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Abstract: The COVID-19 pandemic resulted in shortages of personal protective equipment and medical devices
in the initial phase. Agile small and medium-sized enterprises from regional textile industries reacted quickly. They
delivered alternative products such as textile-based community masks in collaboration with industrial partners
and research institutes from various sectors. The current mask materials and designs were further improved by
integrating textiles with antiviral and antimicrobial properties and enhanced protection and comfort by novel
textile/membrane combinations, key factors to increase the acceptance and compliance of mask wearing. The
safety and sustainability of masks, as well as taking into account particular needs of vulnerable persons in our
society, are new fields for textile-based innovations. These innovations developed for the next generation of
facemasks have a high adaptability to other product segments, which make textiles an attractive material for
hygienic applications and beyond.
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1. Introduction

1.1 The Outbreak of the COVID-19 Pandemic and its
Influence on Research and Development

What started as an unexplained lung disease in Wuhan in
December 2019 has developed into probably the most severe
pandemic since the ‘Spanish flu’: COVID-19. The cause is the
new beta-coronavirus SARS-CoV-2, which is mostly transmitted
via droplets and aerosols.l!'-#l The severity and spread of the pan-
demic far exceeded initial assessments of the situation. Western
countries have not faced crises like the COVID-19 pandemic over
the last two generations, and initial thinking on how to manage the
crisis underestimated the complexity of this pandemic as well as
its impact on the economy and society.

Early in the crisis, a few stakeholders, mainly researchers and
clinicians, worked under high pressure to understand the disease,
explored the mode of infection, established non-pharmaceutical
measures for prevention and decontamination, developed dia-
gnostic tests as well as treatment strategies and vaccines. The
World Health Organization recognized on March 11th 2020 the
COVID-19 outbreak as a pandemic.l¥ Thereafter, governments
as well as several NGOs launched massive programs and invest-
ments providing means for the fight against COVID-19. In a very
short time, an unprecedented global commitment to fight against
this disease has arisen. As a logical consequence in this challeng-
ing time, a boost of innovations in health-related technologies
was registered. Several diagnosis test systems were established, (6]
allowing a fast and cost-effective identification of COVID-19 in-
fected persons. Multi-institutional exchange of patient data was
facilitated to define the most efficient treatment, e.g. Remdesivir.[”]
Novel software applications were developed to monitor contacts
and facilitating contact tracing!® and resource planning.[® Large
pharmaceutical industries teamed up with innovative SMEs and
regulators to develop and approve novel vaccines using state-of-
the-art RNA-based technologies like vaccines from BioNTech-
Pfizer!!%l or Modernal!!l in record time while still keeping efficacy
and safety.

In this perspective, we discuss and explore how the global
COVID-19 crisis has and will boost innovation in the textile in-
dustry in Western countries. Europe and North America were the
most important medical textiles markets already before the pan-
demicl'?! and the crisis led to the very fast development of new
products, promoted by existing technologies in medical filtration
or technical textiles.

Several scientific studies showed that non-pharmaceutical
measures such as facemasks are effective means in the fight against
a pandemic.l'3-151 As a result, these gained increased acceptance
among general population and politicians in Western countries.
The effect of wearing facemasks to prevent person-to-person virus
transmission depends on the filtration efficiency of the material as
well as the type and design of the mask, and the compliance to cor-
rect mask handling and use.[!6] Particle filtering facemasks (FFP)
are personal protective equipment (PPE) routinely used by both
medical and non-medical workers, already before the COVID-19
pandemic. FFP masks offer a high level of protection of the wearer
(e.g. FFP2: 294% filtration efficiency for sub-micron particles) but
have limited wear comfort and may cause discomfort during pro-
longed use due to their relatively low air permeability and tight
fit.[17.181 Medical or surgical masks aim at preventing spread of
germs and pathogens exhaled by medical personnel and thus pro-
tecting patients from infection. In the context of the present pan-
demic, medical masks have been in great demand as they limit the
further spread of the virus by infected persons and thus, protect
community by the source control effect.[9]

The first wave of the pandemic has drastically pointed out
that the outplacing of the production of health-related consumer
goods created a general dependency on a few producers. This led

to the shortage of several basic health care products including
protective facemasks in several industrialized countries. Thus, the
global demand for facemasks could not be satisfied, leading to
export bans in most of the producing countries.20! Unfortunately,
lockdowns provoked a production stop and the very large increase
of the mask demand led to a temporary collapse of supply. This
shortage of masks triggered different emergency-based product
development efforts in the prioritization of the use of alterna-
tive materials such as textiles, their potential reuse, as well as
decentralized, local productions. The European textile industry,
which is already highly specialized in complex technical or medi-
cal products with high added value due to the pressure of global
competition, was an important driver in today’s innovative textile
solutions. Textile engineers, in close collaboration with material
scientists and physicians, very rapidly proposed novel solutions
for facemasks to overcome the global shortage.

Textiles by their nature have a fibrous structure, creating a
two- or three-dimensional porous structure, which can, if smartly
designed, sufficiently retain droplets down to micro-size range.
Their main benefits compared to paper and disposable nonwoven
structures are the enhanced lifetime due to their mechanical sta-
bility and washability. Isotropic fibrous nonwoven materials are
state-of-the-art for facemask filtering layers. Mainly due to their
low cost and customizable porosity, these materials are the first
choice for single-use products. However, they offer restricted
mechanical and dimensional stability, leading to a short lifetime.
Advanced textile technologies allow the adjustment of the porous
structures to obtain defined pore sizes for customized filtration
properties and air permeability and at the same time offer multiple
reusing cycles due to their durable fiber structures. Together with
clinicians, researchers and regulators, recommendations!2!-22] and
normative documents!23-261 were published, defining the minimal
requirements and specifications of a textile-based facemask — the
so-called ‘Community Mask’. During the pandemic, the increas-
ing evidence of the role of aerosols as a transmission route for
SARS-CoV-2 forced the textile industry to improve the filtration
efficiency of community masks to higher values, reaching similar
levels as for FFP masks. However, when worn by the general pop-
ulation, high wear comfort and easy-use were critical to achieve
proper fitting on users’ faces. One benefit of textile products is
that they can be much more sophisticated due to the cut and sew
process. Therefore, it is possible to produce masks with custom-
ized size and shape or even adjustable products, without invest-
ments in rigid ultrasonic welding machines.

High air permeability of a mask material can help to improve
the acceptance of the wearer. Masks with insufficient air perme-
ability can cause wearers to fiddle with the masks, unintentionally
reducing their protective effectiveness. Thus, an optimization of
the balance between the protective filtration efficiency and the air
permeability of the mask had to be found.

1.2 High Filtration Efficiency and Good Air Permeability
of Facemasks: A Mission Impossible?

The key challenge in the development of mask filter materi-
als is to achieve a high filtration efficiency against small droplet
and aerosol carriers of viruses while adding no extra resistance to
breathing. Generally, specific types of facemasks, such as those
certified under FFP (EN 149), medical masks (EN 14683), tex-
tile community masks and non-certified face coverings, differ in
respect to air permeability and filtration efficiency (Fig. 1). The
protection of tight-fitted and higher efficient FFP masks is highly
recognized, yet they often do not meet the need to breathe easily,
especially during physical work.?”l The newly developed com-
munity masks partly show an improved performance compared
to medical facemasks and offer many possibilities for future de-
velopments explored in the next section, using new material com-
binations.
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Fig. 1. Correlation between air permeability and filtration efficiency of dif-
ferent mask classes. Quality factors and performance of possible mask
material categories (solid line area) compared to the ideal need (dashed
line area).

First studies showed a certain correlation between high filtration
efficiency and low air permeability.28) However, the relationship
between these two parameters for different kinds of mask depends
on the complex interplay between many parameters, known from
air filtration principles.[??39 A selection of textile and membrane
technologies could overcome a dependency for these two parame-
ters, leading to innovative high performance and comfort materials.

The filtration efficiency of masks for small aerosols correlates
with the fineness of fibers and pores, as well as the surface of the
filter structure. A material design, considering a highly accessible
fiber surface area is needed to capture most particles inside the
porous structure and simultaneously allow easy breathing. Micron
and submicron fiber structures utilize beneficial slip flow condi-
tionsB3! and electrostatic charges, 32331 which can further increase
the filtration efficiency, especially for sub-micron aerosols.

The filtration efficiency depends on particles and drop-
let sizes. The size for which a filter has its lowest efficiency
is defined as the most penetrating particle size (MPPS). While
larger particles and droplets, typically in the range of several
micrometers up to hundreds of micrometers, are likely to carry
a higher viral load than smaller ones, they are fairly straightfor-
ward to separate from an airflow with most porous structures.
However, aerosol emitted during normal breathing and speaking
are much smaller, with a modal value around 1 micrometer.[34-36]
Consequently, filtration efficiency of micron and sub-micron
aerosols must be considered, since those are large enough to
carry respiratory pathogens such as SARS-CoV-2 (single virus
diameter @ 0.06-0.14 pm).137!

The increasing evidence of airborne transmission mode and
the urgent request of larger parts of the population for highly
breathable materials for prolonged wearing times in indoor envi-
ronments set the innovation vector towards novel mask concepts.
State-of-the-art technologies from functional and intelligent tex-
tiles, as well as the development of new textile finishes such as
antiviral treatments, have allowed to further tackle the conflicting
protection and comfort requirements.

There is an ongoing debate with respect to sustainability and
reusability of PPE.[33-401 Moreover, NGOs have pointed outl4!42]
the emerging problem of mask waste and the need to consider
concepts of circular economy in the newly established mask pro-
ductions. This has spurred an increasing interest in masks with
very long durability and easy maintenance. The requests from
these different interest groups rapidly shifted the requirements for
community masks from a low-cost, disposable product towards
multifunctional systems, leading to large research programs in
several industrialized countries and an innovation boost for the
corresponding textile and textile machinery industry. What was
first thought to be a short-term emergency production shift to ad-

dress the mask shortage at the beginning of the pandemic gradual-
ly turned into an innovation game-changer for the textile industry.

2. Innovation in Progress

2.1 The Innovation Pillars of the Next Generation of
Facemasks

Based on an improved understanding of SARS-CoV-2 infec-
tion routes over the past year, research and industry are now work-
ing diligently to develop improved products that go beyond the
function of conventional medical and respiratory masks.
Throughout the pandemic, facemasks ‘evolved’ continuously,
with innovations triggered by additional requirements (Fig. 2).
Mask fit and performance, as well as increased consumer aware-
ness of health and sustainability issues are driving innovation in
this area.

Transparency
Biodegradation
Sensing
Cosmetics

Short term ramp
up of production

Long term
R&D strategy

Style and fashion
Sustainability
Innocuity

Wear comfort

Fit / Washability
Antiviral, antimicrabial
properties

Splash resistance

Requirements

Filtration
efficiency
Air permeability

Pre pandemic Early pandemic Late pandemic Post pandemic

Fig. 2. Schematic depiction of the cumulative requirements for face-
masks over the timeline of the pandemic. Shift from a simple mask item
to a sophisticated product with an exponential boost potential for new
developments.

It was recognized early in the pandemic that textile-based
facemasks are valid alternatives to the existing mask standards
providing fundamental source control. On the material level, in-
novation is mainly found on novel highly porous membranes, and
electrostatic and/or antiviral functionalization.[*3]

The development of electrospun membrane prototypes has
shown that a new category of filtration media can be obtained with
these nanofiber materials, leading to mask properties with superior
combination of filtration efficiency and air permeability compared
to common materials. The weight of the nanofiber layer in these
materials is orders of magnitude lower compared to standard micro-
fiber meltblown layers, which are commonly used in medical and
FFP masks. This potentially lowers the ecological footprint of these
materials. Due to their small fiber size and therefore extremely high
surface area, nanofibers are known to offer a very high mechanical
filtration efficiency even for sub-micron aerosols. To increase fur-
ther the separation of virus-laden aerosols from the air, some masks
are constructed with electrostatically charged (‘electret’) fibers.[33]
These fibers have a persistent charge (triboelectric potential) lead-
ing to higher attraction of fine particles to the mask. However,
charged filters are described to change their efficiency over life-
time, depending on ambient conditions.l*4 Therefore, advanced
filter standards are required to test and report discharged minimum
fractional efficiency.[28:4] Innovative nanofiber membranes show a
potential to combine both an outstanding mechanical filtration per-
formance combined with a tailored electret charge during the spin-
ning process. If nanofiber membranes are combined with textile
substrates, they are well protected between the yarn structures of
the outer fabrics. This enables the sandwich structure to withstand
several cleaning cycles without significant loss in functionality.
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With further functionalization of the fibers, antiviral and an-
timicrobial properties can be achieved (trap and kill).[*¢! For ex-
ample, the integration of ZnO or Ag nanoparticles during fiber
synthesis is used to make antimicrobial textiles*”l and investiga-
tions are ongoing to determine if these composites have antiviral
capabilities.[*8-311 Furthermore, cationic positive surface charges
on fibers are described to attract negatively charged virus parti-
cles.[521 When deposited to the fiber surface the virus gets trapped
and the positive surface charge will break the lipid structure of
the virus which leads to an immediate inactivation. Consequently,
such antiviral and -microbial properties lead to a reduction of the
number of required changing or washing cycles and thus extend
the lifetime of the masks without inducing a secondary smear in-
fection risk.

Whereas medical masks are designed for single-use, textile
masks provide the potential to be washed in household washing
machines. Washing and reuse of medical masks is no require-
ment in the current standards nor recommended by their manu-
facturers. First results on medical masks further indicate a loss of
electrostatic charge, which is locked inside their fiber structure
and dissipates during household machine-washing, especially if
a detergent is used. Washing can therefore lead to a drop in effi-
ciency, mainly for sub-micron aerosol particle fractions and a loss
of cationic positive surface charges with antiviral properties after
washing. Therefore, developments of reusable masks must focus
on improved mechanical filtration efficiency or more (washing)
resistant electret charges. For reusable masks a washing proce-
dure offering the maximum cleaning potential, without lowering
the main functional parameters has to be defined. Furthermore, it
is necessary to investigate the aging process of masks including
the impact on physical properties that come with their prolonged
use and washing. Other cleaning methods have been recently in-
vestigated to improve the availability of masks during times of
shortage, 31 however, they are usually not available in common
households.

Besides the filtration efficiency and prolonged use, the fit of
the mask plays a crucial role. Leakage between face and mask is
of major relevance in respect to the protection efficacy.l53-551 As
the airflow follows the path of least resistance, aerosols that are
following the air can be exhaled and inhaled through the gaps be-
tween the mask and the face. This is particularly relevant in mask
materials characterized by low air permeability. A mask that opti-
mally protects against aerosols must completely cover the mouth
and nose and must fit tightly to the face, utilizing a sealing mate-
rial or adaptive shape and size. Conversely, a close fit of a filtering
facemask to the face can significantly reduce the level of comfort,
due to lower air and moisture permeability.

Consequently, if the aerosols are following the air flow through
the fine pores instead of by-passing the mask at the interface,
masks with high air permeability not only improve the breathing
resistance, but also the protection against aerosols.

With the obligation to wear masks in public transport or in
public crowded areas, littering of disposable masks has caused
increasing concerns on a local and global level when considering
plastic pollution of the oceans. This has motivated the develop-
ment of textile fabric masks meeting the requirements of exist-
ing mask standards but with novel concepts and material com-
binations to extend the lifetime of the products and thus their
sustainability.[® The development of a washable mask with
antiviral properties meeting the European standard for medical
facemasks (EN 14683) is a first example for such an innovation
considering sustainability aspects.[32] and it can be expected that
future products will include degradable, recyclable and circular
materials.

Scientific studies showing the usefulness and providing in-
formation about the safe handling of facemasks have rapidly
increased the acceptance by the wearers. However, at the same

time, regular wearing over longer time periods has raised con-
cerns about general health aspects. Headlines about skin irrita-
tion, headache or potential inhalation of released fiber (microfi-
brils) and other debris created new sources of anxieties in wide
sections of the population. The release of fragments or fibers
during the wearing and maintenance (washing) of facemasks is
intensively debated and highly depends on the material used as
well as the type of tests applied to simulate the mechanical load
and ageing parameters during real use.[5758 In a review assess-
ing the effects of various facemasks on the physiological and
perceptual responses to physical activity, the data suggest that for
healthy individuals, there may be an increase in dyspnea, yet with
only small and often difficult to detect effects even during intense
physical exercise.[>! There is evidence that wearing a medical
or FFP mask has no serious effect on oxygen supply or CO, in-
toxication.[%0l However, patients with chronic obstructive pulmo-
nary disease, breathing frequency, blood oxygen saturation and
exhaled CO, levels may be affected by wearing FFP masks.[6!]
Such health and safety concerns can be confronted by the devel-
opment of additional quality standards, which provide a certain
assurance to the consumers that non-complying products are
banned from the market. This is the reason why standardization
efforts have been rapidly intensified for textile-based community
masks in different industrialized countries and quality standards
have been published swiftly.

2.2 How a Simple Face Covering Stimulates the Whole
Textile Industry

The mandatory use of facemasks in most countries has
obviously led to a massive increase of their market size and
price, which promoted local production plants. The Swiss in-
dustry was able to react to the tight supply situation within a
few weeks and to offer alternative products to the market, while
the global supply chains mostly failed. However, after a few
months, the production capacity has risen in low-wage countries
which has forced the industry in Western countries to offer prod-
ucts with a higher added value, based on newest material re-
search achievements. The growing diversity of requirements for
facemasks has created new market opportunities for small and
medium-sized enterprises. Economic, social and environmental
value can be added by additional functions of next generation
textile masks compared to single use products. It is realistic to
meet and exceed the break-even points on all three of these as-
pects.

The development of quick solutions to tackle urgent market
needs in the early stage of the pandemic could be stepwise trans-
ferred into long-term R&D strategies, opening the perspective for
adjacent market segments and post pandemic product innovations
(Fig. 3). We forecast that for many application areas, low-tech
disposable products will be replaced by reusable, efficient and
fashionable products with high comfort, with a closer focus on
type and origin of raw materials, as well as on the overall weight
and lifespan of the product.

The whole textile production chain from the single fiber to the
final product, including additive coating and finishing processes
is rather complex, but offers a plethora of new solutions for face-
masks, with improved safety and comfort for the users leading to
a broader acceptance.

Such innovations have already been recently presented in the
form of transparent medical facemasks offering new quality of
life for instance for deaf people relying on lip-reading.[®21 The
next step of innovation for transparent masks was made using
the electrospinning technology by reducing the diameter of the
fibers to 20-30 nanometers.[%3] This technology has the potential
to lead to further innovations for increased comfort (e.g. release of
fragrances or skin-care substances). Developments are currently
being made to integrate sensors or color indicators into the mask
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Fig. 3. Schematic depiction of the innovation pillars for the next genera-
tion of facemasks with high technological adaptability to other product
segments.

to detect either the presence of pathogens or the end-of-life of the
products. Rapid prototyping and advanced manufacturing tech-
nologies like 3D printing have been used to customize the face-
masks and thus increase the fit, with benefits for both the filtration
efficiency and the wear comfort.

As for other consumer markets, the developments will be fur-
ther driven by the needs of the society and new dynamics on the
market are already visible. If the perceived benefit for the users
and the ease-of-use of the products can be further improved, it
can be expected that facemasks will become an article of daily
use after the pandemic in Western countries, especially in winter-
time for the protection from respiratory diseases like influenza. (¢4
These innovations will cross-stimulate other market segments and
we can expect exponential growth in developments in the field of
hygiene and medical technology, driven by advanced and smart
textile technologies and novel surface treatments. This innova-
tion boost, combined with possible political decisions about the
systemic relevance of the textile industry for health care supply
in future crises, can become a major game-changer for the whole
textile industry in Western countries.

3. Conclusions

While the COVID-19 pandemic proved to be a tremendous
challenge for industry to keep up with new demands, this provided
a significant boost to innovation in various sectors including the
textile industry. With shortages in personal protective equipment,
such as medical facemasks in particular, novel fabric masks were
established as an initial easy-to-produce countermeasure. To de-
fine and harmonize the quality of fabric masks, such as filtration ef-
ficiency, fit and air permeability, new guidelines for a ‘Community
Mask’ were established, which had to be met with innovative con-
cepts for the realisation of these requirements. Moreover, industry
and research successfully joined forces to establish and optimise
more effective, accessible and sustainable filter membranes, func-
tional compositions and coatings for improved sterility and reus-
ability, as well as strategies to improve wear comfort and fit. Not
only has this enabled industry to remain in business and provide
new products during the most restrictive time of the pandemic, it
also resulted in innovative and competitive new products beyond
personal protection equipment anticipating potential future needs.
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