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In the interaction of microwave radiation and human beings, the skin is traditionally considered as just an
absorbing sponge stratum ﬁlled with water. In previous works, we showed that this view is ﬂawed when we
demonstrated that the coiled portion of the sweat duct in upper skin layer is regarded as a helical antenna in the
sub-THz band. Experimentally we showed that the reﬂectance of the human skin in the sub-THz region depends
on the intensity of perspiration, i.e. sweat duct's conductivity, and correlates with levels of human stress
(physical, mental and emotional). Later on, we detected circular dichroism in the reﬂectance from the skin, a
signature of the axial mode of a helical antenna. The full ramiﬁcations of what these ﬁndings represent in the
human condition are still unclear. We also revealed correlation of electrocardiography (ECG) parameters to the
sub-THz reﬂection coeﬃcient of human skin. In a recent work, we developed a unique simulation tool of human
skin, taking into account the skin multi-layer structure together with the helical segment of the sweat duct
embedded in it. The presence of the sweat duct led to a high speciﬁc absorption rate (SAR) of the skin in
extremely high frequency band. In this paper, we summarize the physical evidence for this phenomenon and
consider its implication for the future exploitation of the electromagnetic spectrum by wireless communication.
Starting from July 2016 the US Federal Communications Commission (FCC) has adopted new rules for wireless
broadband operations above 24 GHz (5 G). This trend of exploitation is predicted to expand to higher frequencies
in the sub-THz region. One must consider the implications of human immersion in the electromagnetic noise,
caused by devices working at the very same frequencies as those, to which the sweat duct (as a helical antenna)
is most attuned. We are raising a warning ﬂag against the unrestricted use of sub-THz technologies for communication, before the possible consequences for public health are explored.

1. Introduction
The world is galloping towards a bright new future, or at least so
industry would like us to think. The advent of 5 G promises unforetold
connectivity and unparalleled integration with the virtual world
(Agiwal et al., 2016). Technology will interact with almost every aspect
of our daily lives (Boccardi et al., 2014), as well as expose us to rich and
varied data streaming on our cellular and Wi-Fi devices. While all of
this may be true it comes with a price tag. To aﬀord such heavy data
traﬃc we must accept an expansion in data channels (Ben Ishai et al.,
2016), something that is not possible in the currently used frequency
channels, and an attendant explosion in base stations (Ge et al., 2016).
This is the rational to move to 5 G, a FCC standard, which will start at
28 GHz (FCC Report 16–89), soon utilize frequencies up to 60 GHz and
may eventually reach the sub - Terahertz range (FCC 50–50 Report).
Industry has assumed that there will be no health risks from this
advance (T. Wu et al., 2015a, 2015b) and consequently it has based its
⁎

planning on the recommendations of the International Commission on
Non-Ionizing Radiation Protection (ICNIRP), published in 1998
(Guidelines for limiting exposure to time-varying electric, magnetic,
and electromagnetic ﬁelds (up to 300 GHz). International Commission
on Non-Ionizing Radiation Protection,” 1998). This recommendation
limits exposure in the 5 G range to a power density of 10 W/m2 for the
general public and to 50 W/m2 for occupational exposure (“Guidelines
for limiting exposure to time-varying electric, magnetic, and electromagnetic ﬁelds (up to 300 GHz). International Commission on NonIonizing Radiation Protection,” 1998).
However, in recent years concerns have surfaced about possible
non-thermal biological eﬀects, and ensuing health issues, arising from
cellular electromagnetic radiation (Adams et al., 2014; Blank and
Goodman, 2009; Darbandi et al., 2017; Hardell and Sage, 2008; Liu
et al., 2013; Panagopoulos, 2017; Sage and Carpenter, 2009; Terzi
et al., 2016). These should raise a red ﬂag for the implementation of the
5 G standard. One reason being that the modality of our interaction
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with EM waves changes from direct absorption to a more complex form.
This is because the wavelengths involved approach the dimensions of
the skin structures, leading to standing wave eﬀects between strata.
Furthermore, in 2008, we pioneered the hypothesis that because of the
coiled nature of sweat ducts in human skin, they could function as an
array of low-Q helical antennas at the sub-THz frequencies (Feldman
et al., 2008, 2009). In other words, there would be a set of frequencies,
ideally suited to be absorbed by our skin. Worryingly, there is some
evidence for non-thermal biological eﬀects in this frequency range
(Zhadobov et al., 2011; Le Dréan et al., 2013; Habauzit et al., 2014;
Mahamoud et al., 2016).
In this work we will outline the basic scientiﬁc background for this
concept and the physical evidence conﬁrming the phenomena. We will
then explore the implications for the simulation of EM interaction with
the skin and introduce a realistic skin model. Finally, we will calculate
the expected Speciﬁc Absorption Rate (SAR) of the skin in the frequency range covered by the 5G standard.
2. Scientiﬁc background
Studies of the morphology of the skin by optical coherence tomography (OCT) revealed that the tips of the sweat ducts that expel the
sweat from the gland to the pore at the surface of the skin have a helical
structure (see Fig. 1) (Serup and Trier-Mork, 2007). This, together with
the fact that the dielectric permittivity of the dermis is higher than that
of the epidermis (Gabriel et al., 1996), brings forward the assumption
that as electromagnetic entities, the sweat ducts could be regarded as
imperfect helical antennas with both end-ﬁre and normal modes.
By applying basic antenna theory (Kraus and Marhefka, 2001) to the
typical duct dimensions, and using the known dielectric and conductivity characteristics of the skin tissue (Feldman et al., 2009), the
bandwidth was found to be in the sub-THz frequency range (see Fig. 2).
Since electric conductivity is necessary for operation of any electromagnetic (EM) device, it was proposed that the ac electric current
“activated” in the “duct antenna” would be due to the diﬀusion of
protons via hopping through distributed H-bond networks (see Fig. 3),
known to exist in biological structures (Feldman et al., 2009; Hayut
et al., 2013). In bulk water, at 100 GHz, ac conductivity was measured
and found to be ~100 S/m (Ellison et al., 1996). There is evidence that
in the vicinity of a lipid/water interface, such as that along the inner
surface of the sweat duct, water is well-structured (Kim et al., 2006). In
such layers adjacent to the epithelia cells of the sweat duct, an increase
in the proton diﬀusion rate by a factor of 100 (Brändén et al., 2006) in
comparison to that in bulk water, was found by ﬂuorescence spectroscopy. The skin contains between 2 and 5 million sweat ducts
(Nishiyama et al., 2001) spread over the body, with diﬀering distribution densities depending on body zone.
Furthermore sweat ducts constitute an active system, working according to a number of diﬀerent stimuli (physiological, mental, emotional, or gustatory), not only due to thermoregulation (Guyton, 1990).
Consequently, one would expect that the sub-THz spectra of the reﬂection coeﬃcient (R) are also functions of skin morphology, the distribution of perspiration activity over the skin surface and the stimuli
causing the sweating. The supposition pertaining to morphology and
activity was substantiated by a series of experiments and computer

Fig. 2. Three-dimensional power patterns for the helical antenna (a) normal mode and
(b) axial (also called end-ﬁre) mode (Kraus and Marhefka, 2001); the characteristic fre1
quency of the modes depends on the dimensions C and L respectively. f ~ × 400 GHz and
1
L

C

f ~ × 100 GHz.

Fig. 3. Schematic presentation of the proton hopping (Ben Ishai et al., 2015; Popov et al.,
2016) through a distributed H-bond network.

simulations that showed that the spectral response of the ducts indeed
coincides with the prediction of antenna theory (Feldman et al., 2009;
Hayut et al., 2013).
3. Experimental methods
The results obtained from the simulation work were veriﬁed in
series of in vivo experiments conducted on a number of subjects in the
W-band (75–110 GHz). It was shown that the reﬂection coeﬃcient of
their skin strongly depends on the physiological stress of the subject
(Feldman et al., 2009, 2008). In the experiments, the palm was held
steady by a stand that was placed at ﬁxed distance from the horn antenna connected to the input of the Vector Network Analyzer (VNA).
The measurements were carried out using 13 subjects, both male and

Fig. 1. OCT imaging of the sweat ducts in upper epidermis of the human ﬁngertip in vivo
(Lademann et al., 2007).
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to confounding semantic and visual inputs. For example, the subject is
requested to name the color of the fonts used to write the name of a
diﬀerent color, e.g., the word “blue” is written in red. Such an experiment is also called a color word test (CWT). This test was chosen since
its duration is longer than most other mental tests (about 15 min), even
though it induces only mild stress.
Stress can be monitored in a number of ways, including tracing the
pulse rate, blood pressure, electrocardiogram, and other physiological
parameters (Cacioppo et al., 2007). However, the most popular stressdetection method is based on the Galvanic Skin Response (GSR).
Measuring the GSR is a standard approach for tracking changes in the
SNS of a human subjected to psychological stress (Hubbard et al., 1992;
Muter et al., 1993). The results of our recent study (Safrai et al., 2012)
clearly indicate that the reﬂection coeﬃcient of the human hand in
both W (75–110 GHz) and D (110–170 GHz) bands is correlated to
universally accepted indicators of mental stress. The signals averaged
over both frequency bands had correlations ranging from 0.74 to 0.93
for common indicators of stress, i.e. blood pressure and pulse rate.
Particularly, the correlation between the GSR signal and < W >f in the D
band reaches 0.82 (Safrai et al., 2012).
Another intriguing correlation is raised by use of parameters derived from the electrocardiogram (ECG). The ECG trace highly informative regarding myocardial health and function. As stress changes
heart activity, much data may be gathered regarding the intensity of the
stress from the ECG trace and the parameters derived therein. In particular the ST elevation parameter of the trace is an important element
in diagnosing heart disease (Muter et al., 1993). Recently we showed a
strong correlation between ST elevation and the reﬂection coeﬃcient in
the D band (Safrai et al., 2014). Despite this correlation with physiological and mental stresses (Feldman et al., 2009, 2008; Safrai et al.,
2012), the link between the electromagnetic reﬂection properties of the
skin and the helical structure of the sweat duct remained questionable.
The key to identifying such a necessary link can be found in an important property of the sweat ducts' helical structure-homochirality. If
the majority of sweat ducts exhibit a right-handed turn, then this
homogeneity will mean that an electromagnetic wave reﬂected from
them will exhibit predominantly right-handed circular polarization (see
Fig. 5).
The predominance of right-handed over left-handed polarization is
known as Circular Dichroism (CD) and this was conﬁrmed in the reﬂection coeﬃcient of the palm of the hand (Hayut et al., 2014). Experimental veriﬁcation of circular dichroism was provided at two
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Fig. 4. The relative signal intensity (75–110 GHz) of the subject's palm, following 20 min
of the intense physical activity (Feldman et al., 2008) and the normalized systolic blood
pressure, measured for the same subject during the same experiment.

female, all were in the age group 20–30 and had given their informed
consent. The experiments were carried out with the permission of the
Ethics Committee of the Hebrew University of Jerusalem. Every experimental run included both the measurement of skin reﬂectance and
simultaneous recordings of the pulse rate, the systolic blood pressure,
and the skin temperature. The subjects jogged for 20 min, and afterward a series of 30 measurements were conducted at 1 min intervals.
These signals were compared to those of the same person measured
when seated calm before the exercise. The results of the typical experimental run are presented in Fig. 4. The skin reﬂectance is presented
in terms of the relative signal intensity averaged over frequency interval, namely as

< W (t ) >f =

1
f2 − f1

∫f

1

f2

( Usubject (f , t )

2

Ureference (f , t )

2

df

(1)

Where Usubject (f , t ) is the signal reﬂected from the subject after his/her
physical activity, Ureference (f , t ) is the signal taken from the same subject
before engaging in physical activity. The frequency range was between
f1 = 75 GHz and f2 = 110 GHz. in this particular set of the experiments.
After physical activity an exponential-like decay can be observed in
signal intensity (Fig. 4), and it correlates well with the relaxation rate of
the subject's systolic blood pressure (Feldman et al., 2009, 2008). Care
was taken to eliminate blood perfusion in the skin layer as the origin of
any change in the reﬂection coeﬃcient by artiﬁcially varying perfusion
using an armband pressure cuﬀ. This had no eﬀect on the measured
signal in the W-band (Feldman et al., 2009, 2008). As a further measure, sweat gland activity on the palm of the hand was stopped by the
application of a cream containing snake venom-like synthetic tripeptide
acting as an antagonist of the postsynaptic muscular nicotinic acetylcholine membrane's receptor (mnAChR) (Feldman et al., 2008). The
subsequent signal was greatly reduced, pointing to the sweat duct as the
origin of the observed response.
Sweat glands are directly controlled by the Sympathetic Nerve
System (SNS) (Ohhashi et al., 1998). Consequently, stress, emotion,
fear, pain, anxiety and disease can induce sweating (Eisenach et al.,
2005; Ziegler and Heidl, 2008). This provokes the question whether
very gentle stimulation of the SNS, e.g., mental activity rather than
intense physical activity, can elicit a detectable electromagnetic response of the skin. In order to answer this, one must correlate the EM
response to recognized triggers of mental stress (Safrai et al., 2012).
There are several common ways to evoke mental stress, such as the
Stroop eﬀect (Stroop, 1935), speaking in front of an audience and
performing mental arithmetic calculations (Kirschbaum et al., 1993).
We chose to exploit the Stroop eﬀect during which a person is subjected

Fig. 5. In the schematic above the blue arrows represent the impinging linear wave and
reﬂected circular components (right and left handed) of the reﬂected wave respectively.
As the majority of the sweat ducts are right-handed, the reﬂected wave exhibits predominantly right handed circular polarization.
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Fig. 6. (a) Histograms of the CD measured in the reﬂection from the skin of one typical
human subject at 380 GHz (left histogram) and from the same subject at 110 GHz (right
histogram); (b): Histograms of the CD reﬂection measurements from the skin of one typical subject (left histogram) and from a Teﬂon plate (right histogram). Signiﬁcant
nonzero circular dichroism is detected in the reﬂection from the human skin.

Fig. 8. The sweat duct dimensions, which were extracted from optical coherence tomography (OCT) (Tripathi et al., 2015).

SC
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pidermis

Epidermis

Sweat duct

Inner ep
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Fig. 7. (a)—the model side cross section. The skin is divided into two main layers: dermis
and epidermis, where the epidermis layer consists of three sub-layers: SC, middle epidermis (ME), Inner epidermis (IE). (b) — The helical sweat duct located in the epidermis.
Sinusoidal functions with diﬀerent spatial frequencies and amplitudes are used in order to
model the non-ﬂat boundaries between the dermis, IE, ME, and SC.

Fig. 9. Thick skin. On the left: the model. In the middle: a transparent ﬁgure of the model.
The helical sweat duct is embedded in the epidermis. On the right - the model with no
sweat duct.

2016, the US Federal Communications Commission (FCC) adopted new
rules for wireless broadband operations above 24 GHz (Kürner and
Priebe, 2014). In these EHF bands, the dimensions of tissues like skin
are on a par with those same wavelengths of the impinging signal.
Therefore, the human skin tissues cannot be considered as an inﬁnite
layer, compared to the wavelengths of the new communication regulations signal. This reduces the relevance of methods used by the industry today for the assessment of SARs: the use of phantoms (Palka
et al., 2013; Reid et al., 2007; Walker et al., 2004) and the alternative
electromagnetic simulations software packages. The more sophisticated
of these packages are voxel-based models for the Human anatomy
(Nagaoka and Watanabe, 2009). Voxel based models were originally
developed for the dosimetry of MRI, where the relevant EM wavelengths are in the GHz range. Consequently, for layered structures of
less than 1 mm, they are limited (Betzalel et al., 2017). In recent years,
the exponentially growing interest in millimeter-wave technologies
(Ting Wu et al., 2015a, 2015b), has led to the development of diﬀerent
models and techniques in this ﬁeld. There are 1-D human tissue models

frequency points: 380 GHz, which is estimated as the approximate axial
mode of the helical structures, and 110 GHz for comparison (only
negligible CD is expected at 110 GHz (Hayut et al., 2013)). A typical
histogram showing the pronounced CD eﬀect for one subject is presented in Fig. 6. CD was demonstrated at 380 GHz (red histogram) but
not at 110 GHz (green histogram - see Fig. 6a). In order to dismiss
possible artifacts of the measuring system, CD was also sought for Teﬂon at 380 GHz, and was not detected. (see Fig. 6b). These results show
that the residual CD is not an artefact of the system.

4. Computational approach
In the near future, applications will come online that require data
transmission in ultra-high rates of 100 Gbit per second and beyond. In
fact, the planning for new industry regulations for the exploitation of
the sub – THz band are well advanced under the auspices of IEEE
802.15 THz Interest Group (Kürner and Priebe, 2014), and on July 14,
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and permittivity. The inﬂuence of those water gradients on the axial
mode frequency of the duct can be approximated by using an eﬀective
permittivity for the medium, according to the formula

faxial =

c0
2πR εeff

(2)

c0 is the velocity of light in vacuum, R is the radius of the helical duct
and εeff = 5.1 is an eﬀective dielectric permittivity, derived by a
weighted average of all sub layer permittivities (Betzalel et al., 2017;
Feldman et al., 2009).
5. The model
The model is a unit cell, consisting of two main layers; dermis and
epidermis, where the last is divided into three sub-layers: the inner
epidermis (IE), the middle epidermis (ME) and the Stratum Corneum
(SC) (see Fig. 7). The helical sweat duct was embedded in the epidermis
layer since initial studies (Hayut et al., 2013) demonstrate that THz
radiation does not penetrate beyond the typical depth of the epidermis
layer, i.e. few hundred of micrometers, and therefore the hypodermis
does not play an important role in shaping the electromagnetic spectral
response. Fig. 8 shows the sweat duct dimensions. The layer dimensions
were, SC: 100 µm, ME: 100 µm, IE: 100 µm and Dermis: 1000 µm.
The accuracy of any simulation greatly depends on the boundary
conditions as well as on the computational power available. In order to
reduce the computational eﬀort and remove boundary eﬀects, an
aperiodic boundary condition was applied to the model, so allowing the
application of Floquet's theorem for periodic structures (Hayut et al.,
2013; Magnus and Winkler, 2004). The emphasis of this research was
on SAR values, using point SAR criteria. Although these values can
depend on the orientation of the impinging E ﬁeld, it is enough to
consider a perpendicular wave to observe gross tendencies in the frequency dependence of SAR. Therefore, a perpendicular plane wave was
selected as the excitation source. In order to check the dependence of
the radiation absorption on skin type we simulated SARs for two types
of skin models: thin and thick skin, Figs. 9 and 10 respectively. For each
type, we changed the ducts’ conductivity: 2000, 5000, 10,000 S/m and
no duct. The justiﬁcation for such high values of conductivity can be
found in Hayut et al. (Hayut et al., 2013) and is based on measured high
rates of diﬀusion of protons in ordered water layers typically found at
lipid/water interfaces. As mentioned earlier, the diﬀerent

Fig. 10. Thin skin. On the left: the model. In the middle: a transparent ﬁgure of the
model. The helical sweat duct is embedded in the epidermis. On the right - the model with
no sweat duct.

representing few typical body parts such as naked skin, naked forehead,
clothed skin and forehead (Alekseev and Ziskin, 2007), for the study of
heating eﬀects induced by mm Wave exposures on the body; inhomogeneous multilayer skin layer model; unilayer and multilayered
models (Chan et al., 2012). Dosimetry of the skin has also been addressed by using multilayered models, coupled with heat perfusion
(Sasaki et al., 2017). However, none of these models take into account
the helical sweat duct which, as mentioned earlier, plays an important
role in shaping the electromagnetic spectral response.
We present a simulation model of the human skin, taking into account its multiple layers, their distinctive water contents and the helical
segment of the sweat duct (Betzalel et al., 2017).
Due to the water gradient of the surrounding tissue, the sweat ducts
are embedded in a non-uniform medium, i.e. non-uniform conductivity

Fig. 11. the SARs distribution patterns over the model calculated at a frequency of 440 GHz with a duct ac conductivity of 10,000 S/m, (a) for the thin skin model, (b) the same model
showing a cross section exposing the sweat duct, (c) for the thin skin model without an embedded sweat duct and (d) The cross section of the same ductless model. Black indicates a high
SAR value (above 1.76 W/kg in dB) and white a low SAR value. The simulation indicates that the main mechanism for sub-THz absorption in the skin layer is via absorption in the duct.
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Fig. 12. The SAR distribution patterns for the thick skin model calculated at a frequency of 450 GHz and a duct ac conductivity of 10,000 S/m, (a) for the model with an embedded sweat
duct, (b) a cross-section of the same model showing the position of the sweat duct, (c) the same model without the presence of a duct and (d) a cross section of the same model. Black
indicates a SAR value of above 2.2 W/kg in dB. The results tally with those of the thin skin model, showing the energy is preferentially absorbed in the duct.

Fig. 13. Maximal SAR as a function of the frequency for thick skin.

Fig. 14. Maximal SAR as a function of the frequency for thick skin. Zoomed-in on frequency range of 400–650 GHz.
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Fig. 15. Maximal SAR as a function of the frequency for thin skin.

Fig. 16. Maximal SAR as a function of the frequency for thin skin. Zoomed-in on frequency range of 320–470 GHz.

each type of model (thick and thin skin model) as can be seen in Fig. 13
(for thick skin) and Fig. 14 (for thin skin) (Fig. 15)
The optimal frequencies for absorbance by human skin are represented by the peak in the Maximal SAR vs. frequency graphs according to the axial frequency predicted by Eq. (2). The thick skin
model exhibit strong peaks at 410 GHz and 500 GHz and the thin skin
model exhibits two strong peaks at 440 GHz and 580 GHz. The inﬂuence of the ac conductivity of the duct is clearly evident in Fig. 14 (thick
skin) and Fig. 16 (thin skin), it is clear that at even low levels of 2000 S/
m, the level of SARs is still high in respect to the SAR level obtained for
the model without the duct.
Visualizing the Electric ﬁeld distributions inside the model
(Figs. 17and 18) further accentuate these conclusions. The EM ﬁeld
concentrates in the duct where it is eﬀectively absorbed.

conductivities of the sweat duct correspond to diﬀerent activity level of
the sweat gland, i.e. high conductivity corresponds to high activity of
the gland (Hayut et al., 2013).

6. Results
Fig. 11 displays the SARs distribution patterns over the model calculated at a frequency of 440 GHz. The duct ac conductivity was set to
10,000 S/m, (a) for the thin skin model (Fig. 10), (b) the same model
showing a cross section exposing the sweat duct, (c) for the thin skin
model without an embedded sweat duct and (d) the cross section of the
same ductless model. Black indicates a high SAR value (above 1.76 W/
kg in dB) and white a low SAR value. The simulation indicates that the
main mechanism for sub-THz absorption in the skin layer is via absorption in the duct. Fig. 12 displays the SAR distribution patterns for
the thick skin model. It is calculated at a frequency of 450 GHz with the
duct ac conductivity set to 10,000 S/m. Fig. 12(a) for the model with an
embedded sweat duct, (b) a cross-section of the same model showing
the position of the sweat duct, (c) the same model without the presence
of a duct and (d) a cross section of the same model. Black indicates a
SAR value of above 2.2 W/kg in dB. The results tally with those of the
thin skin model, showing that the energy is preferentially absorbed in
the duct.
We calculated the maximal SAR as a function of the frequency for

7. Conclusions
The need for high data transmission rates, coupled with advances in
semiconductor technology, is pushing the communications industry
towards the sub-THz frequency spectrum. While the promises of a
glorious future, resplendent with semi-inﬁnite data streaming, may be
attractive, there is a price to pay for such luxury. We shall ﬁnd our
cities, workspace and homes awash with 5 G base stations and we shall
live though an unprecedented EM smog. The beneﬁts to our society of
214
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Fig. 17. Cross-section of the E-ﬁeld of a thick skin in frequency of 450 GHz. (a) Model
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Fig. 18. Cross-section of the E-ﬁeld of a thin skin in frequency of 450 GHz. (c) Model with
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becoming so wired cannot ignore possible health concerns, as yet unexplored. There is enough evidence to suggest that the combination of
the helical sweat duct and wavelengths approaching the dimensions of
skin layers could lead to non-thermal biological eﬀects. Such fears
should be investigated and these concerns should also eﬀect the deﬁnition of standards for the application of 5G communications.
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