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The Role of Excess Charge Mitigation in Electromagnetic Hygiene:
An Integrative review

Abstract

The electromagnetic characteristics of many environments have changed significantly in recent
decades. This is in large part due to the increased presence of equipment that emits electromagnetic
radiation and materials that may often readily gain excess charge. The presence of excess charge
can often increase risk of infection from pathogens, and likelihood of individuals experiencing
compromised performance, respiratory problems and other adverse health issues from increased
uptake of particulate matter. It is proposed that adopting improved electromagnetic hygiene
measures, including optimized humidity levels, to reduce the presence of inappropriate levels of
electric charge can help reduce the likelihood of ill health, infection and poor performance arising from
contaminant inhalation and deposition, plus reduce the likelihood of medical devices and other
electronic devices getting damaged and/or having their data compromised. It is suggested that such
measures should be more widely adopted within clinical practice guidelines and water, sanitation and
hygiene programs.

Keywords: Electromagnetic hygiene, Infection prevention and control, Particulate matter, ESD
mitigation, Productivity, Humidity

Abbreviations

aMP. atmospheric and airborne microplastics and nanoplastics; =. approximately; °C. degrees
Celsius; cm. centimeter; cm/s. centimeter per second; CPG. clinical practice guidelines; DC. direct
current; ESD. electrostatic discharge; hr. hour; HAI. healthcare-associated infection; h. hour; HVAC.
heating, ventilation, and air conditioning; IEC. International Electrotechnical Commission; kV. kilovolt;
kV/m. kilovolt per meter; um. micrometer; m. meter; mm?2. square millimeter; NaCl. sodium chloride;
NHS. National Health Service; NLAI. negative large air ions; Q. ohm; PC. polycarbonate; PETG.
polyethylene terephthalate glycol; PP. polypropylene; PM. particulate matter; PMMA. polymethyl
methacrylate; PP. polypropylene; PPE. personal protective equipment; PVC. polyvinyl chloride; RH.
relative humidity; SARS-CoV-2. severe acute respiratory syndrome coronavirus 2; V/m. volts per
meter; WASH. water, sanitation and hygiene.

Summary

Electromagnetic hygiene protocols are measures and practices considered advantageous to
maintaining and enhancing wellbeing and performance whilst reducing likelihood of ill-health by
helping optimize the bio-friendliness of electromagnetic environments [1].

Excess charge is often encountered in the present-day world and can increase probability of ill-health
though increasing local surface contamination and retention of inhaled contaminants [2]. The
economic burden placed on healthcare systems due to healthcare-associated infections (HAI) alone
is substantial [3]. They are the most common issue affecting patient safety [4], and can cost <6% of
hospital budgets [5]. Furthermore, unless infections from antimicrobial resistant pathogens are
reduced they could cost the world economy around US$100 trillion in terms of lost production from
2015-2050; and be responsible for around 10 million mortalities annually by 2050 [6]. Excess charge
can also contribute to iliness and economic burdens created through inhaling particulate matter (PM)
by increasing its deposition in the airways [7]. Reduced cognitive functioning can additionally occur
through PM uptake [8], as can increased risk of early death from exposure to PM even at levels within
legal limits [9]. Furthermore, adverse patient health outcomes can in part arise from electrostatic
discharge (ESD) events [10] that can compromise staff efficiency and effective use of medical
equipment, including mobile devices used for medical purposes.

This review discusses how excess charge can contribute to adverse outcomes and suggests how
such risks can be addressed through evidence-based electromagnetic hygiene charge strategies that
can be incorporated into expanded clinical practice guidelines (CPG) and water, sanitation and
hygiene (WASH) programs.

Triboelectric charging and humidity



Triboelectric charging can generate high charge and occurs when materials in contact with each other
are separated. When rubbing/frictional movement is also involved, the degree of charging is greater
than through separation alone.

Particularly high charging often occurs when materials at opposite ends of a triboelectric series are
involved [11-14] (Table 1a), and in low relative humidity (RH) due to low moisture levels in the air and
on surfaces reducing the ability of the environment to dissipate or neutralize charge. As an example,
walking across a vinyl floor at low RH generated an electrostatic potential of 12 kV compared to only
0.25 kV at higher RH [15] (Table 1b). Low RH conditions can often arise during wintertime and when
heating and HVAC are used [16] unless proactive measures are taken [2].

Wherever possible, RH should be between 40-60% RH [1, 15, 17-20]. Taking measures to achieve
this can help reduce likelihood of infection and PM uptake whilst helping increase worker performance
and reducing the possibility of electrical equipment and data being compromised. A strong case can
be made for careful selection of materials plus advocating 40-60% RH levels to reduce charge
generation [1, 15, 20] and contaminant deposition [7, 21, 22]. Furthermore, adiabatic humidification
systems can be used to optimize humidity in healthcare facilities [23] and deliver energy savings over
traditional isothermal/steam humidification used for such purposes [24].

Electrical charge held by microbes and effects of charge on microbe
deposition

Many activities can generate charge at levels that increase pathogen deposition and likelihood of
infection. Microbes themselves can hold very high net-charges of either polarity. Mainelis et al.[25]
investigated the polarity and degree of electric charge carried by airborne bacteria and non-biological
particles between 0.65-0.8 um in size. A wide elementary charge range was observed, with higher
degrees of charge of either polarity being obtainable for biological particles compared to their non-
biological counterparts; sometimes as high as 13,000 or more elementary charges per bacterium
(Figure 1a).

Research by Allen et al. [21, 22] indicates how the charge held by a surface can influence the
localised deposition of microbes (Figure 1b). Both negative and positive potentials increased
deposition, which became more pronounced as charge increased. The charge held by the particles
themselves will have also influenced their deposition rates and velocities.

Meschke et al. [26] too observed bacterial deposition rising as surface electrostatic potentials
increased and found at surface electrostatic potentials of +5 kV deposition was over twice as high as
through gravitational sedimentation alone. Furthermore, deposition rates can influence microbe
concentration levels and survival times. Neely [27] observed that at 102 microorganisms per swatch
bacterial survival times ranged from <1 hour up to 8 days, whilst at 10%-10° bacteria per swatch it was
2 hours to >60 days. Electrostatic surface potential is also a key factor in virus transmission [28, 29]
and fungi deposition [30].

Particulate matter

Particulate matter is the term given to a mixture of liquid droplets and solid particles present in the air
[31]. PM25s are particles with aerodynamic diameters <2.5 micrometer (um) in size and PMuo are
airborne particles of <10 um. Increased PM uptake is associated with increased risk of respiratory
symptoms, hospital admissions, cardiovascular and respiratory morbidity, and mortality from lung
cancer and cardiovascular and respiratory diseases [32-34]. It is additionally associated with
increased risk of diabetes mellitus [35], chronic kidney disease [36], and pneumonia [37]. In 2019, the
global health cost of morbidity and mortality resultant from exposure to PM2s was US$8.1 trillion [38].
Increased exposures are also associated with reduced mental functioning [8], increased risk of
Alzheimer's disease and related dementias, Parkinson’s disease [39], depressive symptoms [40], and
early death [9].

Excess charge can increase such risks. As noted by Hinds [41], most airborne PM carries electric
charge, and some can possess very high charge that can result in their electrostatic force being
‘thousands of times greater than the force of gravity.” They can often be removed from the air through
electrostatic precipitation. Additionally, most airborne particles found indoors are <1 uym [42]; a size
range for which electric fields can act as major transport and removal mechanisms [43]. 1 um



particles typically carry between 1-10 charges, though inductive charging adjacent highly charged
objects can increase this to almost 1,000 [44]. The deposition of PM2.s and PM1o in human airways
can be substantially increased when they possess high charge [7].

Excess charge in healthcare environments

High levels of excess charge are often experienced in healthcare environments. Such issues are
increasing and urgently need addressing [45]. Healthcare personnel can frequently gain body
voltages >20 kV whilst undertaking routine activities [46]. Often individuals receive induced electric
charge on their bodies when next to sources of raised electric fields, such as inappropriately designed
electrical items and/or electrostatically charged materials, even if grounded to reduce excess voltage
[1]. They can additionally become charged through triboelectric, or frictional, charging of materials,
clothing and/or footwear [15] (Table 1b). Objects can also acquire charge induced by electric fields
and/or become triboelectrically charged, which can increase localized deposition of airborne
contaminants [1, 20-22]. Luckily, antistatic treatment of insulating materials can create statistically
significant reductions in the airborne contamination they receive [47].

Clinical activities and excess charge

Personal protective equipment (PPE) and excess charge generation

Inappropriate choice and combination of personal protective equipment (PPE) can lead to the
generation of raised levels of charge and associated voltage plus increased infection risk.

Aprons: When nurses wear highly charged aprons, an equal and opposite charge to that of the apron
can be induced on individuals they treat which can attract airborne pathogens towards them. The
materials specified can significantly influence the degree of charge generated. As an example,

Allen & Henshaw [48] document mean electrical potentials at apron pull-off at dispenser and during its
wear of -1.16 (-0.38 to -2.92) kV and +0.036 (-0.175 to +0.205) kV for an antistatic apron, compared
to -4.49 (-1.43 to -9.62) kV and -0.278 (-0.107 to -0.565) kV, respectively, for a standard disposable
white plastic apron. That work revealed a 38% reduction in bacteria attracted to the antistatic apron
type compared to the disposable white plastic aprons being tested.

Gloves, gown and uniform: The highest potentials obtained by Badran et al. [49] from the contact and
separation of a doctor’s uniform and a medical gown were +750 volts and -900 volts, respectively.
Sliding a glove across the gown’s surface caused excess charging of up to +2,100 volts and -2,600
volts, respectively. Additionally, some types of gloves generate significantly higher voltage than others
[50]. As an example, one type of latex glove generated a triboelectric potential of 701 volts during
testing compared to 25 volts for a white nitrile glove and 17 volts for a white cloth glove. Moreover,
using static dissipative gloves with anti-static properties appears preferable to latex or vinyl gloves
when wishing to avoid raised charge and slow static decay times that increase likelihood of pathogen
deposition.

Eye protective devices and safety screens

These can generate high levels of charge if incorrectly specified and/or used. High charge can attract
increased numbers of charged and charge-neutral airborne contaminants towards eyes, faces and
personal breathing zones increasing risk of inhalation and infection.

Face shields: Electrostatic potentials of between -2,000 and -2,700 volts have been recorded on the
outer surface of a polypropylene (PP) face shield. When the test-subject wore a PP face mask in
addition to the face shield, potentials of up to -4,900 volts were recorded [51].

Goggles: Polymethyl methacrylate (PMMA) goggles rubbed with PP, cotton, or paper reached a
potential of +11,000 volts. They also gained high levels of charge after being rubbed by gloves,
especially nitrile gloves resulting in potentials of up to +17,000 volts being generated. Goggles rubbed
by bare fingers created a negative potential of -1,350 volts [11].

Spectacles: These are often rubbed to reduce misting when wearing masks. One lens type tested
registered an electrostatic potential of +5,000 volts after being rubbed, whilst another generated
around +1,000 volts. The charges of both decreased with time [51].

Safety screens: Protective safety screens are often made of materials that act as electrical insulators
and gain charge readily. Research investigating the deposition of 3.5-9.0 um particles onto vertical



surfaces under the influences of electrostatic forces revealed deposition velocities were significantly
higher for acetate sheet than plain glass. Anti-static treatments reduced deposition onto acetate sheet
by 93% and the surface of glass by 83%[52].

Atmospheric and airborne microplastics and nanoplastics (aMP)

Plastics, including those used for PPE, release aMP, a recognised contaminant of concern [53],
through general wear and tear. aMP can carry far higher charges than many ‘natural’ types of
particles [54], and act as vectors of primary air pollutants [55]. They are consistently reported in areas
where high levels of human activity are undertaken. As an example, Field et al. [53] recorded a mean
of 1,924 +3,105 aMP/m?/day in an operating theatre compared to 541 +969 aMP/m?/day in an
adjacent anaesthetic room. The most abundant polymer types identified for aMP can all gain and
retain high charge. Furthermore, aMP have been detected in human lung tissue [56], and it has been
suggested that: “By adhering to the surface of microplastics, microorganisms may be directly
transported to the human lung, circumventing defense mechanisms and possibly resulting in infection,
especially in debilitated areas already suffering from particle toxicity” [57]. Additional concern arises
from the infection risk this type of exposure may cause during surgery [53], and that excess charge
will increase deposition.

Charge generation by moveable items used in hospitals

In research by Viheridkoski et al. [46], undertaken at =27% RH, electrostatic potentials of <30 kV were
recorded on ungrounded moveable objects such as chairs, delivery carts, overbed tables, patient
beds, intravenous stands, and trolleys. The maximum recorded human body potentials recorded
moving such items were >20 kV. Measures to help reduce charge build-up include using the right
combinations of materials and finishes, having appropriate RH levels, moisturising the skin, grounding
individuals via footwear and flooring, grounding conductive objects, and having either conductive or
static dissipative wheels on moveable metal equipment and furniture [1, 2, 46]. Additional factors for
‘biological grounding’ of individuals are discussed by Jamieson [1].

Excess charge generated at hospital beds

Standard activities, such as changing posture and getting up from chairs and beds, too can generate
increased body voltages which attract airborne contaminants towards individuals. In research by
Kohani et al. [58] undertaken at <30% RH, peak body voltages >15 kV arose in almost half of the
people lying down in hospital bed tests and 38% of tests transferring an individual to a hospital bed
using a sliding board. These values exceed the permitted 15 kV test voltage level for protecting
against electrostatic discharge (ESD) in the International Electrotechnical Commission’s IEC 60601-1-
2 standard [59]. Those authors additionally reported that having 20% RH in hospitals instead of 30%
RH would increase charging voltage of the body by 27% [58].

Bedding exchange can also generate high potentials. Endo et al.[60] showed that whilst the degree of
charge cotton bedclothes gained during bedding exchange was strongly dependent on RH levels, the
charge polyester bedclothes gained was less dependent on humidity and could still induce human
body potentials >10 kV even at 50% RH. Holdstock & Wilson [20] reported whilst the use of topical
finishes can reduce charging levels, in worst case scenarios removing blankets and sheets from
hospital bedding when there was inappropriate combination of materials and low RH (33 + 2% RH)
could generate direct current (DC) body voltages >60kV (Figure 2).

It is proposed that in such situations, whilst paying close attention to the kinds of materials and
finishes that come into contact with each other, bipolar ionization and optimized humidity levels
should also be considered as methods of static control.

Excess charge generated during walking

Walking activities can significantly increase dust and particle resuspension and generate high
electrostatic potentials [61, 62]. The level of charge generated depends on a variety of factors
including the triboelectric characteristics of materials and RH (see Table 1), and whether people lift
their feet or shuffle (which further increases charge generation) when they walk [2]. Additionally,
microbes, dust and particles emitted from the surface of objects through movement and triboelectric
(frictional) charging can be repelled by those objects when they share the same polarity and become
attracted to objects of the opposite polarity. Electrostatic shocks from carpeting are far more likely at
<40% RH [63].



Resuspension of floor dust containing microbes

Bacteria: Resuspended floor dust can exhibit significantly greater concentrations of bacteria relative to
indoor air, outdoor air, and ventilation duct supply air. In research by Hospodsky et al. [64], the
median bacterial mass percentages of resuspended floor dust for PM were almost one order of
magnitude larger than for indoor and outdoor airborne particles (>2.2% compared to <0.3%).

Fungi: Measurements taken at floor level, 1 m and 1.5 m heights revealed bioaerosol concentrations
highest at 1 m level after walking activities. Flooring type strongly influenced resuspension rates, with
viable airborne concentrations of Penicillium chrysogenum spores being significantly greater after
walking activities on cut pile carpeting compared to walking on loop pile carpeting or vinyl tile flooring
[65].

Viruses: Research investigating the vertical concentration gradient of influenza viruses in floor dust
resuspended through walking indicated <40% greater concentrations of resuspended viruses at 1 m
compared to 2 m above the floor, contingent on particle size [61]. This appears due in part to the high
degree of turbulence 0.75-1 m above flooring caused by swinging of arms whilst walking. Additionally,
low RH significantly increased airborne viral concentrations compared to higher RH. Increased
concentrations of resuspended viruses at 1 m above floors will further increase likelihood of their
deposition onto the hands of those walking, especially if individuals become highly charged [15] and
more likely to attract airborne contaminants. Damp cleaning of hard surfaces can help reduce
contaminant resuspension [2].

Electrostatic discharge events

Personnel ESD events (electrostatic shocks) are painful to individuals and in some situations trigger
involuntary movements that could cause accidents. Viheriakoski et al. [46] undertook a preliminary
survey on ESD events experienced by nurses during a dry winter period. Only 8% considered such
events insignificant, 15% thought them a light nuisance, 23% a nuisance, 23% a strong nuisance, and
31% considered them unbearable. Regarding how often they experienced these at that time, 23%
received them a few times a month at work, 23% a few times a week, 31% a few times per day, and
23% received them several times daily. Some said they affected their wellbeing and work practices.
With regard to what they were adjacent to when experiencing these events, 70% had been next to
patient beds, 46% next to a metal part of an elevator, 46% next to other metal objects, 38% next to a
colleague, 38% next to a patient, 31% next to a door handle, and 8% next to medical equipment.

ESD events can also increase risk of electronic devices failing, malfunctioning, or having their data
corrupted. They can additionally increase the likelihood of medical staff avoiding using particular
devices to avoid receiving painful shocks. The analysis by Kohani & Pecht [10] of ESD malfunctions
of medical devices unveiled 5 reports of patient deaths and 46 injuries that may have arisen at least in
part due to ESD events. For class Ill medical devices, ESD malfunctions were noted in all death
reports and 20 injury reports. They also found 90 incidences where re-implantation of cochlear
implants or neurostimulators was necessary due to such events. Additionally, malfunctions of medical
devices resultant from ESD events were almost six times greater in cold weather when humidity is
low.

The IEC recommends surface or volume resistance of electrostatic dissipative materials should be =1
x 10* Q and <1 x 10! Q to help reduce generation of electrostatic charge and dissipate charge slowly
enough to prevent ESD [66]. It is important to note that many materials used to help address ESD
risks typically do not work well below 20-30% RH, and that some can act as electrical insulators in
such conditions [67]. Such findings further emphasize the need for correct specification of both
materials and humidity levels in electromagnetic hygiene initiatives.

Excess charge and respiratory health

Prevalence of asthma is increasing and costs the US economy alone >US$80 billion annually in terms
of healthcare costs, lost schooldays and workdays, and early mortalities [68]. In addition to PMz.s
exposure being associated with asthma prevalence [69], there is a strong correlation between
presence of raised excess charge and incidents of asthma, with it being indicated that antistatic
treatment of the environment and wearing clothing that generates little charge can greatly reduce the
likelihood of asthma attacks [70-72]. We suggest this may be due to there being reduced
concentrations of charged airborne contaminants in individuals’ personal breathing zones.



Cleanliness of air

Enhanced indoor air quality can significantly improve individuals’ cognitive response with regard to
crisis response, information usage, and decision-making abilities [73]. Improved air renewal rates and
air quality can help reduce likelihood of infection [74]. The benefits of taking approaches to achieve
these were championed by Florence Nightingale [75] over 160 years ago, and the advantages of
adopting health-focused ventilation rates remain apparent to this day [76, 77].

Air ion levels can provide a good indication of the cleanliness of air, with bipolar concentrations of 600
negative small air ions/cm? (NSAl/cm?) and 400 positive small air ions/cm? (PSAIl/cm?) being
recommended as absolute minimums for electromagnetic hygiene purposes. The optimum levels are
3,000-5,000 NSAl/cm?® and 1,500-3,000 PSAIl/cm? [78]. Interestingly, mice infected with influenza
experiencing almost similar exposures survived longer and had lower mortality rates than those
exposed to lower concentrations [79].

Raised concentrations of charged and charge-neutralized submicron particles that can cause health
issues are often present in areas where raised electric fields and low concentrations of small air ions
co-exist [14, 80] even when there is good ventilation [14]. Figures 3a, b, ¢ show a radiographer’s
office and the electrostatic potentials and concentrations of NSAI measured in it [14]. Figure 3d shows
the hypothesized concentrations of negatively charged sub-micrometer PM (negative large air ions
(NLAI)) that the lead author believes would have arisen and suggests individuals sitting at the
computer workstation would have experienced increased exposure to airborne contaminants,
contaminant deposition and retention of inhaled PM and airborne microorganisms compared to if they
had been occupying a low field microenvironment.

Influence of charge on particle deposition in human airways

Electrostatic deposition is one of the direct mechanisms of deposition of respiratory aerosols in
airways [41]. Increased deposition of submicrometer and micrometer particles, including human skin
flakes, occur when particles carry greater charge. Xi et al. [7] report that for particles between 0.4-10
pUm nasal deposition for particles with a high level of charge was an order of magnitude greater than
for neutral particles of similar size.

Survival times of pathogens on human skin

The survival times of pathogens on human skin varies. As an example, Hirose et al.[81] report that
whilst influenza A virus can survive around 1.8 hours on skin, the survival period of SARS-CoV-2 is
significantly longer at around 9 hours.

Particle deposition onto human skin

Excess charge and particle deposition onto the human face

Human skin can gain high potentials, especially when RH is low [82]. The influence raised electric
field strengths can have on particle deposition rates and velocities is quite pronounced. Charged
particles can rapidly attain their terminal velocities in uniform electric fields. As an example, a 0.01 um
particle with a single charge that would travel at 0.0021 centimeters per second (cm/s) in a 0.010
kilovolt per meter (kV/m) field would travel at a velocity of 2.1 cm/s in a 10 kV/m electric field. Even
higher mean induced field-strengths of 95-100 kV/m can arise on individuals’ faces 0.40 m from a +2
kV DC source. This is because increased field strengths can arise at face areas that act as ‘point
emitters’ and concentrate charge [83].

Wedberg [84, 85] demonstrated that deposition of airborne contaminants onto human faces can be
significantly influenced by the degree to which an individual is charged. He reported deposition of PM
(>0.07 pm minimum resolved diameter) at rates of =100 particles/mm?hr at 0 kV conditions, =1,000
particles/mm?/hr under moderately high body potentials of +5-6 kV, and >10,000 particles/mm?/hr
under still higher potentials.

Deposition velocities of particles onto hands

Andersson et al. [86] assessed deposition velocities of airborne particles onto hands 20 cm or 70 cm
from a surface potential of 11-13 kV. The deposition velocity of 0.7 um particles was significantly
greater onto hands 20 cm from the source rather than 70 cm from it. Additionally, Becker et al. [87]
investigated the extent to which electrostatic fields could act as a mechanism for bacterial transfer to
patients from gloved fingers that had been close to a highly charged object. They observed bacterial
growth on >93% of cultures taken at distances of <4 cm from source, whilst no growth was shown for



samples taken at 8 cm from source or on controls used. They additionally reported the number of
bacterial colonies cultured from the glove tips was inversely proportional to the distance glove tips had
been from the field source. The types of gloves worn will also influence deposition rates, with those
that gain higher charge [50] likely to experience greater deposition.

Skin flakes

Skin scales and micro-organism shedding

Skin flakes can become highly charged [2]. On average, around a million skin flakes of between <1-50
pUm in size are shed by the human body every minute [88]. They form the greatest source of PM within
individuals’ personal breathing zones. Typically, between 6,000-50,000 skin flakes of 5-50 um size
are inhaled per litre of nasally-inhaled air [89].

Infectious bacteria, viruses, and fungi on the surfaces of skin cells can become airborne on shed skin
scales [90]. Around 5-10% of all shed skin scales can harbor bacteria [91]. Contaminated skin flakes
can themselves be a source of microbial infection during surgical procedures, plus cause other
nosocomial infections [92] and infections arising in everyday situations. Their contaminant loading,
and chances of being retained when inhaled, can be higher in situations where increased charge is
present.

Reducing release of contaminated skin flakes lessens likelihood of infection through their deposition
in the airways, on open wounds, or nearby surfaces. Moisturizing skin is an inexpensive way to
achieve this and can reduce dispersal of pathogens on skin flakes to a level at least as good as that
achieved by protective clothing [93]. It can also reduce frictional charging, thereby reducing body
potentials and the number of airborne contaminants attracted towards individuals, help reduce the
level of charge released skin flakes hold and aid effectiveness of grounding measures to reduce body
potentials [1, 2].

Effects of humidity on biological contaminants and likelihood of infection
Sterling et al. [19] investigated the indirect effects of different RH levels on health, including bacteria,
virus and fungi viability (Figure 4a). That work indicated an optimum zone of between 40-60% RH
where possible adverse effects can be most reduced and that, where possible, very low and very high
humidity levels should be avoided. Research shows lung lesions and mortalities in animals exposed
to aerosolized influenza minimized at 40-60% RH compared to higher and lower humidities [63]. The
association between RH and likelihood of infection is further demonstrated by Taylor & Hugentobler
[18], who observed a marked increase in patient HAI in patient rooms with <40% RH (Figure 4b). In
2007, the estimated annual direct medical costs of HAl in the US alone were <US$45 billion [94], with
a further US$12.4 billion in costs to society from lost productivity and early deaths [95], highlighting
the need to take such findings seriously.

Effects of humidity levels on mucociliary clearance rate, fatigue and cognitive performance
Low RH levels reduce the mucociliary clearance rate of upper airways (a factor increasing likelihood
of infection). They also reduce stability of precorneal tear film of the eyes (which increases likelihood
of dry eyes and visual fatigue). Having 40-60% RH can help address such risks [96].

Reductions in cognitive performance can also arise under inappropriate humidity levels. Liu et al. [97]
observed that, compared to individuals in environments at 20% RH, those in areas at 40% RH
exhibited improved learning performance: 61.1% lower degree of distraction, 1.44% improvement in
reading accuracy, 12.2% faster reading speed, and 23.3% lower degree of fatigue. This is particularly
important to consider in healthcare environments, as 20% RH is presently permitted in some
healthcare situations [98] and fatigued workers are more likely to make safety-critical errors.
Increased levels of fatigue are additionally associated with reduced satisfaction, plus increased staff
turnover and negative patient health outcomes [99].

Insulative materials and excess charge

Even when humidity is optimized, attention should be given to the possible contributory effects of
materials as related to charge generation and pathogen deposition. As an example, Allen et al. [48]
reported that the number of bacterial colonies incubated from the surfaces of antistatic aprons after
pull-off from a dispenser and 10 minutes wear was 38% lower than for standard plastic nurses’ aprons
at 257% RH. Furthermore, research by Cozanitis et al. [47] shows coating insulating objects with
antistatic solution can lessen their electrical resistance, as a result of which deposition of airborne



pathogens is reduced. In particular, excess charge did not accumulate when insulating resistance was
<10° to 10%° ohms.

Conclusion

Excess charge can be a contributory factor to ill health through increasing localized deposition of
contaminants. Microenvironments with raised electric fields can also exhibit poorer air quality and
greater concentrations of charged PM that have higher likelihood of deposition in airways than
uncharged PM. The presence of excess charge, particularly in conditions of low RH, can also lead to
individuals experiencing painful electrostatic shocks and electrical equipment being damaged and/or
having data compromised through ESD events. Furthermore, low RH can significantly reduce
biological and cognitive performance [17, 96, 97].

Fortuitously there are measures such as optimizing humidity levels, specifying the right types and
combinations of materials and topical finishes to reduce charge generation, use of appropriately
designed electrical items, grounding of conductive objects and biological grounding, moisturizing the
skin, and improving bipolar SAl levels which can help address such challenges and, it is proposed,
allow significant financial savings to be made whilst helping increase wellbeing, staff performance,
and reduce risk. International Standards IEC 61340-6-1 (healthcare facilities) [100] and IEC TS
61340-6-2 (public spaces and office areas) [66] provide guidelines and requirements for appropriate
control measures and materials.

It is hoped that the information provided in this review will be of benefit to public health researchers,
policymakers, healthcare officials, and academic and public health research institutions. It is proposed
that electromagnetic hygiene strategies should become more widely adopted within WASH programs
and CPG, and that doing so will help healthcare services, and others, use their resources more
effectively. The need for further research and action in this area is strongly indicated.
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Table 1: Triboelectric charging

Table 1a: Triboelectric series (partial listing) [11-14]
Materials in descending order from positive to negative

Table 1b: Human body voltages from
triboelectric charging at different RH [15]

ends of series, i.e., from those most apt to give up Activity Human Body Voltage (kV)
electrons to those least likely to surrender them 10-20% RH | 65-90% RH
Positive: Dry air — Polyurethane foam — Hair — Walking 35 15
Nylon, Dry human skin — Plexiglas — Asbestos — across a
Leather — Silicon wax — Cellulose acetate — Silicone | carpet
— Glass — Polyformaldehyde — Human hair — Ethyl | Walking 12 0.25
cellulose — Polyamide (PA) — Nylon — Wool — Cat across a vinyl
Fur — Silk — Aluminium — Paper — Cotton — floor
Working at a 6 0.1
Neutral: Steel bench
Negative: Wood — Acrylic — Polystyrene — Rubber Opening a 7 0.6
— Resins (natural & man-made) — Hard rubber — vinyl envelope
Nickel, Copper — Brass, Silver — Gold, Platinum — for work
Acetate, Rayon — Synthetic rubber — Dacron® instructions
(polyester fibre) — Orlon® (synthetic fibre used in Polyethylene 20 1.2
fabrics, imitation fur and carpets) — Styrene bag picked up
(styrofoam) — Saran Wrap (cling film) — Polyurethane | from bench
— Polystyrene — Natural Rubber — Polyethylene Rising from a 18 15

terephthalate glycol (PETG)] — Polypropylene (PP) —
Polyvinyl Chloride (PVC) — Silicon —
Polytetrafloroethylene (Teflon) — Silicone rubber —
Ebonite

chair padded
with
polyurethane
foam

—l— B .subtilis var. niger
—— P. fluorescens
—A— NaCl

0.1 =4

0.01 4
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Figure la. Elementary charge distribution range of
airborne bacteria and NaCl when aerosolized [25].

Figure 1b: Bacterial deposition on surfaces
charged to different potentials. Adapted from

[21, 22].
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Figure 2. Induced potentials on humans removing hospital bedding
(After Holdstock & Wilson [20], with kind permission of the EOS/ESD Association, Inc.).
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Figure 3. Cross-section through radiographers’ suite in Bergen, Norway
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Figure 4a: Optimum ranges of relative humidity for
health [19].

Figure 4b: Correlation between average RH
levels and patient HAIs [18]. Used with
permission.




The Role of Excess Charge Mitigation in Electromagnetic Hygiene: An
Integrative review

Highlights

« Electric fields can increase localized deposition of pathogens.

* High charge of either polarity increases contaminant deposition.
* 40-60% relative humidity reduces likelihood of infection.

* Proper specification of materials reduces infection risks.

« Electromagnetic hygiene can reduce risk of infection.
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Standards Group (2012 - 2016).

® European Commission, Expert Group Member of Stakeholders on Electromagnetic Fields
(2011 - 2015).

® |mperial College London: IC Consultant (2011 - 2013).

® RIBA representative on UK Health Protection Agency’s ELF EMF Communication Working
Group (2011 - 2012).

® Research Associate at Imperial College London, UK (2009 - 2010).

® UK Institute of Physics: Honorary Secretary and Treasurer of the Electrostatics Group
(2008 - 2011).

® BioSustainable Designs (2019 - 2024).

® Architect / Environmental Consultant / Scientist: Self (2003 — present).

® Vortex Research and Design: Researcher and Designer (1998 - 2001).

® Scott Jamieson Design: Architect, Designer, Writer, Partner (1991 - 1997).

® Trehearne & Norman Architects: Architectural Assistant: Project Architect, Architectural
Assistant (1989 - 1991).

® Salmon Speed Architects: Architectural Assistant (1987).
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Publications (partial iist)

Journal publications

e Jamieson, I.A. (2023). Grounding (earthing) as related to electromagnetic hygiene: An
integrative review. Biomedical Journal, 46(1), 30-40. [Winner of TDS Article Publishing
Award].

. Khumpaisal, S. & Jamieson, I.A. (2024), A Qualitative Perspective to Analyse External Risks
Impact on Thailand’s Real Estate Sector. International Journal of Construction Supply Chain
Management —in press.

Built Environment Research Associates Conference BERAC2024, Thammasat University

e Songpor, |, Jamieson, |.A., Boonyanan, A. & Charoenkit, S. (2024). An Investigation into How to

Develop Resilient, Regenerative Condominiums that Enhance Wellbeing.

. Tanpichai, K., Jamieson, I.A., Boonyanan, A. & Mongkol, K. (2024). Enhancing Customer

Experience in Ecotourism: A Case Study Scuba Diving on Koh Tao, Thailand.

. Worrasritakankul, B. & Jamieson, I.A. (2024). Strategies for Improving the Sustainability

Credentials of Facial Skincare Product Containers and Packaging.

e Phadungmoungthong, W., Boonyanan, A., Jamieson, |.A. & Tuaycharoen, N. (2024). Guidelines

to Improve Employee Well-Being in the Hybrid Workplace for the Creative Industry: a

comprehensive approach using the PERMA Model.

Built Environment Research Associates Conference BERAC2023, Thammasat University:

e Jittavisutthikul, N., Jamieson, I.A. & Lam, B. (2023). Investigating Strategies to Develop and
Retain Thai Healthcare Providers’ Brand Loyalty to Thai Dental X-ray Devices.

Built Environment Research Associates Conference BERAC2022, Thammasat University:

. Benyaluck, S. & Jamieson, I.A. (2022). An Investigation into How to Make Designer Fashion in
Thailand More Ethical and Sustainable.

. Chareonsuk, K., Jamieson, I.A., Marome, W. & Pongsuwan, S. (2022). An Investigation into
Best Practice Room Design Measures for High-Density Residential Buildings in Bangkok Post
COVID-19.

. Lorseethong, S., Wongwtcharapaiboon, J., Jamieson, I.A. & Muangnapoh, K. (2022). An
Investigation into How Agricultural Waste and Food Waste Can Be Utilized to Create a More
Sustainable Fashion Industry in Thailand.

. Marquez, G.L.D., Jamieson, |.A., Tantiyaswasdikul, K. & Sornsaruht, P. (2022). An Investigation
into Factors That Affect the Wellbeing of Overseas Filipino Workers Within Filipino
Restaurants in Bangkok.

. Phocharoen, N., Thienthaworn, A., Jamieson, I.A. & Pasupa, S. (2022). The Use of
Asynchronous Communication to Improve Work Productivity: The Case of Thai Design Agency
During the COVID Pandemic.

. Pulsil, P., Jamieson, LA., Wongwatcharapaiboon, J. & Muangnapoh, K. (2022). An
Investigation into How to Create A Sustainable Thai Lipstick Brand.

. Rattanaaroon, P. & Jamieson, I.A. (2022). Work-Life Balance in Bangkok, Thailand, During the
COVID-19 Situation.

e Rattanadilok Na Phuket, P., Boonyanan, A., Jamieson, I.A. & Mongkol, K. (2022). A Study on
the Effect of Streamed Concert Experiences on Generation Z Audience.

. Rattanapisit, T., Wongwatcharapaiboon, J., Jamieson, I.A. & Muangnapoh, K. (2022). An
Investigation of Upcycled Materials Values from Agricultural Waste in Peri Urban Pandan
Farm, Thailand.

. Ruangrung, N., Jamieson, I.A., lamtrakul, P. & Sumanasrethakul, P. (2022). An Investigation
into Increasing Automotive Industry Innovation and Market Opportunities Through
Developing Bio-Friendly Next-Generation Vehicles.

. Ruangwised, S., Thienthaworn, A., Jamieson, |.A. & Pasupa, S. (2022). Infographic Design to
Support Health Communication: A Case Study of Thai Health Industry.

e Suksomijit, P., Tontisirin, N. & Jamieson, I.A. (2022). The Viability of Storytelling by Using
Cartoon Media for Marketing Communication in Thailand.

e Wisetwong, P., Thienthaworn, A., Jamieson, I.A. & Pasupa, S. (2022). Investigation On
Burnout Syndrome in Design Management students.

e Wongsaroj, R., Tontisirin, N. & Jamieson, I.A. (2022). Thai Consumers' Behaviour Using Video
Streaming Platform During Covid-19 Pandemic: A Comparative Analysis of Netflix and Viu.

. Yi, Y., Irvine, K.N., Jamieson, I.A. & Ratchadawan, N.-K. (2022). Design Thinking to Integrate
Community Development and Product Innovation: Case Study of a Pandan Farming
Collective, Pathum Thani.

Built Environment Research Associates Conference BERAC2021, Thammasat University:

e Wongpittayanukul, S. & Jamieson, I.A. (2021). An Investigation into How to Create Smarter
Multi-Generational Homes That Aid Wellbeing.

. Kunkhett, S., Jamieson, I.A., Wongwatcharapaiboon, J. & Mongko, K. (2021). A Study of
Sustainability for The Wedding Industry in Bangkok, Thailand.

e  Teang, L., Wongwatcharapaiboon, J., Irvine, K., Jamieson, I. & Rinchumphu, D. (2021).
Modelling The Impact of Water Sensitive Urban Design on Pluvial Flood Management in A
Tropical Climate.

Journal publication

. Khumpaisal, S., Bunnag, K. & Jamieson, I.A. (2020), Risk Perceptions among SME Developers:
A Case Study of Thailand’s Real Estate Development Industry. International Journal of Real
Estate Studies (INTREST), 14(1), 17-27.

Built Environment Research Associates Conference BERAC2020, Thammasat University:

e  Sisang, K., Jamieson, |, Wongwatcharapaiboon, J. & Chulerk, R. (2020), SATI (Smarter
Agriculture Thai Initiative): A Smarter Organic Farming Model for Thai Farmers. 11th Built
Environment Research Associates Conference BERAC2020, Thammasat University. [Runner-
up best paper award at conference].

. Kamolchaiwanich, S., Jamieson, ., Khumpaisal, S. & Pongsuwan, S. (2020), Developing
Smarter Lifetime Homes that enhance wellbeing for all generations. [Runner-up best paper
award at conference].

. Thaeppunkulngam, A., Jamieson, I., Tontisirin, N. & Suebsuk, N. (2020), Investigation of Extended
Reality Technologies as Architectural and Urban Design Tools for Water-Related Disaster Planning
and Mitigation.

. Kongjae, N. & Jamieson, I. (2020). Urban Agriculture Initiatives to Increase Food Security in
Bangkok.

PRSCO 2019: The 16th Pacific Regional Science Conference Organization Summer Institute.

e Suksant, S., Jamieson, I. & Tontisirin, N. (2020). A pilot study on measures to reduce the creation of
plastic waste at a university campus in Thailand. PRSCO 2019: The 16th Pacific Regional Science
Conference Organization Summer Institute.

Built Environment Research Associates Conference BERAC2019, Thammasat University:

e Wongchittaphok, C., Jamieson, I., Wongwatcharapaiboon, J. & Chongcharoen, K. (2020). Proposed
waste management guidelines for the fast fashion industry in Thailand.

e Chulerk, P., Wongwatacharapaiboon, J., Jamieson, I.A. & Thossilaporn, P. (2019). An Effective Brand
Strategy Guideline to Increase Possibility of Purchasing Diamond Jewelry by Middle Class Buyers in
Bangkok (Case Study in The Old Siam Shopping Plaza).

. Phongpipatkul, M. & Jamieson, I.A. (2019). The impact of food waste initiatives on urban resilience,
well-being and inclusiveness.

. Sutjaritvorakul, T., Boonyanan, A., Jamieson, |.A. & Thossilaporn, P. (2019). The Study of Inbound —
Outbound Bus Services Experiences: A Case Study from Hong Kong Bus Services.

e Thitiyanporn, P., Jamieson, I.A., Senivongse, C. & Tantiyaswasdikul, K. (2019). A Study on the Use
and Adoption of Sustainable Product of Room Amenities in Hotels.

e Wongchittaphok, C. & Jamieson, I.A. (2019). Proposed waste management guidelines for the fast
fashion industry in Thailand. Conference Paper.

e  Jamieson, I.A. (2019). Bioelectromagnetic Design: An Interdisciplinary Approach to Drive
Innovation.

Book chapter:

e Jamieson, l.A. (2018). Chapter 12: Bioelectromagnetic Design. In: Clements-Croome, D. & Yang, T.
(Eds.) Research Roadmap for Intelligent and Responsive Buildings. International Council for
Research and Innovation in Building and Construction, pp. 61-64.

Book editor:
e Jamieson, I.A. (Ed.) (2015). Small Medium Houses 3. Li-Zenn Publications.

Conference proceedings:

e Jamieson, Jamieson, ApSimon & Bell (2011). Grounding & Human Health — a Review. Journal of
Physics: Conference Series, 301(1).

e Jamieson & Holdstock (2010). Electromagnetic Phenomena and Health — a Continuing Controversy?
0P Conference Series: Earth and Environmental Sciences.

e Jamieson, Holdstock, ApSimon & Bell (2010). Building Health: The Need for Electromagnetic
Hygiene?, IOP Conference Series: Earth and Environmental Sciences.

e Jamieson (2010). Intelligent Communication: The Future of EMF Discourse and Risk Governance?
I0P Conference Series: Earth and Environmental Sciences.

Journal publication:

e Jamieson & Briggs (2009). Towards Effective Risk Discourse: The Role of Stakeholder Partnerships.
International Journal of Risk Assessment and Management, 13(3-4), 276-293. [Note: Changed first
names in 2009].

Journal publication:

e Jamieson, ApSimon, Jamieson, Bell & Yost (2007). The effects of electric fields on charged
molecules and particles in individual microenvironments. Atmospheric Environment, 41(25), 5224-
5235.

Conference publications:

e Jamieson, ApSimon & Bell (2008). Electrostatics in the environment: how they may affect health
and productivity. Electrostatics 2007, 25 - 29 March 2007, Oxford, UK.

e Jamieson, Bell & Holdstock (2006). Electromagnetic Phenomena, Productivity, Health and Infection:
The Potential Cost Benefits of low EMF Environments. EL-TEX 2006, 16 November 2006, Lodz,
Poland.

e Jamieson & Jamieson (2006), Electromagnetic Phenomena, Microbial Infection, Charged Oxygen
and Environmental Air Quality. Proceedings of VALDOR (VALues in Decisions On Risk) 2006, May
14-18, 2006 Stockholm, Sweden, pp. 281-288.

Journal publications:

e Jamieson, ApSimon, Bell & Yost (2005). Interaction of Charged Molecules and Particles with
Electromagnetic Fields in the Indoor Environment. Indoor Air 2005, I1(2), pp. 2515-2521. 4 -9
September 2005, Beijing, China.

e Jamieson & Bell (2005). Distorted Current-Flow — The Forgotten Factor in EMF Research? Part I.
European Biology and Bioelectromagnetics, 1(1), 1-7.

WHO workshop:

. Jamieson (2004). Distorted Current-Flow — A Major Causative Factor in EMF Hypersensitivity?: A
Hypothesis. WHO International EMF Project Workshop on Electrical Hypersensitivity in Prague,
Czech Republic in October 2004.



Online Articles (artialiist)

Jamieson (2020). Excess charge may increase COVID-19 risk, Biosustainable

Designs.

Jamieson (2020). Improved bio-electromagnetic hygiene may help protect against

COVID-19 infection, BioSustainable Designs.

Jamieson (2020). Novel Coronavirus — China / “2019-nCOV” & Vertical Electric Field

Technology (VEFT), BioSustainable Designs.

Jamieson (2019). Air Pollution: Reducing our exposures to PM,; BioSustainable

Design.

Jamieson & Mallery-Blythe (2017). Comments on Extending Local Full Fibre
Networks: Call for Evidence. EM-Radiation Research Trust and PHIRE [Physicians’

Health Initiative for Radiation and Environment].
Jamieson (2016). A Visionary Royal, BioSustainable Design.

Jamieson & Mallery-Blythe (2015). Written Evidence (BEN0216) submitted to the UK
House of Lords. Building better places — Select Committee on National Policy for the

Built Environment.

Jamieson (2015). LiFi, BioSustainable Design.

Jamieson (2014). RF/Microwave Radiation and Risk Awareness, BioSustainable

Design.

Jamieson (2014). Electromagnetic Pulse (EMP) Risk Awareness, BioSustainable

Design.

Jamieson (2014). Electromagnetic Hypersensitivity and Human Rights: Commentary

to the European Economic and Social Committee.

Smart Meters — Smarter Practices. Jamieson (2011, 2012). EM-Radiation Research

Trust. (E-book).

Jamieson (2012). A Commentary on Schools & Best Practice EMF Legislation. In:
‘Safe Schools 2012: Medical and Scientific Experts Call for Safe Technologies in

Schools’.

Jamieson (2012). Smart Meters and Weather Extremes — Set to Fail? What happens

when weather is colder than smart meters can operate?

Jamieson (2012). Draft Communications Data Bill — Call for Evidence. Evidence

prepared for the EM-Radiation Research Trust.

CIBSE Intelligent Buildings Group Newsletter - Co-Editor and contributor (2015 to
2017).

Electrostatics Group of the Institute of Physics - Editor and contributor to its
eNewsletter till 2015 (when group merged with the Institute of Physics' Dielectrics

Group).

Jamieson (2010). Visible Light Communication (VLC) Systems. Bio-Electromagnetic

Research Initiative, UK.

Jamieson (2009). Air lons & Charged Particles in Indoor Environments. Air Pollution

Research In London (APRIL), Imperial College London.

Professional Projects

o Resilient Innovation

o Bioelectromagnetic Design

° Longevity and wellness

L4 Innovation & Entrepreneurship

o Rethinking Resilience

o Air quality

o Biophilia

L4 Food resilience

o Environmental factors, literacy & performance

o Transformations for Healthier Road Infrastructure & Vehicle

Ecosystems (THRIVE)
[ ] World Radio Frequency Standards, Guidelines & Best Practice
o Birds and Electromagnetic Fields

L4 Pathogen mitigation

KU Leuven — Thammasat — WHO-Téchne International
Multidisciplinary Summer School

Jamieson, |.A. (2023). ‘Decarbonisation & green design of PHC facilities.’

Jamieson, |.A. (2022). 'Environmental Causes and Initiatives to Help Address

COVID-19 and Other Infections'.

Online video presentations

®  Jamieson (2023). Decarbonisation & green design of PHC facilities. Thammasat
Design School Official YouTube channel.

® Jamieson (2020). Healthier Facades: Increasing Value and Tapping into the
Lucrative Wellbeing Market — Includes measures to reduce coronavirus risk. ZAK
World of Facades. Virtual Festival of Facades.

®  Jamieson (2020). The possible role of electrostatics in transmission of the virus
causing COVID-19: A hypothesis. Institute of Physics, London, UK.

®  Jamieson (2020). Electrostatic Charge and COVID-19 Risk. BioSustainable
Designs.

® Jamieson (2020). Rethinking Resilience: Vertical Electric Fields. BioSustainable

Designs.

TV Appearance
® NBT WORLD (2019). How architectural design could deal with PM, 5 pollution



