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Understanding the impact of
different hand drying methods on
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Background: As COVID-19 restrictions were lifted, compliance with good
hygiene practices has declined. Hand drying can help remove microbes that
remain on hands following poor hand washing. We looked at the potential of
new electric hand dryer models to disperse microbial droplets and aerosolized
particles during hand drying, to understand if there is a potential infection risk.
Methods: We used both a food dye solution and a bacteriophage solution to
visually and quantitively investigate the potential of electric hand dryers Airblade
9KJ (A9KJ), Airblade Wash & Dry (AW+D) and of paper towels (PT), to disperse
water droplets in the washroom environment, potentially contaminating
surfaces, the user, and a bystander. We also investigated whether microorganisms
aerosolized during hand drying can contaminate facemasks of others sharing
the same space, mimicking the risk of virus inhalation, up to 30 min post-hand
drying.

Results: The highest level of droplet contamination on the floor and walls
was observed using the A9KJ hand dryer. Compared to PT, average wall
contamination was 78 times higher with A9KJ, and 19 times higher with AW+D.
Hand drying assays using bacteriophage showed significantly less splattering
contamination of both masks and torso when using PT, compared with electric
hand dryers’ use. Overall, person contamination was 100- to 1,000-fold lower
at the hand dryer position when using PT. Mask contamination of participants
standing at 1 m distance of the hand drying unit was 10-fold and 100-fold lower
in assays using PT, compared to A9KJ hand dryer and AW+D wall hand dryer
use, respectively.

Conclusion: The potential for virus spread via droplets and aerosols was
considerably higher following the use of electric hand dryers, suggesting
users are more at risk of contact with viral particles via touching contaminated
surfaces or inhalation when using electric hand dryers, compared with PT.
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Introduction

Hand drying is an important step of hand hygiene, that
complements hand washing by assisting with the removal of microbial
contamination from hands (1). This step became additionally
important during the COVID-19 pandemic, as appropriate hand
washing practices increased with the public awareness to their role in
reducing the virus spreading through contaminated surfaces (2-4).
However, the end of social restrictions has been accompanied by a
decline in compliance with good hand hygiene practices (3, 4).

This change in behavior away from recommended guidelines (5)
can have public health implications. Respiratory infections caused by
SARS-CoV-2, influenza and other respiratory virus have been rising
in Western countries since 2021 (6-9), leading to variable uptake of
facemask use, notably for enhanced protection of those more
susceptible to severe disease (10, 11). However, as influenza and
SARS-CoV-2 virus can also survive on contaminated hands and
surfaces in community settings (12, 13), there is an increased risk of
viral spread in contaminated environments, namely hospitals, that are
often used by susceptible individuals.

Previous studies have shown PT are more effective at removing
moisture and pathogens from hands (1, 14-17), compared to the jet
air dryer or warm air dryer models. PT were also associated with a
lower potential to disperse droplets (18-22) and lower particle
aerosolization (20, 22). Jet air dryers have been associated with droplet
dispersion up to 1.5m for viral particles (21) and over 3 m for
bacterial particles (23). These results demonstrate the potential risk of
airborne dissemination of microbial pathogens during and following
hand drying, according to the method used.

New high-speed electric hand drying systems (Figure 1A) have
become available, including some that combine hand washing and
drying (Figure 1B) in a small footprint and are commonly found in
high traffic public toilets such as in airports, hospitals, and train
stations. The potential of these systems to disseminate droplets or
aerosolized particles that can remain in the environment and
contaminate others for an extended period after hand drying
remains poorly studied. Therefore, using a bacteriophage as
surrogate for hand microbial contamination we investigated: (i)
whether different hand drying methods impacted the residual
microbial contamination remaining on hands following hand
drying of poorly washed hands and, (ii) the potential of each hand
drying method to promote aerosolization of bacteriophage particles
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that can contaminate standby users’ masks (as a proxy of inhalation
risk) during and following hand drying.

Materials and methods

Food dye assays to assess washroom
contamination following hand drying

A total of 3 hand drying methods were investigated: Dyson
Airblade 9 k] (A9K]) hand dryer, the Dyson Airblade Wash+Dry
(AW+D) wall dryer, and paper towels (PT). Both the A9K] and AW+D
dryer have a 2-arm design and are activated by placing the hands
beneath the dryer arms and moving them parallel to the dryer surface.
However, with the A9K] hands are dried at a 30-degree flexion with an
outlet air velocity of 158 m/s, whereas using the AW+D wall dryer,
hands are extended horizontally and dried with an air velocity of
153 m/s.

For each method, 3 hand drying assays were performed to assess
droplet dispersion within the washroom environment. A power
calculation was not performed as the purpose of these experiments was
to visually assess the droplet contamination caused by each method
and to inform the surfaces to be tested in the subsequence
bacteriophage assays.

Hand dryer users immersed their hands in 10 mL of food dye
solution and performed hand drying following manufacturer
recommendations for each method, i.e., 10s with A9K]J hand dryer,
14 s with Dyson AW+D wall hand dryer, or using 3 PT.

All experiments were performed in presence of a standby user
stationed at ~1 m distance from the hand drying station.

During hand drying, all participants wore personal protective
equipment including a disposable Tyvek protective suit (DuPont,
Stevenage, United Kingdom) and face shields (Fisher Scientific, UK)
for visual assessment of user contamination. Furthermore, selected
areas were monitored to determine the level of droplet dispersion
caused by each hand drying method, namely: (i) wall and floor
sections of 65 cm x 40 cm both underneath the dryer and at 1 m
distance, corresponding to the width and length of space occupied by
an average person while standing still, (ii) a visor shield surface of
32 cm x 22 cm, representing the face area exposed to droplets, (iii)
Tyvek suit torso and leg areas of 16 cm x 22 cm, selected based on the
shortest hand drying volunteer. Splattering was measured by counting

Schematics of droplet dispersion observed with each hand drying method. Arrows represent the widest angle and longest distance traveled by droplets
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droplets over 1 mm in diameter in the sectioned areas. For each assay,
droplets were counted manually by 2 people using a digitally counter
pen, and the average value was recorded.

Power calculation for bacteriophage assays

The study was powered to detect a difference between two
methods, based on the contamination remaining on hands following
hand drying and then transferred to a surface (door handle). The
calculation was based on the risk of microbial dissemination to
surfaces, associated with poorly cleaned hands, as previously reported
(1). Experimental data was used to inform the calculation (1).
Assuming non-normally distributed data with a population standard
deviation of 22,347 between the two arms and analyzed using a Mann-
Whitney test, it was determined that at least 6 experiments per arm
would be required to find a difference of 10° copies/pL (or 10-fold),
with 90% power, and alpha error rate of 0.05%." As different hand dryer
models were used in this experiment, we have performed 10 assays per
arm instead of the 6 deemed essential. This allowed us to also
investigate standby user contamination during hand drying, and mask
contamination via droplets and aerosolized particles, in addition to
hand and surface contamination.

Preparation of bacteriophage filtrate

Bacteriophage PR772 (BAA-769-B1) was propagated using its
recommended host strain Escherichia coli K12 (BAA-769), as
previously described (1). The obtained bacteriophage filtrate was
diluted to 10® pfu/ml and kept at 4 °C until use.

Bacteriophage dispersion and aerosol
formation during hand drying

All hand drying tests were carried out in a room measuring 48 m*
Leeds
(United Kingdom) (20). Room air was renewed through standard

without air-conditioning at the General Infirmary
ventilation, without applied active positive or negative pressure (i.e.,
no fans or air conditioning). Before each experiment, all surfaces were
sanitized with chlorine wipes (Medipal, Pal, United Kingdom). Before
each test, volunteers sanitized their gloved hands with 70% alcohol
hand gel disinfectant (Sterillium, Germany), followed by immersion
in 10 mL of bacteriophage solution. Hands were shaken thrice to
remove excess liquid and dried using either the electric hand dryers
A9K]J (Dyson, United Kingdom) for 10s, the Dyson AW+D wall hand
dryer (Dyson, United Kingdom) for 14 s, or using three PT (Hand
Towels H3, Tork, United Kingdom).

Overall, each method was tested in 10 separate hand drying assays
performed on 2 different days (5 assays per day). Surface and mask
samples were collected after each individual assay; however, the 5 daily

experiments were performed consecutively, without additional

1 https://www.benchmarksixsigma.com/calculators/

sample-size-calculator-for-mann-whitney-test/
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ventilation of the room between assays. This aimed to replicate the
potential contamination occurring following repeated use of public
washrooms. All assays were performed in presence of a standby user
stationed at 1 m and at a 45-degree angle from the hand drying station.

During hand drying, each participant wore a N95 respirator
(FFP2NR, Omnitex) and a disposable plastic apron (Medisave UK
Ltd., United Kingdom), for measurement of body/clothing
contamination. Once hand drying was completed, one of the hands
of the volunteer performing the hand drying was immediately
sampled (palm and fingertips) to measure contamination remaining
on hands after drying. With the other gloved hand, the volunteers
touched a door handle as they would for standard use. All surfaces
(hands, apron, gloves) were swabbed with a 3 M sponge-stick
moistened with neutralizing buffer (SLS, United Kingdom). Surfaces
were disinfected with chlorine wipes pre- and post-sampling, as
previously described (1).

Facemasks worn during hand drying were collected to measure
mask contamination occurring as result of splattering. All volunteers
then wore a new respirator and remained at their positions for 5 min,
allowing any potential aerosols to settle on the clean masks. This
process was performed twice at 10-15 min post-hand drying, and at
25-30 min post-hand drying, to assess if aerosolized particles could
potentially deposit on the masks and be detected by qPCR analysis, as
previously reported (22).

Bacteriophage recovery from masks

AIIN95 respirators were individually bagged upon collection and
transferred to the lab for immediate testing. The outer layer of each
mask was removed using sterile scissors and saturated with 2 mL of
DNA/RNA shield solution (Zymo Research, Germany), as described
before (24). The elute was recovered via centrifugation for 1 min at
3,300 g and stored at 4 °C until DNA extraction.

DNA extraction and quantitative PCR
(gPCR)

DNA extraction was performed using the QIAamp 96 Virus
QIAcube HT Kit and 400 pL of elutes from masks or surfaces (sampled
with 3 M sponge-stick). Bacteriophage quantification was performed
as previously described (1) via qPCR and using primers specific for
gene P3 of bacteriophage PR772 (Table 1). Standard curves were used
to convert threshold cycle values to copies per pL of template. Limit
of detection was established at 500 copies.

Statistical analysis

SPSS version 29 was used for data analysis. Statistical
significance was assessed using a two-sided Wilcoxon Signed Rank
test for related samples, i.e., to assess surface and mask
contamination occurring during hand drying; and using a
two-sided Mann-Whitney U test for independent samples, i.e., to
compare samples between hand drying methods. Both tests were
assessed using a 95% confidence interval; p < 0.05 was considered
statistically significant.

frontiersin.org


https://doi.org/10.3389/fpubh.2025.1664322
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://www.benchmarksixsigma.com/calculators/sample-size-calculator-for-mann-whitney-test/
https://www.benchmarksixsigma.com/calculators/sample-size-calculator-for-mann-whitney-test/

Moura et al.

Results

Overall, nine hand drying assays were performed using a food dye
and either the Dyson A9K] hand dryer, the Dyson AW+D wall hand
dryer or PT, to determine the potential for droplet dispersion in the
room environment via splattering and aerosolization of particles.

Sixty hand drying assays were also performed using a
bacteriophage solution to determine the potential for microbial
contamination of hands, surfaces and facemasks using either Dyson
A9K] hand dryer, Dyson AW+D wall hand dryer or PT, in presence
and absence of poor hand washing. Hands contaminated with the
bacteriophage solution aimed to represent hands not washed following
the recommended guidelines (25), i.e., hands that have not been
washed with water and soap for 20s. Each assay involved 2 volunteers:
one performing the hand drying and other stationed at 1 m distance.

User and surface contamination as result of
splattering

The potential of each hand drying method to disperse water
droplets in the washroom environment, potentially contaminating
surfaces, the user, and the bystander was investigated using a food dye
solution as visual indicator for contamination. Contamination was
measured within predefined areas of the room and of the Tyvek suits/
face shields worn by the volunteers.

The highest level of droplet contamination on the washroom
surfaces (floor and wall) was observed in the assays using the A9K]

10.3389/fpubh.2025.1664322

hand dryer (Table 2). Contamination of the floor area around the
hand drying unit/user was on average 3 times higher with A9K]J
hand dryer compared with AW+D wall hand dryer and 14 times
higher compared with PT. At 1 m from the drying station, droplet
levels observed following A9K] hand dryer use were similar to those
observed using the AW+D wall hand dryer, but >8 times higher
than following PT use. Contamination on the wall next to the
drying station was 78 times higher with A9K] and 19 times higher
using the AW+D wall hand dryer, compared with PT. Wall
contamination following PT use was associated with liquid
displacement from hands when removing PT from the holder unit,
whereas floor contamination resulted of droplet dripping during the
hand drying movements. Droplets traveled longer distances
following A9K] hand dryer use, up to 90 cm in a straight line and
up to 55 cm in an angle (Figure 1).

However, the user and standby user contamination was higher
on the assays performed with AW+D wall hand dryer, for nearly all
areas of the Tyvek suit analyzed, particularly on the torso of the
hand dryer user (Table 2; Supplementary Figure 2). Although the
A9K] hand dryer was associated with high floor contamination at
1 m from the drying unit, almost no droplets were observed on the
standby user.

Overall, PT was the method associated with lower person
contamination, with no droplets observed in the Tyvek suit or visor of
the standby user, and under 10 droplets observed on the hand drying
volunteers’ suit (Supplementary Figure 3). Surface contamination was
also lower with PT, compared with the other methods, with most
droplets observed on the wall traveling up to 15 cm (Figure 1).

TABLE 1 Primer sequences used for amplification of the P3 gene of bacteriophage PR772 via qPCR.

Sequence Amplicon size (bp) Reference
P3 Forward 5-CCCATTAAGTACGGCGATGTTATG-3’
102 (38)
P3 Reverse 5-GGCAAGCGGAACCCAATAG-3' ‘ ‘
TABLE 2 Droplet dispersion observed following hand drying assays performed using food dye.
Surface area (cm x cm) Paper towels AW+D wall hand Airblade 9KJ
dryer

Wall (65 x 40) 7x1 139 + 87 536 £ 277
Floor — immediately underneath the hand dryer (65 x 40) 32+5 158 + 34 466 + 277
Floor - 1 m behind hand dryer (65 x 40) 13+6 135+ 32 104 + 13
Floor - 1 m at a 45-degree angle from hand dryer (65 x 40) 55 109 +29 93 +33
Hand drying person (cm x cm)

Face shield (32 x 22) 0 56 + 30 7+4

Torso (22 x 16) 8+5 288%* + 65 46 + 25

Leg (22 x 16) 3+2 35+8 61 +31
Standby user (cm x cm)

Face shield (32 x 22) 0 62+4 0

Torso (22 x 16) 0 60 +22 1+0.8

Leg (22 x 16) 0 56 =30 0

Contamination of surfaces, the individual performing hand drying and a standby user stationed a 1 m distance were investigated with three different hand drying methods. Data shown is the
average of three hand drying experiments and standard deviation. * Average of 2 assays, as in the third the spots were too many to count.
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Contamination of surfaces and N95 masks
by microbial droplets

Hand drying assays were also performed following hand
immersion in a bacteriophage solution, to assess the efficacy of each
method in supporting hand hygiene of poorly washed hands. Viral
contamination as result of splattering was investigated by recovering
N95 respirators and sampling disposable plastic aprons worn by
volunteers and by standby users during hand drying.

Hand contamination following hand drying significantly declined
with all methods tested (p < 0.05 on the Wilcoxon test), when compared
to the stock solution used to contaminate the hands. However, hand
contamination following drying was 10-fold lower using PT, when
compared to the use of either electric hand dryer (Figure 2). This lower
microbial load was associated with a significantly lower 100-fold
contamination of the door handle when PT were used, compared to the
AW+D wall hand dryer and A9K] hand dryer (p < 0.05 using a two-tailed
Mann-Whitney test; Supplementary Figure 4). Among all methods, the
bacteriophage transfer from hands to the door handle, was significantly
higher following the use of the AW+D wall hand dryer, compared to the
A9K]J hand dryer and PT.

Mask contamination of the volunteers performing the hand
drying of poorly washed hands was 200-fold and 1,000-fold lower
following PT use (1.7 x10° copies/pl) compared to the use of the
AW+D wall hand dryer (3.4 x10° copies/pl) and the A9K]J hand dryer
(1.1 x10° copies/pl), respectively (Figure 2). Mask contamination

10.3389/fpubh.2025.1664322

above the limit of detection in this position was observed in 80% of
the PT assays, whereas electric hand dryers resulted in 100% of tests
positive for bacteriophage presence in facemasks.

Similarly, mask contamination of participants standing at 1 m
distance of the hand drying unit was 10-fold and 100-fold lower in
assays using PT, when compared to the use of A9K] hand dryer and
AW+D wall hand dryer, respectively. (Figure 2). At this position,
facemasks contamination with bacteriophage was observed in 100%
of the assays using electric hand dryers, but only in 70% of the assays
using PT.

Compared to the electric hand dryers, PT resulted in significantly
less splattering contamination of both masks and aprons at both
investigated positions. This was particularly evident on the hand
drying position where the electric methods were associated with 100-
to 1,000-fold more apron contamination (Figure 2). For most surfaces
tested, AW+D wall hand dryer resulted in a significantly higher
facemask contamination compared to both A9KJ hand dryer and
PT. The one exception was observed on the splattering of facemasks
used by the volunteers during hand drying, where A9K]J hand dryer
was associated with the highest contamination.

Mask contamination as result of aerosols

After hand drying, the participants remained at their defined
positions, i.e., by the hand drying station and at 1 m distance from the
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between paper towels and Dyson AW+D wall hand dryer, and between PT and Dyson A9KJ hand dryer, using a two-tail Mann—-Whitney U test.
#p < 0.05 significant differences between Dyson AW+D wall hand dryer and Dyson A9KJ hand dryer using a two-tail Mann—-Whitney U test.
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hand dryer. Volunteers wore a new N95 respirator for each 5-min
period tested: at 10-15 and at 25-30 min post-hand drying. The
purpose was to assess if each hand drying method created aerosols
that could deposit on the masks surface when subjected to the air
displacement associated with regular breathing.

Hand drying using AW+D wall hand dryer and A9K] hand dryer
resulted in mask contamination by aerosols at both positions and at
all timepoints, whereas this was observed in only 60% of the testing
points when PT were used.

At the 15-min timepoint, bacteriophage aerosolization at the hand
drying station position was 10-fold lower with PT than with the
AW+D wall hand dryer, and 100-fold lower compared to the A9K]J
hand dryer (Figure 3).

Contamination of facemasks at the hand dryer position was
highest at all time points investigated when the A9K] hand dryer was
used. However, at the standby position, facemask contamination was
generically higher when AW+D wall hand dryer was used, with
exception of the 15 min timepoint, where A9K]J hand dryer resulted
in a non-significantly higher mask contamination compared with the
AW+D wall hand dryer (Figure 3).

For all methods there was a slight increase on mask contamination
observed at 30 min compared to 15 min.

Discussion

Hand drying is an integral step of hand hygiene (25, 26) and is
essential in minimizing the risk of pathogen spread (1, 20, 21, 27).
Previous studies reported different results regarding the efficacy of
electric hand dryers in removing microbial contamination from

10.3389/fpubh.2025.1664322

individuals’ hands and their potential for contamination of the
washroom environment (1, 18, 19, 28, 29). Those observations are
likely impacted by the different experimental designs, with a hand
washing step of 20s following WHO guidelines (25) and/or hand
drying performed until all moisture has been removed, often featuring
in experiments where electric hand dryers performed best. However,
in real-life settings, poor hand wash practices (no soap, less than 20s)
and hand drying for short periods are common (29-32). One study
comparing different hand drying methods found that 68% of their
volunteers used a jet air dryer for up to 10s in their daily life, whereas
experiments employed an average time of >27s to achieve full hand
dryness (29). This is relevant as residual moisture in hands can
increase microorganism transfer from hands to surfaces (1, 27).

We looked to investigate the efficacy of new electric hand drying
systems, the Dyson AW+D wall hand dryer and the A9K] hand dryer,
in removing contamination from hands and their potential to cause
particle aerosolization for an extended period, compared with PT.

PT resulted in significantly lower splattering contamination of all
surfaces, which was associated with lower transfer of microbial
contamination to the door handle via direct contact, similar to
previous reports (1).

Droplet dispersion of both the food dye and bacteriophage assays
showed A9K] hand dryer was associated with a higher contamination
of walls and floor, whereas person contamination was higher when
using the Dyson AW+D wall hand dryer. Both hand dryers have a
2-arm design and similar air-drying velocity; however, the 30° hand
drying angle in A9K] appears to displace more air toward the adjacent
surfaces (wall and floor), whereas the horizontal movement of hands
during AW+D use suggests more air is displaced towards the
nearby individuals.

Mask contamination
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FIGURE 3

Mean gPCR bacteriophage levels and standard deviation recovered from N95 masks following hand drying. Bacteriophage deposition was investigated
at 0 min, 15 min and 30 min post-hand drying, both at the hand drying station and at 1 m distance. Facemasks represented the risk for virus inhalation.
*p < 0.05 significant differences between PT and Dyson AW+D wall hand dryer, and between PT and 9KJ, using a two-tail Mann—-Whitney U test.

#p < 0.05 significant differences between Dyson AW+D wall hand dryer and A9KJ hand dryer using a two-tail Mann-Whitney U test.
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Facemask contamination via aerosols was significantly lower
at all time points and distances investigated, following hand
drying with PT, compared with using the Dyson AW+D wall hand
dryer or the A9K]J hand dryer. However, bacteriophage deposition
on facemasks increased at 30 min post-hand drying with all
methods versus the 15 min timepoint, but this increase was
10-fold higher with AW+D wall hand dryer and A9K] hand dryer,
at the standby user position. Hand drying can result in
aerosolization of different size particles, with those smaller than
0.5 mm not visible by the naked eye (33). Our data shows that
AW+D and A9K] result in a larger amount of droplets forming
and dispersing in the environment compared to PT. Based on
these observations, and reported data showing bacteria aerosols
ranging from 0.3 pM to 5 puM are formed during hand drying (28),
we hypothise that larger and smaller size particles containing
bacteriophage are also formed that remain airborne for different
periods of time. This appears to be consistent with the different
size of bacterial aerosols collected using an air sampler, following
hand washing and drying with different methods (28). Similar to
many public spaces, the room used in our study has standard
ventilation and hand drying assays were performed in sets of 5, to
represent repeated use of public washrooms. The air displacement
caused by repeated hand drying would support the smaller size
viral particles remaining airborne for longer and traveling from
the hand drying station to the standby user position at 1 m
distance, where the largest increase in mask contamination was
observed at 30 min post-hand drying. These results are similar
also to those observed when testing the Dyson Airblade jet hand
dryer (1, 20-22) and would mean a potential for prolonged
exposure of others to microbial pathogens.

Opverall, in this study PT use resulted in lower hand, person, and
surface contamination, compared with use of AW+D wall hand dryer
and A9K]J hand dryer. However, our observations are limited by the
room dimension and ventilation and therefore cannot represent every
real-world setting. Different hand dryer models and variations in
installation heights/angles could also impact droplet dispersion and
aerosolization in public spaces.

Studies looking at hand washing practices in the community have
reported rates of hand washing with soap in adults as low as 11% (32),
whereas a systematic review looking at global hand washing practices
in the context of diarrheal diseases has estimated that only 19% of the
world population washes their hands with soap after contact with
excreta (30). Even when regular hand wash is performed with plain or
antimicrobial soap, 4 to 6 log,, colony forming units of bacteria have
been reported to remain in hands (34-36). Considering how often
hand washing is suboptimal, effective hand drying is essential to aid
removal of microbes remaining on hands.

Conclusion

This study investigated person, surface and mask contamination
during and up to 30 min after three hand drying methods. Microbial
contamination was significantly lower when using PT compared with
electric hand dryers. Although the use of facemasks to protect from
SARS-CoV-2 is no longer common in the community, facemasks are
still used in healthcare facilities and by at risk groups, particularly as
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viral respiratory infections remain high (7, 9, 11, 37). As poorly
washed hands in become increasingly common once again (3, 4, 29—
32), hand drying can act as supportive measure to reduce the viral
transmission in enclosed environments.

Our results demonstrate that hand drying with PT is associated
with a lower risk of droplet and aerosol dispersal compared with use
of electric hands are

hand dryers, particularly when

sub-optimally cleaned.

Data availability statement

The raw data supporting the conclusions of this article will
be made available by the authors, upon reasonable request.

Author contributions

IM: Conceptualization, Formal analysis, Investigation,
Methodology, Supervision, Writing - original draft. KB: Investigation,
Writing - review & editing. KK: Investigation, Writing - review &
editing. MW: Conceptualization, Funding acquisition, Resources,

Writing - review & editing.

Funding

The author(s) declare that financial support was received for the
research and/or publication of this article. The study was supported by
the European Tissue Symposium. The funder was not involved in
project design, data collection, analysis or interpretation, or in the
manuscript preparation. IBM and MHW are supported in part by the
National Institute for Health and Care Research (NIHR) Leeds
Biomedical Research Center (BRC; NIHR203331). The views
expressed are those of the author(s) and not necessarily those of the
NHS, the NIHR or the Department of Health and Social Care.

Acknowledgments

We thank the volunteers that took part in the hand drying assays.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Generative Al statement

The author(s) declare that no Gen Al was used in the creation of
this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure accuracy,

frontiersin.org


https://doi.org/10.3389/fpubh.2025.1664322
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org

Moura et al.

including review by the authors wherever possible. If you identify any
issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product

References

1. Moura IB, Ewin D, Wilcox MH. From the hospital toilet to the ward: a pilot study
on microbe dispersal to multiple hospital surfaces following hand drying using a jet air
dryer versus paper towels. Infect Control Hosp Epidemiol. (2022) 43:241-4. doi:
10.1017/ice.2021.43

2. Wang Y, Yang ], Qiao E Feng B, Hu E Xi ZA, et al. Compared hand hygiene
compliance among healthcare providers before and after the COVID-19 pandemic: a
rapid review and meta-analysis. Am ] Infect Control. (2022) 50:563-71. doi:
10.1016/j.ajic.2021.11.030

3. Stangerup M, Hansen MB, Hansen R, Sode LP, Hesselbo B, Kostadinov K, et al.
Hand hygiene compliance of healthcare workers before and during the COVID-19
pandemic: a long-term follow-up study. Am J Infect Control. (2021) 49:1118-22. doi:
10.1016/j.ajic.2021.06.014

4. Ahmadipour M, Dehghan M, Ahmadinejad M, Jabarpour M, Mangolian
Shahrbabaki P, Ebrahimi Rigi Z. Barriers to hand hygiene compliance in intensive care
units during the COVID-19 pandemic: a qualitative study. Front Public Health. (2022)
10:968231. doi: 10.3389/fpubh.2022.968231

5. World Health Organization & WHO Patient Safety. A guide to the implementation
of the WHO multimodal hand hygiene improvement strategy. Geneva: World Health
Organization (2009).

6. Editorial. Patterns of respiratory infections after COVID-19. Lancet Respir Med.
(2024) 12:1. doi: 10.1016/52213-2600(23)00472-1

7. Williams TC, Sinha I, Barr IG, Zambon M. Transmission of paediatric respiratory
syncytial virus and influenza in the wake of the COVID-19 pandemic. Eurosurveillance.
(2021) 26:2100186. doi: 10.2807/1560-7917.ES.2021.26.29.2100186

8. Tan L], Ahmed S, Rothholz MC, Kassianos G, Nguyen-Van-Tam JS. Lessons learned
from 2 years of influenza vaccinations in the UK and USA during the COVID-19
pandemic as respiratory viruses return. Hum Vaccin Immunother. (2022) 18:2125754.
doi: 10.1080/21645515.2022.2125754

9. UK Health and Security Agency (UKHSA). Winter coronavirus (COVID-19)
infection study: estimates of epidemiological characteristics, 21 December 2023 -
updated 18 January 2024. Available online at: https://www.gov.uk/government/statistics/
winter-coronavirus-covid-19-infection-study-estimates-of-epidemiological-
characteristics-england-and-scotland-2023-to-2024/winter-coronavirus-covid-19-
infection-study-estimates-of-epidemiological-characteristics-18-january-2024, (2023).

10. Rada AG. Spain reintroduces mandatory mask wearing in health facilities as
respiratory infections rise. BMJ. (2024) 384:q71. doi: 10.1136/bmj.q71

11. Centers for Disease Control and Prevention (CDC). Urgent need to increase
immunization coverage for influenza, COVID-19, and RSV and use of authorized/
approved therapeutics in the setting of increased respiratory disease activity during the
2023 - 2024 winter season. Available online at: https://emergency.cdc.gov/han/2023/
han00503.asp?ref=upstract.com, (2023).

12. Fong MW, Leung NHL, Xiao J, Chu DKW, Cheng SMS, So HC, et al. Presence of
influenza virus on touch surfaces in kindergartens and primary schools. J Infect Dis.
(2020) 222:1329-33. doi: 10.1093/infdis/jiaal 14

13. Hirose R, Tkegaya H, Naito Y, Watanabe N, Yoshida T, Bandou R, et al. Survival of
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) and influenza virus on
human skin: importance of hand hygiene in coronavirus disease 2019 (COVID-19). Clin
Infect Dis. (2021) 73:e4329-35. doi: 10.1093/cid/ciaal517

14. Redway K, Fawdar S. European tissue symposium: a comparative study of three
different hand drying methods: paper towel, warm air dryer, jet air dryer. (2008)

15. Hanna PJ, Richardson BJ, Marshall M. A comparison of the cleaning efficiency of
three common hand drying methods. Appl Occup Environ Hyg. (2011) 11:37-43. doi:
10.1080/1047322x.1996.10389121

16. Snelling AM, Saville T, Stevens D, Beggs CB. Comparative evaluation of the
hygienic efficacy of an ultra-rapid hand dryer vs conventional warm air hand dryers. |
Appl Microbiol. (2011) 110:19-26. doi: 10.1111/.1365-2672.2010.04838.x

17. Pitt SJ, Crockett SL, Andreou GM. The contribution of hand drying in prevention
of transmission of microorganisms: comparison of the efficacy of three hand drying

Frontiers in Public Health

10.3389/fpubh.2025.1664322

that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpubh.2025.1664322/
full#supplementary-material

methods in the removal and distribution of microorganisms. J Infect Prev. (2018)
19:310-7. doi: 10.1177/1757177418789485

18. Best E, Parnell P, Couturier J, Barbut F, Le Bozec A, Arnoldo L, et al. Environmental
contamination by bacteria in hospital washrooms according to hand-drying method: a
multi-Centre study. ] Hosp Infect. (2018) 100:469-75. doi: 10.1016/j.jhin.2018.07.002

19. Margas E, Maguire E, Berland CR, Welander F, Holah JT. Assessment of the
environmental microbiological cross contamination following hand drying with paper
hand towels or an air blade dryer. ] Appl Microbiol. (2013) 115:572-82. doi:
10.1111/jam.12248

20. Best EL, Parnell P, Wilcox MH. Microbiological comparison of hand-drying
methods: the potential for contamination of the environment, user, and bystander. J
Hosp Infect. (2014) 88:199-206. doi: 10.1016/j.jhin.2014.08.002

21. Best EL, Redway K. Comparison of different hand-drying methods: the potential
for airborne microbe dispersal and contamination. J Hosp Infect. (2015) 89:215-7. doi:
10.1016/j.jhin.2014.11.007

22. Moura IB, Bentley K, Wilcox MH. Assessment of potential for viral contamination
of user and environment via aerosols generated during hand drying: a pilot study. Front
Public Health. (2022) 10:1010802. doi: 10.3389/fpubh.2022.1010802

23. Murphy A, Wang Z, Sun H, Lin K. Aerosolization and dispersion of bacteria on
hands by hand dryers during hand drying activities. Aerosol Sci Technol. (2025)
59:904-14. doi: 10.1080/02786826.2025.2472940

24. Ruiz-Bastian M, Rodriguez-Tejedor M, Rivera-Nufez MAGroup S-C-W.
Detection of SARS-CoV-2 genomic RNA on surgical masks worn by patients: proof of
concept. Enferm Infecc Microbiol Clin. (2021) 39:528-30. doi: 10.1016/j.eimc.2020.12.004

25. World Health Organization (WHO). WHO guidelines on hand hygiene in health
care. Geneva, Switzerland: World Health Organisation (2009).

26.Boyce JM, Pittet D. Guideline for hand hygiene in health-care settings:
recommendations of the healthcare infection control practices advisory committee and
the HICPAC/SHEA/APIC/IDSA hand hygiene task force. Infect Control Hosp Epidemiol.
(2002) 23:53-540. doi: 10.1086/503164

27. Patrick DR, Findon G, Miller TE. Residual moisture determines the level of touch-
contact-associated bacterial transfer following hand washing. Epidemiol Infect. (1997)
119:3119-25. doi: 10.1017/s0950268897008261

28. Gido MS, Vardoulakis S. Aerosols and Bacteria from hand washing and drying in
indoor air. Front Public Health. (2022) 10:804825. doi: 10.3389/fpubh.2022.804825

29. Suen LKP, Lung VYT, Boost MV, Au-Yeung CH, Siu GKH. Microbiological
evaluation of different hand drying methods for removing bacteria from washed hands.
Sci Rep. (2019) 9:13754. doi: 10.1038/s41598-019-50239-4

30. Freeman MC, Stocks ME, Cumming O, Jeandron A, Higgins JP, Wolf ], et al.
Hygiene and health: systematic review of handwashing practices worldwide and
update of health effects. Trop Med Int Health. (2014) 19:906-16. doi:
10.1111/tmi.12339

31. Smith L, Butler L, Tully MA, Jacob L, Barnett Y, Lopez-Sanchez GF, et al. Hand-
washing practices among adolescents aged 12-15 years from 80 countries. Int ] Environ
Res Public Health. (2020) 18:18. doi: 10.3390/ijerph18010138

32. Mbouthieu Teumta GM, Niba LL, Ncheuveu NT, Ghumbemsitia MT, Itor POB,
Chongwain P, et al. An institution-based assessment of students' hand washing behavior.
Biomed Res Int. (2019) 2019:7178645. doi: 10.1155/2019/7178645

33.Gao Z, Li Y, Wang F, Duanmu L, Zhang T. Emitted droplets and aerosols and their
transmission when drying hands under an air-jet dryer. ] Hazard Mater. (2025)
482:136508. doi: 10.1016/j.jhazmat.2024.136508

34. Boyce JM, Pittet DHealthcare Infection Control Practices Advisory Committee,
HICPAC/SHEA/APIC/IDSA Hand Hygiene Task Force, Centers for Disease Control
and Prevention (CDC). Guideline for hand hygiene in healthcare settings:
recommendations of the healthcare infection control practices advisory committee and
the HICPAC/SHEA/APIC/IDSA hand hygiene task force. MM WR Recomm Rep. (2002)
51:1-45.

frontiersin.org


https://doi.org/10.3389/fpubh.2025.1664322
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fpubh.2025.1664322/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpubh.2025.1664322/full#supplementary-material
https://doi.org/10.1017/ice.2021.43
https://doi.org/10.1016/j.ajic.2021.11.030
https://doi.org/10.1016/j.ajic.2021.06.014
https://doi.org/10.3389/fpubh.2022.968231
https://doi.org/10.1016/S2213-2600(23)00472-1
https://doi.org/10.2807/1560-7917.ES.2021.26.29.2100186
https://doi.org/10.1080/21645515.2022.2125754
https://www.gov.uk/government/statistics/winter-coronavirus-covid-19-infection-study-estimates-of-epidemiological-characteristics-england-and-scotland-2023-to-2024/winter-coronavirus-covid-19-infection-study-estimates-of-epidemiological-characteristics-18-january-2024
https://www.gov.uk/government/statistics/winter-coronavirus-covid-19-infection-study-estimates-of-epidemiological-characteristics-england-and-scotland-2023-to-2024/winter-coronavirus-covid-19-infection-study-estimates-of-epidemiological-characteristics-18-january-2024
https://www.gov.uk/government/statistics/winter-coronavirus-covid-19-infection-study-estimates-of-epidemiological-characteristics-england-and-scotland-2023-to-2024/winter-coronavirus-covid-19-infection-study-estimates-of-epidemiological-characteristics-18-january-2024
https://www.gov.uk/government/statistics/winter-coronavirus-covid-19-infection-study-estimates-of-epidemiological-characteristics-england-and-scotland-2023-to-2024/winter-coronavirus-covid-19-infection-study-estimates-of-epidemiological-characteristics-18-january-2024
https://doi.org/10.1136/bmj.q71
https://emergency.cdc.gov/han/2023/han00503.asp?ref=upstract.com
https://emergency.cdc.gov/han/2023/han00503.asp?ref=upstract.com
https://doi.org/10.1093/infdis/jiaa114
https://doi.org/10.1093/cid/ciaa1517
https://doi.org/10.1080/1047322x.1996.10389121
https://doi.org/10.1111/j.1365-2672.2010.04838.x
https://doi.org/10.1177/1757177418789485
https://doi.org/10.1016/j.jhin.2018.07.002
https://doi.org/10.1111/jam.12248
https://doi.org/10.1016/j.jhin.2014.08.002
https://doi.org/10.1016/j.jhin.2014.11.007
https://doi.org/10.3389/fpubh.2022.1010802
https://doi.org/10.1080/02786826.2025.2472940
https://doi.org/10.1016/j.eimc.2020.12.004
https://doi.org/10.1086/503164
https://doi.org/10.1017/s0950268897008261
https://doi.org/10.3389/fpubh.2022.804825
https://doi.org/10.1038/s41598-019-50239-4
https://doi.org/10.1111/tmi.12339
https://doi.org/10.3390/ijerph18010138
https://doi.org/10.1155/2019/7178645
https://doi.org/10.1016/j.jhazmat.2024.136508

Moura et al.

35. Larson EL, Hughes CA, Pyrek JD, Sparks SM, Cagatay EU, Bartkus JM. Changes
in bacterial flora associated with skin damage on hands of health care personnel. Am J
Infect Control. (1998) 26:513-21. doi: 10.1016/50196-6553(98)70025-2

36. Aiello AE, Cimiotti ], Della-Latta P, Larson EL. A comparison of the bacteria found
on the hands of ‘homemakers’ and neonatal intensive care unit nurses. ] Hosp Infect.
(2003) 54:310-5. doi: 10.1016/s0195-6701(03)00146-4

37. UK Health Security Agency (UKHSA). Seven major respiratory viruses reported
from UKHSA and NHS laboratories (SGSS) in England and Wales between week 14,

Frontiers in Public Health

09

10.3389/fpubh.2025.1664322

2014 and week 15, 2024. Available online at: https://www.gov.uk/government/
publications/respiratory-virus-circulation-england-and-wales/six-major-respiratory-
viruses-reported-from-phe-and-nhs-laboratories-sgss-in-england-and-wales-between-
week-1-2009-and-week-23-2019, (2024).

38. Gall AM, Shisler JL, Marinas BJ. Characterizing bacteriophage PR772 as a potential
surrogate for adenovirus in water disinfection: a comparative analysis of inactivation
kinetics and replication cycle inhibition by free chlorine. Environ Sci Technol. (2016)
50:2522-9. doi: 10.1021/acs.est.5b04713

frontiersin.org


https://doi.org/10.3389/fpubh.2025.1664322
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://doi.org/10.1016/s0196-6553(98)70025-2
https://doi.org/10.1016/s0195-6701(03)00146-4
https://www.gov.uk/government/publications/respiratory-virus-circulation-england-and-wales/six-major-respiratory-viruses-reported-from-phe-and-nhs-laboratories-sgss-in-england-and-wales-between-week-1-2009-and-week-23-2019
https://www.gov.uk/government/publications/respiratory-virus-circulation-england-and-wales/six-major-respiratory-viruses-reported-from-phe-and-nhs-laboratories-sgss-in-england-and-wales-between-week-1-2009-and-week-23-2019
https://www.gov.uk/government/publications/respiratory-virus-circulation-england-and-wales/six-major-respiratory-viruses-reported-from-phe-and-nhs-laboratories-sgss-in-england-and-wales-between-week-1-2009-and-week-23-2019
https://www.gov.uk/government/publications/respiratory-virus-circulation-england-and-wales/six-major-respiratory-viruses-reported-from-phe-and-nhs-laboratories-sgss-in-england-and-wales-between-week-1-2009-and-week-23-2019
https://doi.org/10.1021/acs.est.5b04713

	Understanding the impact of different hand drying methods on viral aerosols formation and surface contamination in indoor environments
	Introduction
	Materials and methods
	Food dye assays to assess washroom contamination following hand drying
	Power calculation for bacteriophage assays
	Preparation of bacteriophage filtrate
	Bacteriophage dispersion and aerosol formation during hand drying
	Bacteriophage recovery from masks
	DNA extraction and quantitative PCR (qPCR)
	Statistical analysis

	Results
	User and surface contamination as result of splattering
	Contamination of surfaces and N95 masks by microbial droplets
	Mask contamination as result of aerosols

	Discussion
	Conclusion

	References

