask filters – textile, surgical or respiratory – understanding of droplet dynamics
through and around a face mask filters resembling cough many – new criterion for
calculating mask efficiency to consider penetration dynamics proposed –masks do not
provide complete protection

Dbouk and Drikakis, 2020a,
2020b

Air dispersion distances through patient simulator Normal cough induces turbulent flow that spreads about 70 cm from the subject –
N95 mask prevented air leakage than surgical mask during coughing. But there
remains sideway leakage.

Hui et al., 2012

Forward jet of droplets and leakage around mask –
droplet transmission

Using the Schlieren optical method, it was shown that wearing a standard surgical
mask blocks the forward jet of droplets, but allows leakage around the top, bottom and
sides. N95 reduces the droplet leakage around mask edges during coughing – none of
the masks entirely prevented penetrating or escaping the mask – i.e., droplet
transmission.

Tang et al., 2009

Self-designed triple-layer cotton masks to suppress
respiratory droplet levels

Self-designed triple-layer cotton masks worn by respiratory infected person (influenza
and COVID-19 participants) were shown to be similar to medical masks for
suppressing droplet levels in regular bedroom and a car with air conditioning where
cough/sneeze counts were measured

Ho et al. (2020)

Face masks with respiratory valve had lower exchange
rate of breathing assistance

Studies to evaluate and characterize the comfort sensation and performance of 12
types of face masks (related to shape, respiratory valve, brand, main materials and
protection level) related to breathing assistance for healthcare in fog and haze weather
[non-COVID-19] – dynamic changes in airflow rate and breathing resistance were
acquired by virtual instrument system- cotton mask had lower rate of breathing
assistance than nonwoven fabric masks.

Yao et al., 2019

Mask face detection based on a hybrid AI, deep transfer
learning and classic machine learning model

Use of Artificial Intelligence (AI), deep transfer learning and classic machine learning
to evaluate mass usage of face masks to potentially inform protection and compliance
during COVID-19. Researchers used three data sets: Real-World Masked Face (RMFD)
consisting of images of 5000 masked faces and 90,000 unmasked faces; Simulated
Masked Face Dataset (SMFD) with 785 for simulated masked faces and 785 for
unmasked faces; Labelled Faces in the Wild (LFW) containing 13,000 masked faces of
celebrities. Focus was in training for accuracy of face mask detection.

Loey et al., 2021

Use of spray-simulation method (mimicking a sneeze)
along with germ-free mice

Development and validation of spray-simulation method (mimicking a sneeze) for
determining efficacy of combed-cotton textiles used as two-layer barriers for
protecting germ-free mice from bacteria carrying droplets. Authors used aqueous
suspension of 12 probiotic-cultured dairy bacteria – authors advocated use of bacteria
as they exist in association with respiratory viruses in respiratory fluids – they also
used bacteria to quantify number of droplets that escape textile barrier

Rodriguez-Palacios et al.,
2020

Surgical and homemade masks, even without fitting,
reduces particles emitted via breathing, talking, and
coughing

Wearing of surgical masks, or N95 respirators, even without fit-testing, reduces
number of emitted expiratory particles from breathing, talking, and coughing from
experimental studies. But, efficacy of wearing homemade cloth or paper masks is less
clear, and confounded by shedding of masks fibres, with some reductions observed,
particularly for larger particles (>0.5 μm). Authors did not measure virus-laden
aerosols and droplets, but observations consistent that wearing mask can help with
mitigating pandemic-associated with respiratory disease.

Asadi et al., 2020a

Bio-based facemasks – use of electrospinning gluten
and carbonization

Suggested sustainable future-use of wheat gluten biopolymer, a by-product of cereal
industries, as alternative to using petrochemicals for reusable facemask. Fine mesh
nanofilter membrane structure to be achieved via electrospinning and subsequent
carbonization at over 700 °C.

Das et al., 2020

Design, velocity and fitness innovation for sustainable
face masks including home made

Understanding performance of commercial masks and Advantages of wearing
commercial and home-made face coverings during pandemic. Review of masks made
from household materials. Limited studies that used randomised control trials for
investigating efficacy of cloth masks showing that they are not suitable for HCWs.

Davies et al., 2013; Chughtai
et al. (2013); Chua et al.,
2020

Cloth masks loose filtration efficacy after frequent
washing and drying cycles.

Studies on the effect of washing and drying on cloth mask highlighted a drop in
filtration performance that was correlated to pore size and shape of the masks. It was
found that the PM10 filtration efficiency dropped by 20% after 4th washing and drying
cycle, that was attributed to continuous stretching of the masks, enlarging the pore
size, thus impairing mask performance.

Neupane et al., 2019

Engineering multifunctional face masks Increasing trend for published information that highlights innovation to improve
filtering capacity (such as pore size) of mask materials and improving additional
functions in terms of design (such as antimicrobial properties, coatings) to enhance
user comfort, and convenience (such as introduction of self-cleansing and sensing
properties. However, these are laboratory studies.

Chua et al., 2020

Increased super hydrophobicity and transparent
qualities of masks materials

Graphene-coated masks shown to exhibit significant superhydrophobic and
photothermal performance that can repel incoming aqueous droplets masks exposed
up to 80 °C under sunlight illumination can achieve self-sterilisation. Transparent
properties included on face masks to improve quality for the hearing impaired such as
digital face recognition, human-facing industry.

Son et al., 2020; Zhong et al.,
2020; Chua et al., 2020

Differences in FFE for head tie, ear-loop face masks 29 different face masks alternative including expired N95 respirators with intact
elastic straps and respirators subjected to ethylene oxide or VH2O22 sterilisation –
procedural face masks with elastic ear loops showed lowest fitted filtration efficacy at
38.1%. Thus, highlighting increased risk.

Sickbert-Bennett et al., 2020
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and away from the mask cover (Table 2). Therefore, use of a mask
does not provide full protection and social distancing remains im-
portant during the pandemic.
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The WHO (2020c) recognises that many countries have recom-
mended the use of fabric masks/face coverings for the general public,
but also recognises that the widespread use of masks by healthy people
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in the community is not yet supported byhigh quality or direct evidence
where there are potential benefits and harms to consider. TheWHO ad-
vises decision-makers to apply risk-based approaches when encourag-
ing the use of for the general public to include, (1) purpose of mask
use, (2) risk of exposure to the COVID-19 virus, (3) vulnerability of
the mask wearer/population, (4) setting in which the population lives,
(5) feasibility, such as availability and cost of masks, and ability of
mask wearer to tolerate adverse effects of wearing a mask, and
(6) type of mask, such as medical versus-non-medical mask. Examples
of where the general public should be encouraged to use medical and
non-medical mask in areas with known or suspected community
transmission.

2.4. Reprocessing and extended use of PPE and face coverings to meet
supply chain shortfall in the context of COVID-19 pandemic

There has been a commensurate interest in reuse of PPE in
healthcare, particularly important filtering facepiece respirators
(FFRs), such as N95 respirators, to meet supply chain shortages during
COVID-19 pandemic (Rowan and Laffey, 2020a; Rubio-Romero et al.,
2020). This need for potential extended or reuse of FFRs is likely to be
remain beyond COVID-19 given sustained concerns by clinicians and
healthcare workers, along with meeting the surge in patients attending
health screening (non-COVID-19 related) and requiring medical proce-
dures. Several countries have adopted PPE reuse through reprocessing
technologies that address fit testing post treatments along with disin-
fection and filtration efficacy (Rubio-Romero et al., 2020). A compre-
hensive review of efficacy and usage of face masks has been
conducted by Rubio-Romero et al. (2020). Given the heat sensitivity
and complexity of materials used in single-use PPE, only a limited num-
ber of reprocessing technologies have been authorized for their emer-
gency reuse by the FDA, such as using hydrogen peroxide in vapor
form (30–35% VH2O2) used alone or combined with ozone (FDA,
2020; Rowan and Laffey, 2020a). McEvoy and Rowan (2019) provided
an informative and comprehensive review on the use of VH2O2 in the
adjacent area of terminal sterilisation of medical devices. Countries are
also pursing use of ultra-violet germicidal irradiation technologies (UV
dose 2000 μJ/cm2) (Derraik et al., 2020), but there remains uncertainty
surrounding the efficacy of this 2-dimensional irradiation to penetrate
complex filtration system associated with FFRs (Rowan and Laffey,
2020b). Use of conventional moist heat at 60 °C (60min, at high humid-
ity), is also potentially efficacious for safe PPE reprocessing (Derraik
et al., 2020; Rowan and Laffey, 2020b).

A limiting factor in harmonized reprocessing of PPEwill be the avail-
ability of sophisticated technologies, such as VH2O2, to meet unprece-
dented high demand during COVID-19 pandemic (Rowan and Laffey,
2020a; Ilyas et al., 2020). Decisions underpinning PPE reuse are likely
to be governed by infection prevention groups in healthcare, in consul-
tation with competent regulatory authority for each country, where
critical shortages in supply chain will inform deployment in order to
protect frontline healthcare workers (HCWs). However, lack of accep-
tance by HCWs for the use of reprocessed PPEmight be a barrier to gen-
eral deployment, which can be potentially addressed through
education, training and social marketing to highlight efficacy and safety.
PPE supply chain shortfalls have been primarily met by enhanced pro-
duction by original equipment manufacturers (Rowan and Laffey,
2020b). In addition, initiatives and collaborations performed by compa-
nies, hospitals, and researchers in utilising 3D printing during the
COVID-19 pandemic has contributed to this effort to address supply
chain shortfalls in face shields (Tino et al., 2020). Homemade and com-
mercial cloth or fabric face coverings are less complicated, and can be ef-
fectively reprocessed by moist heat combined with using a detergent
(60 °C for 30min), such as using a domestic laundrymachine combined
with spin drying (Rowan and Laffey, 2020a). Face shields are usedwith-
out a mask, they should wrap around the sides of the wearer's face and
extend below the chin. It was recently reported that only thosewearing
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face shields at a Swiss hotel succumbed to COVID-19,where no reported
cases occurred for staff and guests who wore face masks in the same
hotel. The WHO (2020c), and other authorities, have advised that face
shields can offer an added layer of protection, but in addition to a face
mask, social distancing, and handwashing, not as a substitute.

2.5. Innovation surrounding face mask design and functionality for future
sustainability

Best available evidence supports the effective use of face masks as
nonpharmaceutical counter-measures for addressing COVID-19
(Wang et al., 2020a); where there has been advancements on the
reprocessing of single-use face masks under Emergency Use Authorisa-
tion (Rowan and Laffey, 2020a). However, published evidence shows
that masks do no provide 100% protection (Wang et al., 2020b), with
significant variance depending on the filtration efficiency and design.
There has been a surge in innovation to improve facemask design, com-
fort, functionality and sustainability, such as improvements in recycling
and medical waste management (Table 2). Despite well-conducted
studies, there is a pressing need to extensively test and validate these
new innovations through regulated multi-actor, collaborating,
randomised controlled trials.

Mask efficiency is defined as percentage of a contaminant removed
by a mask filter, where mass, weight, number of particles, or volume
can quantify this performance (Hutten, 2016) (Table 2). Typically, certi-
fication standards (ASTM F1862M-17, 2017; ASTM F201-19, 2019) usu-
ally define a surgical mask efficiency as a standard value independent of
coughing incidents or cycle. However, Dbouk and Drikakis (2020a, b)
noted that these standards neglectfluidflowdynamics effects and drop-
let leakage through mask openings. Additionally, there is no consider-
ation that mask efficiency can deteriorate considerably over time due
to saturation effects; thus, coughing and fluid dynamics need to be con-
sidered in calculating fluid efficiency. The main mechanisms of filtering
through masks are droplet diffusion, interception and impaction. Also,
the frequency of coughs may further challenge efficiency. Continued,
or cyclic coughing, increases dynamic flow that can negatively affect ef-
ficacy of mask filter performance where a wide range of filter efficien-
cies have been described (Rengasamy et al., 2010). Previous studies
reported that use of surgical masks effectively reduce emission of
large droplets and minimize lateral dispersion of droplets (Driessche
et al., 2015; Stockwell et al., 2018).

Ho et al. (2020) reported that self-designed triple-layered cotton
masks worn by respiratory infected volunteers were similar to partici-
pants wearing medical masks (Earloop Procedure Face Mask 1820:
3M, MN, USA) for suppressing respiratory droplet levels in a regular
bedroom, and a car with air conditioning. (Table 2). Specifically, 211
adult volunteers with 208 confirmed cases of influenza (influenza
A = 188; influenza B = 17) and 6 suspected cases of COVID-19 from
Taipei-Keelungmetropolitan areawere recruited. Four 1-hour repeated
measurements of particles with size range 20–1000 nm measured by
number concentrations (NC0.002-1), temperature and relative humid-
ity, and cough/sneeze per hour for each volunteer. Authors concluded
that cotton masks could potentially substitute for medical masks for re-
spiratory infected person in a microenvironment with air conditioning.
Also, healthy individuals may use cotton masks in the community set-
ting as cotton masks are washable and reusable. However, wearing of
medical masks is still popular in community settings, globally (Secon,
2020). Previous studies have reported that the oral cavity is the main
source of expiratory droplets in the 5 to 100 μm range during speech
and cough (Johnson and Morawska, 2009).

Previous studies have shown that towel (100% cotton) and common
cloth (70% cotton and 30% polyester) masks showed 40–60% filtration
efficiency for polydisperse sodium chloride (NaCl) aerosol particles
(75%±20 nm countmedian diameter (CMD) and a geometric standard
deviation (GSD) not exceeding 1.86) at 5.5 cm/s face velocity
(Rengasamy et al., 2010) (Table 2). Yao et al. (2019) investigated
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comfort sensation and performance of face mask related to breathing
resistance for healthcare in fog or haze weather (non-COVID-19)
(Table 2). The dynamic changes in airflow rate, and the breathing resis-
tance were acquired by a virtual instrument system and a microelec-
tronic system. The researchers used six evaluation indices for defining
dynamic performance and comfort sensation of facemaskwhere 12 dif-
ferent types of facemasks from four brandswith different featureswere
tested, namely shape, respiratory valve, brand, mainmaterials, and pro-
tection level. The average breathing frequency was set at 20 times per
minute, and the peak flow rate of both exhalation and inhalation was
85 L/min in dynamic measurement. Findings showed that face masks
with a respiratory valve had a lower change rate of breathing resistance.
Moreover, cotton masks had lower change rate of breathing resistance
than the non-woven fabricmasks. The cup-typemask had lower change
rate of breathing than the folding mask.

A review of best-published information on facemasks design and ef-
ficacy reveals that face masks prevent, or reduce transmission and con-
traction of COVID-19, but they should not be considered as a single
preventative or counter-disease measure, as they do not guarantee
100% protection. There is considerable surge in published papers on sus-
tainability in face mask design (such as materials, layering), comfort
(style), and efficacy of respiratory level of protection, but these studies,
for the most part, are based on observational or laboratory studies, and
not longitudinal clinical trials (Peebles, 2020). It is envisaged that future
robust clinical trials will contribute significantly to this gap in
knowledge.

Loey et al. (2021) reported on using artificial intelligence for detect-
ing face mask wearing, which would support studies such as compli-
ance and efficacy in the era of the COVID-19 pandemic (Table 2).
Specifically, these authors reported on the development of a hybrid
deep transfer learning model with machine learning methods for face
mask detection where several thousand images of masked and non-
masked individuals were analysed, which were contained in three
datasets, namely, Real-World Masked Face Dataset, the Simulated
Masked Face Dataset, and the labelled Faces in theWild. The authors re-
ported on testing and training accuracy for face mask detection at
99.64%, 99.49% and 100% respectively for these datasets.

Rodriguez-Palacios et al. (2020) reported on the use of a functional
in vivo test method for assessing facemask/filtration materials using
germ free (GF) mice where probiotic bacteria suspended in
microdroplets were used, instead of respiratory viruses (Table 2). Use
of bacteria, in this instance, was deemed appropriate as bacteria accom-
pany respiratory viruses in respiratory droplets. This study reports on
use of an in vivo spray-simulation method (mimicking a sneeze),
where combed-cotton textiles used as two-layer barriers covering
mice cages prevented the contamination of all GF animalswhen sprayed
with 10–20 bacterial droplet units/cm2.

Asadi et al. (2020) conducted experimental studies using home-
made cotton cloth and paper face masks that showed reductions in
number of emitted expiratory particles from breathing, talking, and
coughing. However, these observations are not as clear, and confounded
by shedding of masks fibres, as compared significant outward particle
emission reductions from wearing surgical masks and N95 respirators,
even without fit-testing. The authors attest that these observations are
consistent with suggestions that mask wearing can help in mitigating
pandemic associated respiratory diseases. Also, their results suggest
that importance of regular change of disposable masks and washing of
homemade masks, and suggest that special care must be taken in re-
moving and changing of masks.

Das et al. (2020) described electrospinning and subsequent carbon-
ization of wheat gluten biopolymer to form nanofiber membranes for
bio, or gluten-based facemasks (Table 2). These same gluten materials
can be processed into cohesive thin films using plasticiser and hot
press. Additionally, lanosol, a naturally-occurring substance, can be
added that imparts fire (V−) rating in vertical burn test), andmicrobial
resistance in gluten plastics. Thus, the authors advocate that thin films
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of flexible gluten with very low amounts of lanosol (<10%) can be
bonded together with the carbonised mat and shaped by
thermoforming to create the facemasks. Most medical or surgical face
masks are made of non-renewable petroleum-based polymers such as
polypropylene, polystyrene, polycarbonate, polyethylene, and polyester
(Das et al., 2020), which are non-biodegradable and contribute towards
environmental pollution. Thus, there is pressing need to rapidly develop
facemasks that are fully bio-based and effective along with being low
cost, lightweight and comfortable.

For facemasks, filter media is an important component (Table 2). In
general, fibrous material are used to create particulate matter (PM) fil-
ters, which can be designed according to a particular size of a PM that
can be ultrafine (<0.1 μm), fine (0.1–2.5 μm), and course (2.5–10 μm);
denoted as PM0.1, PM2.5 and PM10 respectively. Filtration occurs through
interception, inertial impaction, diffusion, and inter-molecular/
electrostatic/gravitational interactions of the target particles on the sur-
face of the filter medium. However, for virion particles, whose diameter
is very small (ca. 20–400 nm), Brownian diffusion is the main filtration
mechanism (Mao, 2017). Face masks provide respiratory protection
from infected individual by filtration capacity of the media against the
aerosol particles. Since the size of coronaviruses are typically in the
range 160–200 nm (Pellett et al., 2014), non-woven filter media would
be more effective that woven alternatives (Chellamani et al., 2013).
Non-woven filters exhibit higher barrier properties compared to cotton
and petroleum-based polyesters. Das et al. (2020) noted that these
non-woven filter media can be manufactured by the process of
electrospinning, which is the most cost-effective and facile methods to
create fibrousmembraneswith amyriad of fibre diameters and porosity.
Previous researchers have also used gluten with polyvinyl alcohol (PVA)
through electrospinning into nanofibers (Dhandayuthapani et al., 2014;
Aziz et al., 2019). Strain et al. (2015) also previously described the use
of electrospun recycled polyethylene terephthalate (rPET) to develop fi-
brous membranes for cigarette smoke filtration. However, for the devel-
opment of face masks, interdisciplinary research encompassing
electrospinning, thermos-chemical conversion, gluten bio-polymer pro-
cessing, and mask testing would need to addressed (Das et al., 2020).
These authors also note the addition of fire retardant andmoisture resis-
tance of gluten could be enhanced by adding lanosol, and
polyaminoamide epichlorohydrin (PAE), respectively, which are impor-
tant for face mask using future carbonised gluten fibres.

Gandhi and Rutherford (2020) theorized that face masks could pro-
vide some degree of immunity ‘variolation’, where small doses of the
virus potentially penetrate the covering and stimulate the immune
response that may help with herd immunity. While this remains to
be proven, it is recognised that immune-priming can potentially
improve subsequent exposure to larger viral or bacterial loads. This
immune-priming concept is also been exploited by researchers as
a means of reducing inflammatory responses, such as use of purified
β-glucans frommedicinal fungi for addressing acute respiratory distress
syndrome (ARDS) and sepsis that contributes significantly to severe re-
spiratory systems experienced by critically ill COVID-19 patients
(Murphy et al., 2020a;Murphy et al., 2020b;Masterson et al., 2020). Fu-
ture design innovations may support greater aerosol filtration efficacy
for face masks and coverings to help reduce transmission, such as po-
tentially using head ties, instead of ear loops. For example, Sickbert-
Bennett et al. (2020) reported that surgical masks with ties had filtra-
tion efficiency (FFE) of 71.5% (±5.5), while procedural mask with ear
loops had lower FFE at only 38.1% (±1.1) (Table 2). There is a growing
interest in evolving face masks and coverings for efficacy and wearer
comfort ranging from anti-fogging capacity for thosewearing spectacles
to evaluating alternative biomaterials to potentially replace plastics in
one-time-use PPE. The latter enable improved recycling andwasteman-
agement (Silva et al., 2020; Wang et al. 2020; Ilyas et al., 2020).

Davies et al. (2013) tested filtration efficacy of house-hold masks
made using different materials (including 100% cotton T-shirt, scarf,
tea towel, pillowcase, antimicrobial pillowcase, vacuum cleaner bag,
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cotton mix, linen and silk) against bacterial (Bacillus atrophaeus,
0.95–1.25 μm) and viral (Bacteriophage MS2, 0.023 μm) aerosols
(Table 2). All materials were capable of blocking test microorganisms
to different extents, and they all worked better in the case of using the
larger B. atrophaeus endospores. Although surgical mask, as a control
sample, exhibited the highest efficacy, cleaner bag, tea towel, and cotton
mix also showed filtration efficacy. However, the authors also simulta-
neously reported on the ease of breathing, which is indicated by pres-
sure drop. The higher the pressure drop, the higher the difficulty for
the wearer to breathe. It is observed that despite high filtration efficacy
of a vacuum cleaner bag, and tea towel, their high-pressure drop values
make them unsuitable for masks. Doubling the layers did not improve
filtration efficacy; yet, doubling increased pressure drop, indicating
more difficulty for breathing. Wearing a mask can reduce the infection
probability yet cannot eliminate the risk of contracting the disease,
when used alone as a non-pharmaceutical preventive measures, such
as hand hygiene, social distancing, quarantine, and immunization.
Chughtai et al. (2013) reviewed cloth masks using randomised clinical
trial to evaluate how efficient cloth masks are for protecting HCWs.
Findings revealed that respiratory infection was highest in the cloth
mask group and that the particle penetration of cloth masks was 97%
(versus 44% for medical masks), the authors concluded that cloth
masks should not be used for HCWs, especially in highly infectious situ-
ations. Neupane et al. (2019) studied the effect of washing and drying of
cloth masks on the filtration performance and correlated the perfor-
mance of the pore size and shape of themasks. These authors concluded
that the PM10 filtration efficiency dropped by 20% after the 4th washing
and drying cycle, which was attributed to the increase in pore size and
the lack of microfibers with the pore region. The authors noted that
long-term usage of the cloth mask entails continuous stretching of the
mask, enlarging the pore size, thus, impairing mask performance. Stud-
ies are lacking as to the specific number of times cloth mask can be
washed to retain efficacy, but the risk also depends upon the degree of
other mitigating non-pharmaceutical counter-measures present.
Sickbert-Bennett et al. (2020) evaluated 29 different fitted facemask al-
ternatives showed that surgical and procedural masks had lower fitted
filtering performance (FFE) to that of N95 respirators (98.5% FFE),
while procedural facemasks securedwith elastic ear loops showed low-
est FFE at 38.1%. Thus, highlighting variance in FFE depending upon
head tie and ear loop, which may be considered under risk mitigation
for wearer in the context of overall non-pharmaceutical counter-
measures and degree of potential exposure to infectious respiratory
droplets.

Chua et al. (2020) reviewed innovations in face masks that may im-
prove filtering capacity of mask materials and the addition of functions
and properties into the design ofmasks, including super hydrophobicity
(Table 2). These authors expanded upon use of polymer nanofibrous
membranes, electret membranes and porous-metal organic framework
(MOF)-based filters for masks, compared with existing commercial fil-
ters made of thick layers of micron-sized fibres that balance air resis-
tance and filtering performance. Natural-based extracts, such as tea
tree oils, extract of olive and Euscaphis japonica and Sophora flavescent
have been sprayed on surfaces of polymeric air filters for antimicrobial
properties; however, high loading of antimicrobial herbal extracts
may lead to increased pressure drops (Son et al., 2020). Other experi-
mental device-coating studies focus on combinational metal-based
nanoparticles for broad spectrum activities, such as incorporation of
silver-nanoparticle (AgNP)-impregnated activated carbon cloth (ACC)
into a mask resulting in >99.88% virus filtration while having increased
air permeability compared to FFP3 mask (US Patent Application
US2011011095A1). Currently, many masks, some including a number
of types of antimicrobial agents, are commercially available (Chua
et al., 2020): however, mask antimicrobial activities have only been
studied under strict laboratory conditions. An understanding of day-
to-day performance under the actual lived-experience or clinical trial
settings is lacking, as are our understanding of potential influence of
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actors affecting mask reusability including washing, drying or non-
thermal processing. Notwithstanding the latter, Chua et al. (2020)
recognised that existing models of masks and respirators serve users
well in terms of appropriate level of protection against airborne
pathogen.

2.6. Mathematical and statistical modelling applied to decision-making
with respect to the ongoing COVID-19 pandemic

There is a gap in knowledge on the efficacy of NPIs, in terms of rela-
tive risk (RR), in preventing COVID-19 infection. R0, the reproduction
number, has been used as a measure to monitor efficacy of NPIs as it in-
dicates the relative contagiousness of an infectious disease; R0 denotes
the average number of people who will potentially contract a conta-
gious disease from one person with a disease, such as COVID-19
(Perencevich et al., 2020). R0 specifically applies to a population who
previously were free of infection, andwere not vaccinated. For example,
an R0 of 7 infers that one infected person may potentially transmit
COVID-19 to an average of 7 other susceptible people. Thus, national
emergency public health teams carefully track R0 values daily as a
means of assessing how effective the implementation of strategic dis-
ease counter-measures have been (example, Government of Ireland,
2020b). This also informs ongoing public health policy decision(s),
such as bans on large-in-person gatherings, closure of restaurants and
retail stores, and if to implement lockdowns, such as in the Republic of
Ireland where citizens have just re-emerged from its second level 5
lockdown period (Government of Ireland, 2020c). Perencevich et al.
(2020) also supports that taken as a bundle, the effectiveness of adding
face coverings and face shields as a community setting to other NPI con-
tainment strategies merits evaluation. The authors noted that his situa-
tion is challenging as there is no prior robust template or ‘dress
rehearsal’ to follow, and public health managers and politicians need
tomake full decisions (100%) on the basis of a diversity of epidemiolog-
ical data that is probability based; thus, tracking R0 values provides tan-
gible indicators of efficacy. The implicit goal of NPIs, alone or in
combinationwith other NPIs, should be to interrupt transmission by re-
ducing R0 to less than 1.

In the context of predicting the variables related to an epidemic (e.g.
mortality rate, disease spread, number of infected people, time until
herd immunity is reached, etc.), the SIR model of Kermack and
McKendrick (1927) and extensions have been used since the 1920s.
SIR stands for Susceptible – Infected – Recovered, which are the main
compartments individuals may belong to during an epidemic. The gen-
eral formulation of a SIRmodel is given by a systemof ordinary differen-
tial equations (ODEs) describing the instant variation in the populations
of each compartment over time (t). The SIR system of ODEs may be
written as

dS
dt

¼ −β
I
N
S

dI
dt

¼ β
I
N
−γI

dR
dt

¼ γI

where S, I and R represent the number of susceptible, infected and re-
covered individuals, N is the total population, i.e. N = S + I + R, β is
the infection rate and γ is the recovery and/ormortality rate. In practice,
the expression βI/N is known as the “force of infection”, and the system
requires the specification of the initial conditions for each compartment,
as well as the values for the parameters β and γ, which are estimated
from data. Each equation may be seen as the instantaneous rate of
change in population size for each compartment. Typically, numerical
methods are used to solve the system of ODEs and produce simulated
results based on the estimates for β and γ, which are then compared
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to the observed data as means of validation. It can then be used to pre-
dict future number of cases and deaths, as well as the length of time a
particular epidemic is likely to last.

It is often of interest to study the properties of this system and deter-
mine conditions for the persistence of the epidemic in the population.
Bymaking simple assumptions, it is possible to derive analytical expres-
sions for what is called the “basic reproduction number”, better known
as R0. Assuming that the time an infected individual remains in this in-
fected state is exponentially distributed with parameter γ, it is straight-
forward to show algebraically that the average number of new
infections caused by a single infected individual is R0 = β/γ. When
this ratio is greater than 1, the instantaneous change in the number of
infected individuals is positive, and therefore an epidemic occurs. Con-
versely, when it is less than 1, the disease is contained.

More specifically in the context of the COVID-19 pandemic, there
have been many attempts to model data from several countries and re-
gions of the world using these epidemiological modelling tools. For ex-
ample, Katul et al. (2020a, b) used a slightly extended SIR model to
calculate an asymptotic global R0 of 4.5, which shows how important
mitigation strategies are for this rapidly growing pandemic. Toda
(2020) also used a SIR model and studied the economic impact of the
pandemic. He found that under optimal mitigation policies controlling
timing and intensity of social distancing, simultaneous infection may
be reduced from 28% to 6.2%, thus reducing the risk of overwhelming
healthcare systems, but at the same time yielding a longer period of eco-
nomic burden.

Extensions of the SIR model have also been proposed. For instance,
Calafiore et al. (2020) proposed a modified model which added a new
compartment “D”, for deceased individuals, therefore separating those
who recovered from the disease versus those who did not. He et al.
(2020a, b), on the other hand, utilised a SEIR system (where “E” is the
compartment corresponding to exposed individuals, those who have
been infected but are still asymptomatic and uncapable of spreading
the virus) and added two extra compartments representing
quarantined and hospitalised individuals, as well as split the infected
compartment into two, to separate the individualswhobecame infected
during a quarantine phase. They fitted themodel to data from theHubei
province in China and found from their parameter estimates that effi-
ciently carried out quarantine measures are helpful to control the
spread of the disease. López and Rodó (2020) also included a
quarantined compartment in a SEIR-type model, and applied it to data
from Spain and Italy. Giordano et al. (2020) proposed a multi-
compartment extension called SIDARTHE, which included susceptible,
infected, diagnosed, ailing, recognised, threatened, healed and extinct
individuals. An important distinction made is between diagnosed ver-
sus non-diagnosed individuals, since asymptomatic and/or non-
diagnosed people are more likely to spread the disease faster than
those who have been diagnosed and are in isolation. Their findings sup-
port the combination of NPIs and contact tracing to combat the
pandemic.

It is clear that one of the many challenges when modelling the
COVID-19 pandemic are the effects of many different confounders act-
ing in concert to result in higher or lower basic reproduction numbers.
Of course, it would be ideal to obtain stratified R0 estimates for different
groups, however there is a lack of resolution in most datasets thus not
allowing for such approach. We may question how accurate these
mechanisticmodels actually are, and how reliable the long-termprojec-
tions are. For reasons of parsimony and to avoid parameter estimation
problems, only the most important mechanisms and compartments
are included in SIR-type models. However, this leaves out potentially
important variables that could play an important role. Also, the long-
term projections rely upon the current assumptions to remain the
same, and it is almost never the case where circumstances do not vary
over time. Therefore, the main contribution is not focussed on the reli-
ability of these projections per se, but in understanding what the likely
future outcome is so as to avoid it if necessary.
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Regarding short-term prediction, different time series models have
been proposed to obtain forecasts of number of cases and number of
deaths. This can be especially useful to determine possible growth
trends in the number of patients requiring healthcare, which in turn
can help to avoid the collapse of healthcare systems. Oliveira and
Moral (2020) proposed a state-space hierarchical model based on a
time-varying autoregressive process and an outlier detection process
to forecast the number of daily COVID-19 cases worldwide. Let Yit be
the number of reported cases for country i at time t. They assume the
distribution of Yit, conditional on the number of reported cases at the
previous day Yi, t−1, to be negative binomial with mean μit =
exp {γit + Ωit} and dispersion ψ. The serial autocorrelation is modelled
through the parameter γit = ϕitγi, t−1 + ηit, where ηit is a Gaussian
white noise process and ϕit is allowed to vary over time, which intro-
duces novelty to this type of modelling framework. The parameter
Ωit = λitωit is an observational-level random effect accounting for extra
variability induced by outliers in the time series data, where λit is
a Bernoulli process and assumes value 1 when observation yit is an
outlier and 0 otherwise, and ωit is a normal random effect
representing the extra variability attributed to outliers. Oliveira
and Moral (2020) found that this particular model generates highly
accurate and precise forecasts for up to seven days ahead, for most
countries of the world. This modelling framework does not incorpo-
rate any biological mechanisms and population states, such as the
compartment models previously discussed. However, the highly ac-
curate short-term forecasts can be complemented by the long-term
projections from SIR-type models to aid decision-making and policy
implementation.

Other methods can be used for short-term forecasting. Zeroual et al.
(2020) carried out a study comparing six deep learning methods to
forecast the daily number of confirmed and recovered cases, using
data from Italy, Spain, France, China, the USA and Australia. They
found that the variational autoencoder method was superior when
compared to simple recurrent neural networks, long and bidirectional
short-term memory, and gated recurrent units. These are what we
may refer as “black-box” methods. In essence, current data is used to
train (or calibrate/estimate) the algorithm, which will be used to pro-
duce future forecasts. There is a validation step used to fine tune the al-
gorithm, and this consists of using only part of the data to train the
method, and comparing the forecasts with the actual observed data.
By providing multiple and extensive validation studies, Oliveira and
Moral (2020) highlight their importance for two primary reasons:
(1) to ensure the method is fine-tuned to deliver the best possible per-
formance and (2) so that the uncertainty around forecasts is properly
described and over-reliance on point estimates is avoided.

An alternative to describe temporal trends and patterns is the use of
generalized additivemodels, a very flexiblemodelling framework. Let Yt
be the response variable of interest (e.g. number of COVID-19 cases or
deaths, viral load, particle concentration etc). We may assume that Yt
follows a particular probability distribution with probability mass func-
tion or probability density function p(μt,θ), where μt represents the
mean response at time t and θ is a vector of parameters (that may be
known or estimated from the data). Themean is modelled as a function
of time, such that g(μt) = f(t;β), where g(·) is a monotonic and differ-
entiable link function, f(·) represents a sum of basis functions, often
represented by splines, and β a vector of parameters to be estimated
(other covariates may also be included if available). The aim is to de-
scribe the temporal process with a smooth function, and the degree of
smoothness is typically determined via cross-validation or by adding
specific penalties to the loss function being optimized (e.g. the log-
likelihood or residual sums of squares). For instance, He et al. (2020a,
b) fitted a Gaussian generalized additive model to viral load time series
data, using cubic splines as the smooth function in the linear predictor,
to examine viral shedding temporal trends. They found no significant
difference across sex, age groups (over and under 65 years old) or dis-
ease severity, however.
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Flaxman et al. (2020) implemented a semi-mechanistic hierarchical
model to forecast the number of cases and number of deaths for several
different countries, and estimated a time-varying basic reproduction
number. Here, time series modelling is combined with biological infor-
mation regarding infectious windows, in what is called a “semi-mecha-
nistic” approach. This results in smooth forecast curves that can
accurately depict future trends in the short-term for most countries
for up to two weeks ahead. They also included the effects of NPIs in
their model and found that lockdowns in particular have had a signifi-
cant effect driving R0 below one. In a different approach, Ferguson
et al. (2020) adapted individual-based models developed to aid in pan-
demic influenza planning to COVID-19 and found that R0 is likely to
quickly rebound to being greater than one when NPIs are relaxed.

The hierarchical models discussed above have the inclusion of ran-
dom effects as a common feature. These are important to accommodate
the correlation between observations taken in same experimental or
observational units (often referred to as a “grouping factor”), such as pa-
tients or geographical regions. The random effects are assumed to be
have arisen from a probability distribution with a particular mean and
variance (which are often the parameters of interest in the estimation
process when assuming Gaussian random effects). This latent distribu-
tion is assumed to represent the entire population of interest, of
which we have a representative sample in the available data. In the
case of meta-analyses, parameter estimates obtained by different stud-
ies referring to the description of an effect of interest (e.g. use of face
masks, social distancing of at least 1 m, etc.) are combined. Their total
variability can be decomposed as between- and within-study variance,
with the aid of randomeffects, and the effects of different characteristics
of the studies on the parameter estimates can also be investigated.
For instance, Chu et al. (2020) carried out random effects meta-
analyses using data from 44 comparative studies worldwide
(which included a total of 25,697 patients with COVID-19, SARS or
MERS) to assess the effect of different NPIs. They found distancing,
use of face masks and eye protection to be favoured in terms of re-
ducing transmission. They highlight, however, the need for robust
randomised trials to fill the knowledge gap with respect to effective-
ness of different types of NPIs.

It is clear that the combination of different modelling methods is
beneficial to understanding the problem as a whole and estimating ef-
fects with higher precision (Baker et al., 2018). Therefore, we may
look at the short- and long-term projections at the same time using a
combination of time series models, deep learning methods and mecha-
nistic compartmental models. There is a problem, however, pertaining
to data quality (Vespignani et al., 2020). Precise estimates can only be
obtained from good-quality, large datasets. This is especially true
when using machine learning black-box methods. These algorithms
will reproduce patterns identified in the data, therefore if there is a
lack of precision when collecting and/or reporting the data, the algo-
rithms will reproduce the atypical and even non-sensical behaviours
found in the data. For instance, Oliveira and Moral (2020) estimate
that approximately 12.6% of the daily COVID-19 cases reported world-
wide by the European Centre for Disease Control and Prevention
(ECDC) represent outliers or points that contribute to extra variability.
This reflects poor data collection practices by many countries, and
therefore contribute to less accurate future forecasts. Extending the
modelling methods discussed above to incorporate different mechanis-
tic processes and NPI effects, therefore, requires good data quality to
provide estimates that will be useful when elaborating public policies
to prevent the spread of the virus.

Observational public health studies have revealed a number of po-
tentially increasingly problematic factors, or multipliers that merit sta-
tistical modelling match with appropriate use of NPIs to break cycle of
infections and to reduce R0, these include inter alia high COVID-19 pos-
itivity in community; close proximity and increased numbers of citizens
from different households; greater transmissibility of variants; in-
creased pathogenicity of virus across different age groups; presence of
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co-morbidities; gathering of vulnerable, such as in residential homes;
lack or absence of vaccination; reduced testing and contract tracing;
non-use of face masks or coverings; absence of hand-hygiene or disin-
fection; occurrence of superspreaders; COVID-19 public health compli-
ance fatigue; environmental persistence such as prolonged survival at
colder temperatures; PPE supply chain shortage; affordability; increas-
ing presence of asymptomatic or pre-symptomatic spreaders (Fig. 2).
Statistical modelling that addresses improvements in design and func-
tionality of face coverings and future eco-sustainable, non-plastic, med-
ical or surgical masks will inform efficacy of these counter-measures for
a spectrum of increasing risk situations (Table 2). Controlled random
studies should also consider extended use, re-use or reprocessing situa-
tions along with promoting user behavioural change to any perceived
barriers and to improve awareness would also be relevant (Fig. 2). Sev-
eral other studies have also examined the relationship between COVID-
19 and meteorological factors, such as temperature (Ma et al., 2020),
humidity (Liu et al., 2020) and air pollution (Zhu et al., 2020). Gupta
et al. (2020) also reported on the relationship betweenweather param-
eters and COVID-19 spread using daily data of new cases in 50 US states
between Jan 1 andApril 9, 2020 and found that spread in theUSwas sig-
nificant for states with 4 < absolute humidity < 6 g/m3 and number of
new cases >10,000.

Chowdhury et al. (2020) investigated dynamic interventions to con-
trol the COVID-19 pandemic, where these researchers described a
multi-variate prediction model, based on up-to-date transmission and
clinical parameters, to simulate outbreak trajectories in 16 countries,
from diverse regions and economic categories. In each country, these
authors modelled the impacts on intensive care unit (ICU) admissions
and death over an 18-month period for the following scenarios:
(1) no intervention, (2) consecutive cycles of NPI mitigation measures
followed by a relaxation period, and (3) consecutive cycles of suppres-
sion measures followed by a relaxation period. Chowdhury et al.
(2020) noted that such “schedules” of social distancingmight be partic-
ularly relevant to low-income countries, where a single, prolonged sup-
pression intervention is unsustainable. These researches advocated that
efficient implementation of dynamic suppression interventions can be
considered pragmatic options to: (1) prevent critical care overload
and deaths, (2) gain time to develop preventive and clinical measures,
and (3) reduce economic hardship globally.

At this time of writing, less than 50% of the American population
wear face masks and coverings (Cullen, 2020; Donmez, 2020). Use of
the Institute of Health Metrics and Evaluation (IHME) model pre-
dicts that enforcing non-pharmaceutical interventions, such as face
masks and social distancing, can potentially save 122,070 U.S. citi-
zens (Donmez, 2020). Eker (2020) reflected on three popular
models from a validity and usefulness perspective in terms of pro-
viding a structured framework to understand and interpret the epi-
demical and social mechanisms behind this COVID-19 pandemic.
However, such models cannot be considered as accurate predictions
tools, not only because no model is capable of doing this, but also be-
cause these models are lacking thorough formal validation. Eker
(2020) reported that COVID-19 creates a citation where facts are un-
certain, stakes are high, and decisions are very urgent, which is chal-
lenging for public health decision makers. Nzediaegwu and Chang
(2020) reported that the number of PPE used daily in Africa is also
estimated to reach seven hundred million, as several African coun-
tries have mandated compulsory face mask usage for their citizens
to prevent COVID-19 transmission. Improving compliance with
face covering wearing in at-risk settings presents a significant op-
portunity for reducing infection cases; Silva et al. (2020) noted
that wearing of face masks is to be enforced in 50 countries to ad-
dress COVID-19 transmission. The WHO (2020b) projected supplies
of PPE must increase 40% to deal effectively with the COVID-19 pan-
demic; essential PPE supplies include an estimated 89 million med-
ical masks, 76 million pairs of medical gloves, and 1.6 million pairs of
goggles.
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2.6.1. Mathematical and statistical modelling applied to studies of the
effectiveness of face masks to avoid spreading COVID-19 including
enhanced design innovation for mitigating against more transmissible
SARS-CoV-2 variants

Regarding the inclusion of facemask use-related parameters within
different modelling frameworks, different approaches have been used.
Haug et al. (2020) combined statistical modelling andmachine learning
techniques and estimated that wearing a mask yields a reduction of R0

between 1.8% and12%,while social distancing yields an approximate re-
duction of 20%. However, this does not take into account scenarios of
high public adherence and/or high efficiency of facemasks. According
to Howard et al. (2021), a combined high mask efficacy and average
public adherence, or average mask efficacy and high public adherence,
are likely to lead to disease containment. This was confirmed by differ-
ent studies that included mask efficiency in their mathematical model-
ling approach. For instance, Stutt et al. (2020) developed a combined
modelling approach, involving a branching process based on the nega-
tive binomial distribution and a SEIR-type model (discriminating be-
tween symptomatic and asymptomatic individuals, as well as two
populations: masked and unmasked individuals), and included two pa-
rameters in their models, reflecting mask adherence and efficiency.
They assume that efficiency in exhalation is greater than 50% on aver-
age, but that it is poorer when inhaling. Their assessment indicates
that when R0 is 4, it may only be reduced to below 1 when almost
100% of the population is wearing masks that are more than 50% effec-
tive, at all times, even when not displaying symptoms. This is an impor-
tant distinction, since their findings show that when masks are only
used when individuals are symptomatic, even 100% of mask adherence
combinedwith 100% efficiencywould not be able to reduce an R0 of 4 to
less than 1. In terms of comparing surgical vs. homemade masks,
Eikenberry et al. (2020) developed an extended SEIR-type model, that
also included symptomatic/asymptomatic compartments, and masked
and unmasked populations. While their results are similar when com-
pared to Stutt et al.'s (2020), they found that the adoption of even
very weak masks (20% effectiveness) could be useful when R0 is rela-
tively small. The assessment of a similar type of extended model devel-
oped by Worby and Chang (2020) corroborates this finding, and
highlights the importance of optimized distribution, especiallywhen re-
sources are limited. They show that under these circumstances surgical
masks should be prioritized for infected and vulnerable individuals. In
the absence of current estimates for the efficacy and public adherence
to facemasks, thesemathematicalmodelling techniques illustrate possi-
ble outcomes of a range of different scenarios, and this proves to be an
invaluable tool when developing public policy to contain the spread of
the virus.

The combined modelling approach described by Haug et al. (2020)
can inform improved efficacy of mask design and functionality, and to
compare these innovations with other NPIs based on estimated effec-
tiveness in reducing R0. For example, disposable surgical mask are com-
monly produced by using non-woven methods using 20 g−2

polyproplyene with spunbound technology, or 25 g m−2 non-woven
sheet polypropylene using melt-blown technology; the filtration effi-
ciency of surgical masks is influenced by fibre selection, fabrication
method, the structure of the web, and the cross-sectional shape of the
fibre. Each layer has a different specific function: the middle layer
works as a filter; the outermost layer imposes hydrophobicity, and the
innermost layer absorbs fluids from the wearer; where all three layers
work by restricting transmission of small particles or pathogens from
both directions (Chua et al., 2020). Disposable surgical masks consists
of folded piles of fabrics that are loose fitting on the user's face, whereas
N95 respirator consists of three polypropylene filtering layers and tight-
edge fitting. The filter layer is generated from nylon, cotton, polyester
and polypropylene where the diameter of fibres affects mechanical fil-
tration characteristics; N95 type respirators operates at approximately
85% efficiency as the pore size of 300 nm is greater than the size of
SARS-CoV-2, which is 65 to 140 nm (El-Atab et al., 2020).
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For example, electrospun air filters can be modelled as offer better
properties; such as the composite air filter membranes generated by
electrospinning a mixture of polyvinyl chloride and polyurethane poly-
mer demonstrated goodmechanical properties with tensile strength up
to 9.9MPawith excellent air permeability (706.84 nms−1), a highfiltra-
tion efficiency (99.5%), and a low pressure drop (144 Pa) (Zhu et al.,
2017). Moreover, composite membrane fabricated with Nylon 6 and
PAN produced higher filtration efficiency (99.99%), where these ap-
proaches might offer improved protection against more transmissible
SARS-CoV-2 variants. Wang et al. (2020) applied superhydrophobic
electrospun approach using PSU with TiO2 nanoparticles in multi-
layers that achieved 99.9997% filtration efficiency with a pressure
drop of 45.4 Pa. However, these general electrospinning fabrication
methods still use non-environmentally friendly polymers. Eco-friendly
materials can be substituted with natural polymers such as polysaccha-
rides, glutens, proteinaceous materials, biosynthetic polymer materials,
and chemical synthesis of polymers (Wibisono et al., 2020). Lv et al.
(2019) produced an eco-friendly electrospun membrane using polyvi-
nyl alcohol (PVA), konjac glucomannan (KGM), and ZnO nanoparticles
that increased filtration efficiency to 99.9% and increased pressure
drop by 130 Pa (300 nm particles). The additions for anti-viral func-
tional materials to layers (Table 2) can also be evaluated for improved
protection. Haug et al. (2020) modelling approach can also inform de-
velopment of cloth masks including number of layers, layer density,
and facial fitness, and yet at the same time still considering breathabil-
ity, washability and reusability. Advancement of non-medical cloth
masks by combining fabric materials, such as cotton-silk, cotton-
chiffon, and cotton-flannel, can potentially increase filtration efficiency
to 80% (<300 nm particles (Feng et al., 2020). Currently, the most effi-
cient face coverings are 100% cotton masks, which is based on filtration
efficiency and pressure drop (Wibisono et al., 2020).

2.7. Random controlled trials and risk mitigation

Wang et al. (2020b) was one of the earliest retrospective cohort
studies (28 February to 27 March 2020 in Beijing, China) of 335 people
in 124 to investigate community mask wearing, hand washing, and so-
cial distancing on COVID-19 risk reduction within families. This study
confirmed that the highest risk of transmission prior to symptom
onset, and provided first evidence of the effectiveness of mask use, dis-
infection and social distancing in preventing COVID-19. The overall sec-
ondary attack rate was 23.0% (77/335). Face masks were 79% effective
and disinfection was 77% effective in preventing transmission, while
calculated R0 showed that close frequent contact increased the risk of
transmission 18.26 times. Household crowding was also significant; re-
sults demonstrated the involvement of pre-systematic infectiousness of
COVID-19 patients (Wang et al., 2020b).

Chu et al. (2020) conducted a systematic review and meta-analysis
to investigate the optimum distance for avoiding person-to-person
SARS-CoV-2, SARS-CoV, and MERS-CoV transmission, and to assess the
use of facemasks andeye protection toprevent transmission of these vi-
ruses. These authors used meta-analysis of associations of by pooling
risk ratios, or adjusted odds ratios, depending on the availability from
172 observational studies across 16 countries and six continents (n =
25,697 participants), using DerSimonian and Laird random-effects
models. Chu et al. (2020) also used the Newcastle-Ottawa scale to rate
risk of bias for comparative non-random studies. Risk of transmission
of these viruses was lower with physical distancing of 1 m or more,
compared with a distance of less than 1 m; protection was increased
as distancewas lengthened; facemask use could result in a large reduc-
tion in risk of infection, with stronger associations with N9 or similar
respirators compared with disposable surgical masks or similar
(e.g., reusable 12–16 layer cottonmasks; and eye protectionwas associ-
ated with less infection. The primary limitation of this Chu et al. (2020)
study was that all studies were non-randomised, not always adjusted,
and may suffer from recall and measurement bias (e.g., direct contact
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in some studiesmay not bemeasuring near distance). However, the au-
thors found that unadjusted, adjusted, frequentist, and Bayesian meta-
analyses all supported the main findings, and this approach supported
the recording of large or very large effects.

Bungaard et al. (2020) recently reported on randomised controlled
trial involving Danish participants to assess whether recommending
surgical masks use outside the home reduces wearers' risk of SARS-
COV-2 infection in a setting where masks were uncommon and not
among recommended public health measures. A total of 3030 partici-
pants were randomly assigned to the recommendation of wear masks,
and 2994 were assigned to the control group; 4862 completed the
study. Infection with SARS-CoV-2 occurred in 42 participants recom-
mended towearmasks (1.8%) and 53 control participants (2.1%). Partic-
ipants were adults spending more than 3 h per day outside the home
without occupational mask use. Participants were encouraged to follow
social distancing measures for COVID-19, but it is not possible to prove
that this as achieved. The primarymeasurement outcomewas detection
of SARS-CoV-2 in the mask wearer at 1 month by antibody testing, po-
lymerase chain reaction (PCR), or hospital diagnosis. The secondary out-
come was PCR- positivity for other respiratory viruses. The authors
concluded that the recommendation to wear surgical masks to supple-
ment other public health measures did not reduce the SARS-CoV-2
rate amongwearers by more than 50% in a community with modest in-
fection rates, some degree of social distancing, and uncommon general
mask use. Loeb (2020) also described a randomised controlled trial
that is ongoing in Canada in which 576 nurses will be randomised to ei-
thermedical masks, or N95 respirators, when providing care to patients
with COVID-19, which is due for completion on April 1, 2021. Inclusion
criteria are nurses who work >37 h per week in medical, emergency,
paediatric units; while exclusion criteria are nurses with one or more
comorbidities, and nurseswho cannot pass an N95 respiratorfit test. Ul-
timately, researchers have concluded that globally collaborative and
well conducted studies, including randomised trials, of different per-
sonal protective strategies are needed regardless of challenges, but the
current use of systematic appraisals of best available evidence could
be considered to inform interim guidance (Chu et al., 2020).

The WHO (2020b) noted that “all viruses, including SARS-CoV-2,
change over time,mostwithout a direct benefit to the virus in terms of in-
creasing its infectiousness or transmissibility, and sometimes limiting
propagation. The potential for virus mutation increases with the fre-
quency of human and animal infections. Reducing transmission of
SARS-CoV-2 by using established disease control methods as well as
avoiding introductions to animal populations, are critical aspects to the
global strategy to reduce the occurrence of mutations that have negative
public health implications. Preliminary data suggest that the growth rate
and effective reproductive number is elevated in areas of the United
Kingdom with community circulation of the novel variant VOC-202012/
01. In South Africa, genomic data highlighted that the 501Y.V2 variant
rapidly displaced other lineages circulating, and preliminary studies sug-
gest the variant is associated with a higher viral load, which may suggest
potential for increased transmissibility; however, this, aswell as other fac-
tors that influence transmissibility, are subject of further investigation”.
The WHO has reported that epidemiologic investigations are underway
to understand the increase in cases in these communities and the poten-
tial role of increased transmissibility of these variants as well as the ro-
bustness of implementation of control measures. “While initial
assessment suggests that 202012/01 and 501Y.V2 do not cause changes
in clinical presentation or severity, if they result in a higher case incidence,
this would lead to an increase in COVID-19 hospitalizations and deaths”
(WHO, 2020b). More intensive public health measures may be required
to control transmission of these variants. Further investigations are re-
quired to understand the impact of specific mutations on viral properties
and the effectiveness of diagnostics, therapeutics, vaccines alongwith dis-
infection and NPI modalities.

Use of risk assessment (RA) to evaluate complex environmental
threats is increasing in popularity. For example, Tahar et al. (2017)
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reported on the development of a semi-quantitative risk assessment
model for evaluating the environmental threat posed by three EU
watch list pharmaceutical compounds to aquatic ecosystems. This RA
model adopts the Irish EPA's Source-Pathway-Receptor concept to de-
fine relevant parameters for calculating practical low, medium or high
risk scores for each agglomeration of wastewater treatment plant
(WWTPs), which includes complex catchment, treatments, operational
and management factors. This provides a working example where RA
modelling may potentially strategically be used to unlock complex sce-
narios for policy decisions, such as to identifyWWTPs that post a partic-
ular risk as regards releasing disproportionally high levels of
pharmaceutical chemicals, and to help identify priority locations for in-
troducing or upgrading control counter-measures (Tiedeken et al.,
2017; Tahar et al., 2018; Rowan, 2019).

3. Non-pharmaceutical interventions and use of vaccines to deliver
safe herd immunity in context of COVID-19 pandemic

Herd immunity is a key concept for epidemic control and is achieved
when one infected person in a population generates less than one sec-
ondary case on average (Fontanet and Cauchemez, 2020). These authors
described amathematicalmodel for forecast predications on the current
COVID-19 pandemic as to how and when immunity can be achieved,
and at what cost. This is also risk based, wearing face masks reduce
the number of individuals whowould also bemore likely to get infected
and to transmit because they have more contact, such as super
spreaders, would be likely to be infected first. Thus, face coverings pro-
tect the population of susceptible individuals, who would typically get
rapidly depleted, thus slowing the pace of transmission. Population im-
munity is typically estimated through cross-sectional surveys of repre-
sentative samples using serological test that measure humoral
immunity (Fontanet and Cauchemez, 2020). Surveys performed in
countries affected during the COVID-19 epidemic, such as Italy and
Spain, suggest a nationwide prevalence of antibodies ranges from 1 to
10%, with up to 15% in heavily affected urban areas Byambasuren et al.
(2020). Another unknown, is whether pre-existing immunity to com-
mon cold coronaviruses may provide some level of cross-protection.
However, Fontanet and Cauchemez (2020) noted that given that we
do not know how long naturally acquired immunity to SARS-CoV-2
lasts. Immunity to seasonal coronaviruses is usually relatively short
lived, particularly among those who had mild forms of the disease,
and it may take several rounds of reinfection before robust immunity
is attained.

Wearing face coverings and masks, and adopting other non-
pharmaceutical interventions, are important to safeguard citizens
prior to, and supplementary to, the use of effective vaccines until herd
immunity is achieved. The introduction of the Pzifer-BioNTech vaccine
today is a positive news with an efficacy of 95%. It is envisaged that ran-
dom controlled studies focusing on the added benefits of combined use
of NPIs to help manage transition to point where ‘herd immunity’ is
achievedwould be informative. Commensurately, facemasks, and com-
bined use of other NPIs is likely to remain essential for countries in the
Northern hemisphere that are entering the autumn/winter seasons
due to greater viral circulation, alongwith addressing greater transmis-
sibility of SARS-CoV-2 variants as emerging in the UK due to spike pro-
tein mutation in variant 614G (Volz et al., 2021). Volz et al. (2021) did
not find any indication that patients infected with the spike 614G vari-
ant have higher COVID-19 mortality or clinical severity, but 614G is as-
sociated with higher viral load and younger age of patients.

4. Conclusion and recommendations

As the first COVID-19 vaccine is distributed across the UK and other
countries, the use of combined non-pharmaceutical interventions
(NPIs) will remain important for preventing COVID-19 transmission
globally. Wearing of face masks and improvised cloth or face coverings
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reduce the relative risk of COVID-19, but systematic reviews and limited
randomised control studies show that they do not provide 100% protec-
tion to susceptible individualswhen used alone. There remains pressure
on supply chains for medical face masks, and N95 respirators, where
many COVID-19 affected countries are increasing greatly in new cases.
Use of single-use plastic face masks are polluting the environment
that has stimulated a surge in new sustainable innovations, which in-
cludes recycling and improved waste management (Ilyas et al., 2020).
Globally, deployment of the type and degree of different NPIs, from a
measured tiered response approach, will be informed by relative risk
evaluations and monitoring of reproduction number (R0), for example,
as used by the Republic of Ireland (Government of Ireland, 2020).Math-
ematical models require verbose data to inform efficacy of NPIs, and po-
tential higher relative risk ‘multiplier factor’ situations.

Recommendations arising from this study include:
Randomised controlled trials aremerited to comprehensively evalu-

ate, and validate, the single and combined use of NPIs, along with vac-
cines, in order to safety reach herd immunity.

Many countries significantly affected by COVID-19 will still need to
consider reprocessing of PPE under EUA, where there are critical
shortages.

There is pressing need to conduct global collaborative studies to ap-
preciate, and validate new design, functionality and sustainability inno-
vations for face masks that may be informed by life cycle assessment
(LCA) and mathematical modelling.

Robust empirical data is required to informpredictivemodelling and
commensurate efficacy of appropriate combinational use of NPIs, in-
cluding disinfection approaches, which also addresses emergence of
new SARS-CoV-2 variants that appear to be replacing less transmissible
variants globally. The emergence of new sustainable design innovations
in face masks and coverings need to considered in the context of in-
creasing relative risk scenarios where there is increased pressure on
PPE supply chain. Greater transmissibility, and possibility pathogenesis,
associated with emerging SARS-CoV-2 variants will necessitate en-
hanced deployment and monitoring of NPIs.

Improve behavioural change in order to avoid complacency when
using face coverings in community settings with emphasis on covering
both the nose andmouth, alongwithmaintaining social distance at 2m,
to combat greater threat posed by more transmissible airborne SARS-
CoV-2 variants; this can be supplemented with health literacy and
education.

There should also be greater use of mathematical modelling, includ-
ing relative risk assessment, to inform other factors thatmay potentially
affect efficacy of NPIs, such as greater persistence of SARS-CoV-2 vari-
ants on surfaces due to colder winter weather, or forecasting for in-
creased person-to-person gatherings due to celebrating religious or
culture events.

There are significant opportunities to converge cross-cutting acade-
miawith innovators thatwill be supported and accelerated by an ‘invest
and enable’ approach to driving new innovation.

Adjacent social science research is merited at a community level
to inform behavioural change that includes emergence of ‘COVID-19
fatigue’, and barriers to new potential innovation (e.g., reprocessing
of PPE in the Republic of Ireland for reuse did not occur due mainly
to lack of confidence and understanding of new reprocessing tech-
nologies by nursing staff). There is increasing evidence that shows
growing emotional stress in various cohorts in the context of
COVID-19 pandemic (Shanahan et al., 2020); thus, studies such as
to discern the influence (if any) of extended, or re-use of PPE to
frontline HCWs, including comfort levels, are merited. However,
Wang et al. (2020c) compared levels of psychological impact of
the pandemic and levels of anxiety and depression between 1210
Chinese 1056 Polish participants who were encouraged and discour-
aged to wear masks respectively during initial stage of COVID-19. It
was observed that use of face masks may safeguard better physical
and mental health.
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The emergence of strategic climate action and sustainable funding
initiatives, such as the EC's Green Deal funding, will provide opportuni-
ties to develop clusters of complimentary expertise to deliver solutions:
however, it is also envisaged that the efficacy of many of these new in-
novations may be validated through retrospective random controlled
trials, possibly post COVID-19.

Reprocessing technologies for treating single-use PPE in healthcare
under emergency conditions are currently limited to using VH2O2, and
potentially UVGI, and moist heat. These reprocessing modalities should
also be considered for treating new sustainable PPE from initial design
stage as materials used may not be compatible with the treatment
technologies.

Improvised face coverings appear to contribute to preventing
COVID-19 transmission, but potentially carry a higher relative risk com-
pared to that of wearing face masks due to lower filtration efficacy. Fur-
ther testing of new face covering design innovations, such as multiple
layers of materials containing anti-viral bioactive, along with breath-
ability, are required to be met through random controlled trials. There
is pressing need to improve and share data in real-time transnationally,
such as through use of blockchain, machine learning, IoT, and AI that
will harmonize and inform adoption of common and consistent policies.
Connecting outputs by combined use of mathematical models and de-
velopment of IT systems with improve global preparedness and re-
sponses to future pandemics. This will also support and enable key
challenges and relative risks, such as relationship between emergence
of more transmissible SARS-CoV-2 variants and the type of counter-
measures to be deployed that includes NPIs in conjunction with
vaccination.
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