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The aim of t hi s toMssess the radiofreueneysexposures af Heauty
care appliances and to be able to evallsesafety of the devices according to the lim-

its issued in the regulations for the exposure of electromagnetic fidldstreatments

with radiofrequency beauty care appliances are usually associated with some degree of
local tissue heating, thubie effets of excessive heating might cause sdhermal
damage in tissues.

In the literature survey of this Thesis, the principles of radiofrequéREY radiation
and its interaction mechanisms witliological tissuethe properties of human tissues,
the struture and operation dRF beauty care appliances and differdasimetric as-
sessment methods of radiofrequency radiation exp@sarstudiedTo study the opera-
tion and output power of the RF beauty care appliancespweablepower measure-
ment setup wasdevelopedIn this setup the RF power, which connects to resistors
represenng humanbody and its impedanceyas determined from the output signal
with an oscilloscope.

A model simulating a human foreammade of cylindrical container and tissue simulat-

ing liquid was fedwith radiofrequency power dRF beauty care device under review.

The temperature increase in the liquid was measured below the RF treatment electrode.
An output power of the devicavhich wasobtained from the temperature increase
measurerants was used asnaoutputpowerwhen assessing the exposureaumerical
simulations with Finite Difference Time Domain (FDTD) method in homogeneous and
heterogeneous human models. The numerical simulation model was successfully vali-
dated with the tempature increase measurements.

The dosimetry of the RF exposure was based on simulations with heterogeneous model.
The simulations showed thiite distribution of thepecific absorption ratSAR) in the
heterogeneous tissuaodel wasreally superficial and maximum 10g average SAR

value might exceed the public exposure limit valuess Valuewas determined to be

650 W/kg+ 38 % (k=2), meaning that when considering the public exposure limits, the
treatment electrode can be held in one place for 1,1 dednrhead and trunk area and

2,2 seconds in limbs'he power measurement 4t can be used for getting more in-
formation on the appliances for surveillance use, but it still needs to be developed fur-
ther to obtain more reliable estimations on the expasuttee device being measured.
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Taman diplomityon tarkoitukse olitutkia altistumista kauneudenhoitolaitteiden radio-
taajuiselle sateilylle ja arvioida sovellusten turvallisuutta vertaamadlan aiheuttamaa
altistusta sahkomagneettisen séteilyn -eajaihin. Radiotaajuista sateilya kayttavat
kauneudenhoitolaitet aiheuttavat yleensa paikallista lampenemistad kudoksissa, jolloin
liiallinen [Ampeneminen voi aiheuttaa kudoksiin vaurioita.

Tyon kirjallisuusosiossa kaydaan lapi radiotaajuisen sateilyn perusteet sekd sen vaiku-
tusmekanismit biologisissa kudoksissa, ib®m kudsten ominaisuuksia, radiotaajuista
sateilya kayttavien kauneudenhoitolaitteiden toimintaperiaatteet ja erilaisia dosimetrisia
metodeja radiotaajuisen sateilyn altistuksen arviointiitkuteltava tehonmittausmene-
telma kehitettiin kauneudenhoitdteiden toimintamekanismien ja tehon selvittamisek-

si. Talla menetelmalléa radiotaajuinen teho, joka kytkeytyy ihmiskehon impedanssia si-
muloiviin vastuksiin, voidaan maarittaa ulostulosignaalista oskilloskoopilla.

Ihmisen k&sivartta simuloivaan lieriomésekudosta simuloivalla nesteella taytettyyn
malliin syotettiin tutkittavalla kauneudenhoitolaitteella radiotaajuista tehampdti-
lannousua hoitoelektrodin alla mitattiin ja mittauksista maaritettiin myos laitteen teho,
jota kaytettiin syottétehona numesssa simuloinneissaltistusta arvioitiin tomo- ja
heterogeenisia k&sivarsmalleja kayttamalla aikaalueen differenssimenetelmalla
(FDTD). Numeeriset simuloinnit validoitiin onnistuneesti lampaétilannousumittauksilla.

Radiotaajuisen sateilyn dosimetparustui heterogeenisen mallin numeerisiin simuloin-
teihin. Simuloinnit osoittivat, ettd ominaisabsorptionopeuden (SAR) jakauma hetero-
geenisessa kudosmallissa oli erittdin pinnallinen ja maksimi 10 gramman keskiarvoinen
SAR-arvo saattaa ylittdd sahkomagniséen kenttien vaestolle asetetut rajaot. Tama
simulointien 10 gramman SARrvo oli650 W/kg+ 38 % (k=2), mik& kaytannossé-

eston rajaarvoihin verratesstarkoittaasita, ettéhoitoelektrodia voi pitdd samassa koh-
dassa iholla 1,1 sekuntia p&an ¢asbn alueella, ja 2,2 sekuntia raajoissa. Kehitettya
tehonmittausmenetelmaa voidaan kayttaa lisatiedon selvittdmiseen valvontatarkoituksis-
sa, mutta menetelmaa tulee viela kehittda, jotta saadaan luotettavampaa tietoa mitatun
laitteen aiheuttamasta altiggesta.
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1. INTRODUCTION

The market ofRF beauty care appliances is still quite scattered and poorly regulated,
including beauty care devices for bothofassional beauty salon and domesise.
Someretailers require havingn active beauty salon to be able to buy the more power-
ful devices, It there are no regulations regarding the educatidhe ones giving the
treaments at the salong#\so, as thersstill is barely no surveillance over these appli-
ances, it is possible that npnofessional pople buy these devices for domesise too.

The RF beauty care applianckave vastly varying output powersa frequencyange

of 300kHz10 MHz. The appliances are used aontactwith skin, thus they expogbe

user to varying RF currentghich can cause excessive heating of the tissues

I n t hi s Matketsteuctiesandlopeeataifthe, RF beauty care appliancts
absorption of the RF power to the tissues and the dosimetry of one appliance under re-
view are discussed in detallo ge the best possible overview on the dosimetry of the
devicesn the marketvith just one appliancehé RF beauty care appliancea$en to be
studied was relatively cheap and therefore gaitemmon modelA power measure-
mentsetup was developetb study the output signal and determine the power of these
RF devicesThis setup can be useds a part ofhe process afietermining tle RF ex-

posure and therefore on the surveillancthefsafety of these devices.

The power absorbed into the tissues is described as specific absorption ratedBAR)
ues.The exposure was studied with a cylindrical homogeneous liquid phaasotem-
peratureincrease measuremenighis measurement sap was then simulated with a
numerical model and Finite Difference Time Domain (FDTD) method. The study was
conducted at the laboratory of N@mizing radiation surveillance unit of Radiation and
Nuclear SafetyAuthority.

The exposuref a human body due to the RF beauty care appliance under review was
simulated with homogeneous and heterogeneous numerical models. The models were
validated with the temperature increase measuremeénéspurpose of this study te

assess the RF exposure of beauty care appliances and to be able to evaluate the safety of
the devices according to the limits issued in the regulations for the exposure of electro-
magnetic fields.



2. THEORETICAL BACKGROUND

In the backgroundection of thiMa st er 6 s Thesi s, basics of
and its use in beautyare arepresented. To understand thielogical effects of these
treatmentstheinteraction mechanisms addiofrequency curreni thebiologicaltissue

were studiedDifferent dosimetric assessment methods of radiofrequency radiation ex-
posure are presentéa familiarize the reader to the topic before describing the methods
of this study.

2.1 Electromagnetic radiation

In this section, the basic principles of electromagnetiateami are studiedf described

by one sentencelectromagnetic radiationan be said to beéhe energy carryingvaves

of the electromagnetic fieldElectromagnetic radiatio(EMR) consists of electromag-
netic waves propagating at the speed of light thraugacuumThe radiation is formed
by a charged particle being accelerated, nmathata timevarying changing currens
acting as a radiation sourdelectromagnetic radiatiooonsists oklectric and magniet
field components oscillatingn phasevertically to each other and to the orientation of
the energy propagatioithese oscillating fields together form an electromagnetic wave.
(Raisanen et al. 199%. 9)

Eledromagnetic wave has a wavelengivhich can be defined as a distance between
two adjacet crestsof thewave. Frequency is the rate of oscillation of the wave and it is
inversely proportional to the wavelength as seen in the equation 1 below

= ™ (1)

where_is the wavelengthg is the speed of the light in a vacuum (2,998 m/9 andf
is the frequencyf the wave. (Jokela 200@p. 44-45, Raisanen et al. 199%. 9)

Electromagnetic radiation has a wawarticle duality, meaninghat it can be described
by not only waves, but also particlé&/aves consist of photonshich arequantaacting
as energy transporteR.l anckds equation describes the

o Q 2)



whereE is the energyhi s Pl an ¢ k(@&6261@>*bJg and fafrequency, so the
higher the frequency, the more energy in the ENJRkela 2006Ipp. 16-17, Raisanen
et al. 1993p. 9)

Due tothe amount of energy per quantum, the FEElan be divided into ionizing and
norrionizing radiation. When EMR interacts with molecules and atohtee medium

it is ionizing if its photons have enough energyaoize atoms and therefore causac-
tionsin the mediumIn nonionizing radiation the photons have less engrand thus
cannot ionize atomgJokela 2006Ipp. 16-17) Electromagnet spectrum can be seen in
Figure 1 below.
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Figure 1.Electromanetic spectrum, where RF=radiequencywaves
MW=microwave, mm=millimeter wavg IR=infrared radiation
UV=ultraviolet radiation and radio frequency bandsEHF=extremely high
frequenciesSHF=super high frequencies, UHF=ultra high frequencies,
VHF=very high frequencies, HF=high frequencies, MF=medium frequencies,
LF=Ilow frequencies and VLF=very low fregacies(modified fromRaisanen et
al. 1993p.10



Gamma rays and -xays are classified as ionizing radiatiamd because of their capa-
bility of ionizing atoms, they can cause DNA damage in the biological tig&sués
wavelength, the neionizing radiaion can be classified intoltraviolet radiation, visi-
ble light, infrared radiation, radiofrequency radiation &ow-frequency and static elec-
tric and magnetic fields(Raisanen et al. 1998p. 9-11) The effects of noonizing
radiation are diverse, ardépend on th@ower, frequency,pulse formand duration of
the exposure(Jokela 2006ipp. 16) The photon energy needed for ionizimgtter is at
least 12 electronvolt@Raisanen et al. 199@. 11), thus the border of the frequency
between ionizing and neonizing radiation calculated with the equation 2 is around
3-10%Hz

2.1.1 Radiofrequency (RF) radiation

Electromagnetic radiation in the frezncy range of 3 kHz to 300 GHz is called radiof-
requerty (RF) radiation.The radio spectrum can be divided into frequebapds, of
which are seen in the Figure(Raisanen et al. 199%. 9-11) The properties of an elec-
tromagnetic field varywith the distance from the source ame ffield can be divided
into radiative and reactive componenf8dvisory Group on Nofionising Radiation
2012, Jokela 2006a pp. 4®H)

The radiative componemf the field propagatesnergy out of the source, aedergy
stored around the source can be considered to relttie teactie componentThe re-

active part dominates ithe reactive nedield areaclose to the sourog O- wherer is

the distance to the sourca)d the radiative component in the-feeld region, further
away from the sourceThe energy stored in the reactive field components can be ab-
sorbed and therefore set a majartgothe neaifield regionexposure (Advisory Group

on Nonionizing Radiation 2012Jokela 2006ap 45-46)

RF coupling into the human body can happen througécidor indirectmechanisms,
depending on the frequeneyd the RF soge distance from the body.oGpling can
produce thenduction of fields, currents or a t@erature increase in the bo@spdviso-
ry Group on Noronising Radiation 2012Yhe physicalquantity recognizable with
most biological effects at frequencies belo® kHzis the electric field strength, relat-
ed to thecurrent densityfor frequencies higher than MHz, the more appropriate way
to assess the exposure to RF radiation is the rate at which the tissue isBetatedn
these frequencies, both methods can be used to assess the eX{ieBH&002)The
cowling of RF and human body is being studéd morethoroughly in the section 2.2

Many sources expose people to RF fields nowadays. These sources are for example ra-
dios, TV transmitters, mobile phones and their base stations, telecommunications links,
satellite communications, Wi and other wireless applicatiorRadiofrequencyadia-



tion is also used for example in some medical applicatilkes magnetic resonance
imaging and destroying cancerous tissue by heatingtit RF radiation (Advisory
Group on Noronizing Radiation2012 Durney et al. 1986Some cosmetic treagnts
also uséeauty care appliancaghich are based on RF radiation

2.1.2 Specific Absorption Rate (SAR)

Specific absorption rate (SAR) awidely usedphysical quantity representing the expo-
sure to radiofrequency fields. 8As used intie measurement and computation of elec-
tromagnetic field$oth in the near and far field of the sourBAR varies greatly with
frequency, polarization and spatial location within a meditine SAR values are used
to gain an important informiain aboutthe spatial distribution of absorbed RRergy,
especially in regartb different organs of the exposed hum@iEE 2002)

Widely usedmeasurement methods for SAR include the measurement of the internal
electric field strength and the rate ofgerature rise in the exposed medidrhere is

no such measurement technique that was valid ovewlttde wide RF rangeThe
physiologial effect of the RFadidion is the absorption of the electromagnetic energy
to the exposed tissues, resultingthemal load of the tisSUSAR is assessetb bea

link between the external RF field exposure and thg&rature rise in the tissue, either

a specific local or whokbody-averaged SARIEEE 2002)

SARIis defined by the power absorbed in an element divigetidomass of the element
and expressed in units of watts per kilograffikg as follows

Yo Y — 8—, 3)

where,, is the conductivity, is the density of the mediurg, is the RMS value of the
local internal electric fieldteength,C is the specific heat capacity of the tissue ani
the rate of temperature riggEEE 2002, Jokela 2006a pp.-88)

When exposing a human body to the rtédiafrom external RF devigghe SAR as-
sesment can baloneby using simulahg phantoms in the place of the human body.
(IEEE 2002)This is because the relationship between the internal power absorption in
the tisse and the external fields is higldgmplex when applying the devigao a skin
contact. (Lehto et al. 19989)ypicd exposure type of RF radiation beautycareis the
neafrfield exposure, thus a local SAdan be determined for these treatments

Thereason for the nedreld exposure being the typical exposure type in beauty care is
the fact thathe beauty care dewges are used locally on small areas of the, slad the
power ofthesedevices is notrelevantenough to have a meaningfaAR valuefor the
whole body.Thus it is justified to use tha@earfield expsure asan assessment for the



exposure obeauty car@appliancesvhen considering the safety and biological effects of
them

2.2 Interaction of RF radiation and tissue

In this sectionthe anatomy of the skimnd electricabnd thermaproperties of the tis-
sue are studied to understath@ interactiormechanism of the RF current in the bio-
logical tissueAlso, thepossibleeffectsof RF radiationin the tissualue to these mech-
anisms are discussed in the section

2.2.1 Anatomy of the human skin

Human skinthe largest organ of the bodygnsists othreeprimarylayers seen inFig-
ure 2 belowthe epidermis, dermis and hypodernfisrda et al. 2014Bjalie et al. 2007
pp. 2225, Lahtinen et al. 997) The thickness of the skin varies vasipending on the
body site, gender, age and individual characteris(issla etal. 2014,Snyder et al.
1992pp. 46-:50) The Reference Man of the ICRP Publications offers some mean values
for the thickness of the epidermasd dermidor different body sites for males and fe-
males of ages 189 yearsin terms of this studyt is essatial to have some estimations
of theepidermisanddermisthicknesgsin body regiondike head, trunk, arms and legs,
since those are the sites the RF treatments usually are appleed tthethicknessof
the skinmay have an impact on the behaviotltd RF waveThe measured values for
thecombinedepidermisand dermighicknesgsin the face area are around 2328, for
the trunk 1122630pum and br the arms and legs 9A®00um (Snyder et al. 199@p.
46-50).
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Figure 2. A schematic of the structure et skin showing the three primary layers
on the left (modified from Bjalie et al. 2007).

Epidermis

Epidermis can be divided into four layers. Cells undergo division and differentiation
during their life span, division taking place in the deepest padccéiasal layer and
differentiation in the overlying layer&\bove the basal layer lies the layer called stran-
tum spinosunresponsible of the production of fibrous keratin protaimd above that a
region known as strantum granulosum. In strantum granultiseroells gradually lose
their form and become more flat in shape. Finathe nucleus and intracytoplasmic
organelles degeneratérfa et al. 2014l ahtinen et al. 297, Nuutinen 1997)

The outermost layeof epidermiscalled strantum corneuonsist ofdead keratinized

cells. These cells ar#lat, largein size and filled with keratinWhen the outer cells get

worn out, new cells are formed in the inner layers of the epidermis and slowly moving
up, differentiating andilling up with keratin, eventuallyeplacing the old cells on the
outermost layers. This keratinized layer keeps the water in the body and pathogens out.
Strantum corneum forms about 25% of the thickness of the epidermis on most body
parts, excluding palms and solebere the layer is thier. (Arda et al. 2014Bjalie et

al. 2007pp. 2225, Nuutinen 1997)



The epidermis also contains melagtes, which are responsible of the pigmehthe
skin and absorbing U¥adiation.They are located in the basal cell layer. AB@art of
the immunobgic defence function, Langerhans ceftsym a small part of epidermis.
The epidermis does not contain blood vessels, the nutegateto the epidermal cells
from the capillaies of the dermisby diffusion (Arda et al. 2014Bjalie et al. 2007%p.
22-25)

Dermis

The dermidies underneath the epidermis and is formed of epithelial tissue containing
connective tissues, blood vessels, lymphatic vessels, blood cells, nerve endings, hair
follicles and their muscles, sweat glands and sebaceous gMaosisd the dermis is
connective tissue, which is formed of collagen fibrils, elafiiers and extracellular
matrix (ECM), the weight per cents being 90 %, 5 % and $Kése protein fibers give

the tissue strength, and elasticifigjalie et al. 200%p. 2225) Most of the cells of the
dermis are fibroblasts (Nuutinen 199The blood circulation in the dermis has an im-
portant role in the thermoregulation of the bodjalie et al. 200pp. 2225)

The interface between the dermis and epidermis is called abentent membrane.
There is a division of the dermis into a two pau® to its structurehe superficial pa-
pillary dermis and the deeper and thicker reticular der@uflagen fibres in the papil-

lary dermis are finestructured and packed loosely, whereaghe reticular dermis the
fibres are thick and densely arrangbtbre loosely arranged and thinner elastic fibres
locate mainly in the reticular dermis. In between the fibres lies a nonfibrous material
consisting of multiple different mucopolysaccharich®lecules called proteoglycans.
(Arda et al. 2014Nuutinen 1997)

The papillary dermis is highly vascularized with a 12 to 14 times higher capillary densi-
ty than that of reticular dermi$he blood vessels in the papillary dermis are smaller in
their dianeter than the blood vessels in the reticular dermis., Migoamount of smooth
muscle cell layers covering the endothelial cells of arterioles differ in these two regions
as in the papillary dermis there is one or two laygmiuscle celland in the retular
dermis from four to five layersThe outermost layer of the venules and arterioles con-
sists of fibroblasts. (Nuutinen 1997)

Hypodermis

The hypodermis, also known as subcutaneous tidigseheneath the dermis and con-
sists of loose connective tissand varying amount of fat tissue. It is an important stor-
agefor fat cells and an effective thermal insulatbhe hypodermis also contains large



amounts of tissue fluids, making it a major storage of fluids #§sala et al. 2014,
Bjalie et al. 2007Pp. 22-25)

2.2.2 Properties of the human tissue

The human body can be semma dielectric structure constructed from multiple dielec-
tric components, as it contaifiee and bound charges likens, polar molecules and
internal cellular structure. Polarization amhic drift occur due to external electric
fields in the tissues, when the electric charges are shiftedtfi@impositionsPermittiv-

ity and conductivityare the dielectric properties which cadlsese effects, determining
the interaction between theeetric fieldand human tissue. (Nuutinen 19%(naga et
al. 2003 Human body is also capabtd transferringheat. The possible temperature
gradient occurring in the body leads to energy transportation, which is tereed by
thermal properties of théssue(Bowmanet al. 1975), beingpecific heat capacity,
thermal conductivity and thermal diffusivity

Humantissues arenhomogeneouand layeredthereforetheyhave variability in suc-

ture and composition between individualsd ones body parts. Ha also the dielec-

tric and thermaproperties oflifferenttissues have considerable variability. (Sunaga et.
al 2002)In a biological tissue, the dielectric properties arise from the interaction of elec-
tromagnetiaadiation with its molecular componenBielectric properties arelsofre-
guencyand temperaturdependent.Gabriel et al. 1996a

Dielectric constant and conductivity

A conductor is a material with free charges, and conductivity is a measure of how the
charge carriers are moving in the mediunder the influence of the EM fiel@he ori-
entation of dipolar molecules due to an external field determines the dielectric constant
relative to free spac@he conductivity() and the dielectric constant or permittivity,

are the parameters which define the electrical characteristics of a biological material.
(Foster et. al. 1989Gabriel et al. 1996arhe sortand extend of the ic content and
mobility vary between tis®s, leading to different ionic conductivities of the tissues
(Gabriel et al. 1996a)

The dielectric prperties of tissues can be deteradnfrom their measured complex
relative permittivity &) given by the equation

z Nj ”‘Q N’ij (4)
whereHdis the relative permittivity of the tissue aHd is the loss factor equal to

- ¢ T (5)
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and the permittivitycan be calculateflom theseas follows
N N (6)

wherel is thetotal conductivity of the tissudg is the permittivity of free space and

the angular frequenoyf the field. Conductivity can be divided into two parts, one due

to ionic conduction and other dielectric relaxation. The parts are called frequency
indepemlent and frequenegtiependent part, respectivelijhe complex permittivity in-

cludes an imaginary part as a result from the losses leading to the production of heat in a
material. The losses are in consequence of the friction \wbhtr molecules cannot

rotate or oscillatan the EM fieldas the surrounding particles resist the movement. This
leadsto heatproductionin the mediumAlso, the conductivty can cause losses, if there
arefree charges availabl@-oster et al. 1989Gabriel et al. 1996a)

The diekctric parameters of few human tissues in the RF range of the beauty care
treatments are representediie Appendix 1 (Andreuccetti et al. wgdage 2018)The
parameters on the wglage are based on the research and calculations of Gabriel et al.
(Gabrielet al. 1996a,b,c)

In addition to thecomplex permittivityform, the dielectric properties of tissuean
sometimes be representasl tissue impedances. This way has been commonly used in
the older physiologically oriented literature. However, buildup ledrge density and
electrical conduction are more logically presented in the pasglglalent (complex
permittivity) form. (Foster et al. 1989)

Dispersion, relaxation and characteristic frequency

When a physical displacement of charge induces a vodtegefunctiondielectric po-
larization occurs. The response of a biological tissue to this function can be described
by a relaxation proces®Vith the angular frequency of the sinusoidaldighe frictional

forces change and haaa effect on th chargedisplacementThe characteristic relaxa-

tion time for characteristic frequendy)(of relaxation process can be expressed as

t —8 )

At frequencies lower than characteristic frequerbg tissue has a high relative static
permittivity. This is a result wherhé orienting torque of the dipolar molecule is higher
than the resistive forceé. low value of relative permittivity is produced frequencies
higher than the characteristic frequenahenthe orienting torque is \eer than te
frictional forces The change in relative permittivity withfrequency is called a dielec-
tric dispersion. l(ahtinen et al1997,Nuutinen 1997)
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Dispersive behavior is caused by relaxation mechanisms, sieacelative permittivity
at frequencies unddi00 Hz can vary between maximum values of up t6 a010. At
high frequencies, the relative permittivity deases in three main steps, knowrlab
ando dispersionsThe Udispersion is linked withdiffusion processesf ions inthe cel-
lular membranén the low frequencies. THedispersion results mainly from the polari-
zation of cellulaiTembranes blockinthe flow of ions through them. THedispersion
can also happen due to thdgrzation ofproteins andrganic macromolecules, work-
ing in thefrequency range ohundreds of kilohertzThe o dispersion happeret the ra-
dio frequencies of gigaherin consequence ahe polarization of water molecules
(Gabriel et al. 1996&uang et al. 1998\uutinen 199y

Thermal properties

Thermoregulation destes the maintenance of the normahge ofbody temperature

in various thermal load conditions. For a human body, thermal load comes from chang-
es in the heat production in the body, but also from alterations in surrounding conditions
like temperature, vap pressure, air velocity and clothingumans are endothermic in

their pattern of thermoregulation, meaning that the body temperature depends on a high
and regulated metabolic heat producti@dair et al. 2003)

The characteristic body temperature of lmsis around 3% 0,5 °C, in which most of
the vital organs function most efficientlgmall variationsn temperaturebetween in-
dividuals are normal, but significant varying of the body temperature is a oésxier-
cise ordisease stase These variabns havea temperature range from 35,5 to 40 de-
grees(Adair et al. 2003)

Heat transportation may occur through conductiveyeoctive or radiative processes.
Thermal conductivityk of material is he property of conducting heat and is defined as
the quatity of heatQ transmitted as follows:

- !Q—, (8)

whereA is the crossectional area and- is thegradient of temperatuiia the direction

of the heat flow.The equation is valid in steadate conditions and whehe heat
tranger depend®nly on the temperature gradieiihe Sl unit for thermal conductivity
is watt per meter kelvilf//mK). (Bowman et al. 1979)uck 1990 p. 9)

When there areinsteadystate conditions, the quantity thermal diffusivity= k /ig C
used.C is the specific heat capacity of the matetiag density i andthermal diffu-
sivity U (unit of mé/s) is related to the spatial and temporal variation of temperature in
the medium byhe equation
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— Iy (9)

whereT is the spatial rad temporal variadn of temperatureThe themal diffusivity
depictsthe ability of a system to retuto steadystate conditionsmeaning that it de-
terminesa numeric value of the relative time rate of temperature chaBgengan et
al. 1975,Duck 1990 p. 9-10)

In solid materials, heat is conducted by different carriers such as electrons, magnetic
excitations, lattice waveand electromagnetic radiation. When summing the input of
each carrier, the total thermal conductivity can be determifiiEmvman etal. 1975)

The heat transfer procegtthe human bodis strongly affected bthe perfusion of the

living tissue.Perfusion means the passage of fluids, like bitma through thecircula-

tory systemAs the metabolic processes generate heat within tgetishe heat transfer
process should include the effects of that convective flow from the origirisitequa-

tion called bicheat equatioronsidering these factors has been given by Pedfd8)

and Perl (1962), and can be stated as

6— @Y a6 Y'Y O, (10)

wherem, is the mass flow rateCy, specific heatT, temperature of the perfusing blood
andQmis the rate of metabolic heat producti¢buck 1990 p. 10-11)

The specific heat capaci€ydescribes the quantity of heat required to raise the tempera-
ture one degree in the unit mass of the medium. The equation to derive the specific heat
capacity value of a certain substance is

& —, (19
whereQ is the quantity of heaM is the mass and"Yis the temperature change. The

unit of the specific heat capacity is joule per kilogram kelditkgK). (Duck 1990 pp.
27)

According to Dewhirst et al. 2003, the thermal properties of human and pig skin are
highly similar (Dewhirst et aR003), thus when lacking thelues of thermal properties

of human tissue, porcine data can be u3ée values of théhermal propertiesf hu-
manand porcingissuegDuck 1990 pp. 128) are represented inable 1 below.
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Table 1. Thermalproperties of human ahporcine tissues. For a review, see 1) Duck
1990 pp. 28 table 2.12) Duck 19902pg. 1table 2.2, 3) Duck 1990 pp. 16 table
Tissue type Specific heat capaci- Thgrmal conduc- T:f/:;aéffg;
ty C (J/kgK) tivity k (W/mK) (cn?ls)
Blood 38400 0,53 -
Bone (cortical) 1300¢ 0,37:0,50@ -
Brain (white mattey 36001 0,51¢ -
Brain (grey mattey 3680¢ 0,500,584 1,49¢
Cardiac muscle 37201 0,54 1,47G
Fat - 0,230,27 -
Fat (porcine) 22503920 ¢ 0,150,17@ -
Kidney 3890¢ 0,510,564 1,32+0,12G
Liver 3600¢ 0,51¢ 1,416
Muscle - 0,450,55@ -
Muscle (porcine) 306038701 0,430,51@ 1,256
Skin dry - 0,39 -
Skin wet - - -
Skin (porcine) 31503710¢ 0,360,384 -
2.2.3 Interaction of RF radiation and human body

Radiofrequency electromagnetic waves can interact trgtlue through multiple ways.

As the RF radiation can be divided into electric and magnetic fields, these fields have
their own interaction pattern3issuesare nonmagnetic material, thus mainly the ap-
plied electric field interacts with the charges in tissié® charged patrticles in the me-
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dium are altereddue to the forces of the RF electric fieldfiese altered charges can
then produce additional electand magnetic fields in the tissues. (Durney et al. 1986)

The interaction of the RF electric field the dielectric tissue can happenhneeways,
thesebeing polarization of bound chargesrientation of permanent dipesanddrift of
conduction charge Polarization of band charges is an interaction betwées electric
field and bound chargefestoring forces keep the bound charigistly boundin the
materia) thusthey can barely move at alh their natural state, the negatiaad posi-

tive bourd charges in molecudeare cancelled out since they are superimposed upon
each other. However, when RF electric field is applied to the tissue, the chétlges
small distanceseparate into opposite directioand producanduced electric dipoles
(Durney et al. 1986)

The mechanism of orientation of permanent dipoles is an effect where the randomly
oriented permanent dipoles of molecules are aligned with the electric field applied. The
thermal excitation of the body results on the randomly oriented dipol@ resists the
alignment of them. On the average, a net alignment is still occurring and also producing
additionalfields. (Durney et al. 1986)

The conduction charges, both elecg@nd ions, can move substandatances in re-
sponse tdorces of theelectric field. As a result of thermal excitatiomaaadom motion

of these chargesccur, but the electric field induces movement called @uniftong con-
duction chargesThe drift of these charggerms to a current. (Durney et al. 1986)
Thus the RF currert flows in the tissue can be divided into induced and contact cur-
rents. The internal current flows are induced in the tissues when expts&RE fields
occurand contact current occurs in a touch contact of a current sQEHEE 2002)

Distribution of R current in the tissue deviates from the corresponding distribution in a
homogeneous medium, sinteis dependent on thiayered structuref the medium

This distributionin the skincan have a strong effect from two physical parameters, of
which the frstis dermis thicknesand the second current reflection coefficierat the
interface of the different tissues, describing the difference in electrical properties of two
adjacent mediarhe amount of modification depends on various parameters like tissu
layer thicknesses and electrical conductivities. (Kruglikov 2015, Kruglikov 2016)

According to Kruglikoy the different electrical rppertiesin the layers of the tissue
modifies the RF currerdistribution in the dermis and subcutaneous white adipese ti

sue Thus, the variations in the dermis thickness as wel@sarying electrical proper-

ties lead to inhomogeneous current distribution and therefore inhomogeneous tempera-
ture profiles. (for a review, sd€ruglikov 2015 anKruglikov 2016) These inhomeg

neous temperature profiles might lead changing exposure depending on the body site.

Thermal and notthermal mechanisms are another way to categdnezenteraction of
the RF radiation and biologicatsue (Adair 2003,Challis 2005)The interaction oRF
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radiationand tissueat intensities greater than about h®V/cnd happenghrough ther-
mal mechanisms, meaning that the temperature of the tissues is significantlyAgised
intensities lower tharl0 mW/cm the possible effects of the RF radiatiare na-
thermal (Adair 2003)

Thermal mechanisms

Thermal mechanismsf RF interaction with tissuare mainly redted to the absorption

of the energy of electromagtic fields. The absorption isaused by the electrical con-
ductivity in biological tissus. A molecular motionis a result from the rapid energy
transfer of the osddting currentgenerated by the RF electric field. The molecular mo-
tion is responsible for an increase in the local temperature. The translational motion of
ions is only partly responsibte the electrical conductivity of the tissy&hallis 2005,
Durney et al. 1986)

The other part of the formation of the conductivity arises fromntbé&culerotation

mainly from thewater molecules. This is due to the large permanent dipole maheent
water molecule has, and thendom orientatiof it. Whenelectric fieldis presentthe

dipole moments are partially oriented along the direction of the, fasldexplained be-

fore. To rotate the dipoles, the fieldustdo work against the thermal excitatiof the

water. This results in energy transfer into the liquid, causing the temperature to rise.
(Challis 2005, Durney et al. 1986)

That said, theéemperature increase occurring as a result to the RF electromagnetic fields
depends on the intensity andstdibution of the field and the thermal and electrical
properties of the tissue. These properties are such as permittivity, thermal conductivity,
electrical conductivity, heat capity and local blood perfusiofidair et al. 2003, van
Rhoon et al. 2013)resented in the previous secti@mplistically, he exposure to RF
fields can be said to resembilee energy flows coming from the metabolic activity in
the nuscles during exercise, as great amafrthermal energy isormed directly into

deep tissuesiiboth cases. Howevdhe RF field exposure has more complex patterns
of interaction with tissues, cells and molecu({@slair et al.2003

To quantify the heat diffusion from the delivery point to the surroundings, the heat
equation is used. This is exgssed as follows for a ommensional system

h L h ’ (12)

wherex is the single spatial variableis the time,T(x,t)is the temperature) is the rate
of heat delivery per unit volumé,is the thermal conductivity aritle diffusivity Uis
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1 — (13

wherec; is the heat capacity at constant pressurejaisdthe density(Laurence et al.
2000)

Nonthermal mechanisms

Nonthermal mechanisms mean mechanisms that occun wietemperature increase
is not relevantenough to have an impact on the biochemical reactidos:thermal
interaction mechanisna RF coupling with the bodgrenot understood as thoroughly
as thermal mechanism8s the human tissues are nonmagnetaterial the RF mag-
netic fields do not have effects on the tissues sinage tire@ nanagnetic dipole bio-
logical tissuegyeting affected by applied magnetic field®urney et al. 1986

There aresomestudies abouthe RF magnetic field interang with the tissue bygome
nornrthermal mechanisms (for a review, see Challis 2005)it meems that mogtf the
mechanisms most unlikely lead to biological effectatdeastdo not have health effects
at exposures below guidelines. For few mechanisims not possible to say whether
they have an impact on biological effect because of their contpland therefore the
lack of quantitative estimates of the SAR values. (Challis 2005)

2.2.4 Effects of RF radiation to the tissue

One way toassaythe effects of RFields in the body is to divide them intbrect and
indirect effects The absorption of the energy from the RF waves is a direct effect,
whereas indirect effectski electric shocks or burns are a re$ui internal current

flow in the tisue The eledric shockcan in some circumstances ocdue to electrost-
imulation of the tissue and burn frorapid heating on localized arealectrical burns

are more complex than normal burns resulting from hot object contact. The electrical
burns can occur also dhe exit point of the currenaind they are typically deeper than
normal buns. (Advisory Group on Neionizing Radiation 2012)

Another way to categorize the effects of RF radiation to tissuleg dividing them into
thermal and noithermal effectsAt the frequencies above 1881z the RF power ab-
sorbs into the tissue causing a thermal |dhdt might lead to thermal effect8elow
100kHzthe voltage over the cell membranes starts to disrupt the esfiecially more
electresensitive cells likeneurors and muscle cell€ausingsomeelectrical $imulation
(Lang et al. 200@p. 164175

The threshold for electrical stimulations of neurons is aroun@n8or 0,6 A/n?. The
electric fields and currents induce cell membrane charges of the long neuronsabel m
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cells. This leads to alterations on the membrane voltage and therefore on the electric
field over the membrane. These changing electrical forces lead to an activation of sodi-
um channels, which initiates a depolarization of the cell membrane. Tk eHn

cause some sensation of stimulation on the skin. (Lang et al. 2006 ppb/3)64

Thermal effects

Thermal load or stimuli causes automatic physiological responses like sweating to re-
duce the heat in the body, but these automatic actions onlyeanitidte sensation of

tissue warming is noticed in the body. The temperature sensitive nerve endings in hu-
man skin detect the heat load coming outside the body and through the skin, but organs
inside the body do not have these temperature sensing nesvte lwer RF frequen-

cies absorb to deeper tissues in complex patterns, the thermal sensation does not occur
in the body and thermal damage can happemticeably. (Adair et al. 2003) This can

lead to some thermal damagjeoin thedeepetissues.

Thermal damage meanbé tissue damage relatihg temperature of the tissue depend-
ing on the timetemperaturelamage relationsps According to Dewhirst et al., the cell
death rate during heat exps is exponential and deperuisth on the temperature and
the exposurdime. It has been seemdm in vitro studiesthatthe cells exposed to heat-
ing with certain heating time and temperature showeldbaacteristichreshold temper-
ature for thermal damag@ewhirst et al. 2003)

Over a limited range of temperatuof 4855 degrees, the rate of cell death is exponen-
tial. A breakpoint in this rate is detected to be aroundCl3although the sensitivity to
heat varies between tissudgso, temperatures and exposure times discussed in publi-
cations considering hypé&eirmia or effects of heat differ a lot. Howewis breakpoint

is oftengeneralized as a part of the thermal dose calculafidres effect of heat expo-
sure on cell death can be expressed @EBI43C value, where any timeemperature
history is convertetb a number of minutes of heating af@3The value can be calcu-
lated as follows

0bd B ozY (14)

whereCEM43C is the cumulative number of equivalent minutes of heating 4,43
is thei-th time interval,T is the average temperature during the time intdreasdR is
related to the temperae dependence of the rate of cell death as foll®¥3: © 43 °C)
=1/2 andR (T _ 43°C) = 1/2.(van Rhoon et al. 201¥armolenko et al. 2031

Although the severe heat strdsas cytotoxic effects like induction of apoptosis and
failure of cell cycle,minor increase of temperature might be beneficial to some cells.
Mild heat stress can regulate cell proliferation and differentiation in a positivdoyvay
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enhancinggrowth factor receptor activation (for a review, see Park et al. 2004)
thermal mechaems of the RFexposure of the tissues can for exanipbe tomecha-
nism ofcollagen shrinkage.

Mechanism of collagen shrinkage

The mechanism of collagen shrinkagehis main method thought to be involved in the
lifting and tightening effects of the bdgucare treatment appliances. Collagen has an
important role in the elasticity of the skin, and together with proteoglycanshé rma-

jor structural component of extracellular mat(&CM) and connective tissuef the
skin. ECM is the structure that kis and supports the cellSollagenis a pimary load
bearing structure ahe tissue and also mecharsensitive, thugollagen can be stabi-
lized against thermal and enzymatic degradation wifitesence of mechanical load.
(Chandran et al. 2012, Susilba. 2016 Uitto et al. 198y The proteoglycans a@m-
plex macromolecules providing the tissue with its volume by bindiggeat amount of
water in its structure Nuutinen 1997Uitto et al. 1987)

There are at least 19 differetllagenclassificationtypes. The most common type in
the skin is type | collagen which forms-88 % of the dermal collage@ther types
presented in the skin are types Il and V collagens. Type Il collagen forhS %®and
type V collagen 6 % of the dermal collagen, spdéag out throughout the dermis.
(Uitto et al. 1987)The collagen of the skin is synthesized by the fibroblasts of the skin.
(Nuutinen 1997)

A collagen fibril (seen in kgure 3 consists of thdasic monomeric component grfo-
collagen, which is aigid rod-shaped moleculef approximately 300 nm in length and
1,5 nm in diameterProcollagen is formed of a central triple helical region of three al-
pha polypeptide chains and telopeptides, which are terminal disoreieds of the mol-
eculeand critical for fibrl formation (Chandran et al. 2012, Kadler et al. 1986y the
triple helix to form from the threalpha chains, these chains needarino acid of gly-
cine at every third residue along each ch&n.each alpha chain in procollagen has a
repeating structre of glycine and two variablaminoacids.(Kadler et al. 1996)
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Three chains Procollagen
assemble peptidase Assembly Assembly
o e = i
o chain Procollagen Collagen Collagen fibril Collagen fiber
(triple helix) molecule

Figure 3. Schematic structure of collagen fibril artd formation (modified from
Riso et al. 2016

The procollagen molecules salésembly by hydrophobic and electrostatic interactions
in the tracellular surroundings, forming a collagen fibril. At this point the fibril is not
stable, being held together only by raovalent interactions thus free to slide past one
another. The nascent collagen fibril can therefore be disturbed by variati@nspeara-
ture, pH, ionic strength and proteolysis. After the phase ofastembling, the fibrils
are stabilizedn the extracellular environmeby covalent crostinking by the enzyme
lysyl oxidase and neenzymatic croséinking by nitration and glycatn, forming col-
lagen molecules. These individual collagen molecules are bound together via intermo-
lecular chemical crosénkages, fornmg collagen fibes andgraning themtheir high
tensile strength characteristiasd making them chemically stable agaiproteolytic
enzymes(Chandran et al. 201Rluutinen 199y

Fibroblasts control the degeneration of collagen with a specific enzyme collagenase.
Collagenase releases a part of collagen molecule and allowing the proteolytic enzymes
to continue to degradde moleculeFibroblasts are also responsible for the formation

of the collagen surrounding substangaeteoglycangNuutinen 1997)

Most crosdinks in collagen fibrig exist betweemprocollagen monomers and require
them to assemble into quarsaggeed arrays. With time, these crdsss convert into

the complex nomeducible multvalent forms, which are found in mature collagen tis-
sues and cause the decreased solubility of collagenous tissue with aging. (Chandran et
al. 2012)
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When heat is applietb the tissues, like in radiofrequency ablation, tissue shrinkage
occursdue to denaturation of proteins, dehydratiod aontraction (shrinkag®f colla-

gen (Rossmann et al. 201&poft tissues possess a stregain curve with characteris-
tics of initially low stiffnessbecause othe rearrangement of the fibritsy entropy fol-
lowed by an increasinsgtiffness at higher strain levels resulting from the enthalpic de-
formationi extensiorand bending of thefibrillary tissue (Susilo et al. 2016)

Consequetial to intermolecular crosknks, colagen molecules are organized like

brils which causes them to hatensile properties. Applying heat to the tissue can cause
rupturing of the intramolecular hydrogen bonds and unwinding of the triple helices,
causimg collagen to get denatured. This leads to the increase of the tension in the skin,
since although the fibers of the tissue shorten, thedtable cros¢inks between mole-

cules are preseed, resulting to an increasetbe elastic properties of theollagen pol-
ymer.(Sadick 2008)

Nonthermal effects

In general, the RF magnetic fields below public guideline values are not producing bio-
logical effects.There are multiple studies on the RF magnetic fields and their effects on
the tissues, but any mechansisuggested have not been widely accepibdrefore,

the knowledge at the momaeistthat there are no nethermal effects of RF radiation to

the human body, but further investigations might be needed later on ssmyested
mechanismgChallis 2005, Langt al.2006pp. 138149

2.3 Assessment of exposure to RF radiation

A crudal part of any scientific researcssesng RF radiationeffectson biological
systems is dosimetrywidely accepted RF dosimetry parameter is SAR. Dosimetry
means the determinatiaf the amount oenergy absorbed by a radiation exposed ob-
ject. The absorbed energy is directly related to the internal electromagnetic field (EMF),
thus dosimetry is also dedtiered to signify the determinatiof internal EMF.The do-
simetric assessment lmcalized SAR values can be done analytically (theoretical), nu-
merically (calculated) and byeasuring methods (experimentdDurney et al. 1986)

Assessing the magnitude of RRiluced currents is complicated since there are different
pathways for theurrents to flow through in the body. For example, when the electric
field is parallel to the axis of the body, the induced currents flow through the body
through the legs to the ground, or some other part with the lowest potential surface con-
tacting thebody. However, if there is a magnetic field exposure, the induced currents
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typically circulate about the cross secsoof the anatomy and the largasagnitudes
are near the body surfadédEEE 2002)

These ciralating currents commonly exit the body inddferent way comparing to
electric field induced currents, causing a major measurement challenge for the RF expo-
sure. Evaluation of induced currents needs to give consideration to both field contribu-
tions, magnetic and electric. Induced body currents ted@ considered in the expo-
sure assessments at the lower frequencies, generally beloMH0But especially un-

der 30MHz, and the assessment of excessive induced body currents mostly occurs in
the neaifield region of the RF source. (IEEE 2002)

The dosmetric assessment of localized SAR valaesoften averagedover a tissue

mass of either 1 or 10 grarfs comparable value§he averaged SAR depends mainly

on the location of the source and body phat is beingexposed, as well as on the ge-
ometry ofthose. The main factotkat influencehe correlation between averaged SAR

and the temperature rise are the penetration depth of the radio waves and the thermal
diffusion length in the tissue. The thermal diffusion length depends highly on tref rate
blood perfusion (Advisory Group on No#ionizing Radiation 2012)

2.3.1 Analytical methods

In theory,internalRFfieldsi n any object or medium can I
equationgfor a review see Sihvolaetal. 1996) | n t he reality, S0
equations for most of the cases is too challenging and thediffeneent combination of
techniques is used for calculating SAR values for models of an average man. These
techniques have frequency limits, meaning that each technique can be used oaly over
limited range of parameterBifferent models and techniques combined together lead to

a good estimation of SAR over a wide range of frequencies. (Durney et al. 1986)

Some analytical methods are for example planewave dosimetryfieldatdosimetry,
sengivity of SAR calculations to permittivity changes, relative absorption cross section
and qualitative dosimetry methods (for a review, see Durney et al. 1986). There are
simpler analyss with simple geometrical models like homogeneous planar and spheri-
cal models, but calculations can be done also for inhomogemaorerealistic models

of man.Onedimensional calculation models cannot predict body resonance and two
dimensional models are suitable to be used mostly when calculating the SAR of the
limbs. Themore complicated models and the shapes like spheres and ellipsoids are
threedimensional and represent a human body better than other models, but are the
most demanding calculation techniques of these cases. (Durney et al. 1986)
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2.3.2 Numerical methods

Numerica methods can be used to assess the electricdidleimperature rise in human
tissues, thuthe exposure to RF emissions in human tissize be evaluateMumerical
methods use numerical approximations of different algorithms to solve the problems of
mahematical analysidNumerical methods can be divided into two grqupsing nu-
merical planewave dosimetric data and numerical-fielar dosimetric data(Durney et

al. 1986)There are multiple numerical methods available for this purpose, two com-
monly ued being the Finite Element Method (FEM) and the Finite Difference Time
Domain method (FDTD).

Oneexample of the simulation program based on one thoroughly researched numerical
method is SEMCAD X developed and provided by Schmid & Partner Engineering AG
(SPEAG).SEMCAD X is a simulation platform for Electromagnetic compatibility, An-
tenna design and Dosimetry. For simulating biological tissue, the software uses a nu-
merical method of FDTbased orMa x we | | 6 s. FB¥ID method camsslve par-

tial differentid equations in both time and spa(@PEAG web page 201$EMCAD X

is used in this study due to its ability to make SAR computations for the Hissaa

The averaged SAR value over @§@ube is thought to be accurate enough, even if the
power absorbed W be greater in some part of the cube than in others. However, the
thermal diffusivity of the tissue is high enough to smooth out the temperature differ-
ences, making this fact to be of little significantbe SAR estimations in heterogene-
ous media gairke by the FDTD method are researched thoroughly and are somewhat
reliable.(Advisory Group on Nofionizing Radiation 2012, Augustine 2010)

2.3.1 Measurement methods

As there is no measurement technique that is valid over the wide RF tfadgesimet-
ric measuremants must be done regarding the used frequdncgereral, techniques
usedin the frequency range below around 9@Biz are based on the measurement of
the electric and magnetic field stréng When evaluating nedield situations at fre-
qguencies below gew hundred megahertz, measurems@ftoth magnetic and electrical
fields are requiredDurney et al. 1986EEE 2002)

Body currents can be measured with simple, portable laboratory instruments over the
frequency range of about 0 to 1Pz Over the frguency range of about 168izto 6

GHz SAR can be measured wiRFtransparent temperature sensors and over the range
of about 300MHz to 3 GHzit can be measured in phantoms using electric field probes.
At the frequency range of about3Hzto 300GHz thermographic cameras can be used

to measure SAR on the surface since the absorption is confined to the surfde-of a
logical system.Qurney et al. 1986EEE 2002)
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2.4 Regulation of RF exposure

Multiple authorities and guidelingegulate the exposure to EMRegulations are es-
tablished on healtbased guidance to limit possible adverse health effects resulting
from EMF exposure. The estimation on the health effisctione by using established
scientific and medical knowledge and should be free of vesteresii(Ziegelberger et

al. 2006)EMF regulationin Finland is based on the legislation, standards and guidelines
in European Union.

2.4.1 International guidelines and standards

In 1996the World Healh Organization (WHO) constitutdtie International EMF Pro-
jed to protect public health and to serve reliable information on the health effects of
EMF exposureThe International Commission on Néonizing Radiation (ICNIRP)
has developed a number of guideline values of Eposurein a cooperation with
WHO. ICNIRP is an independent scientific ngovernmental organizationf non
ionizing radiation protection for the WH@he exposure limiting guidelines ICNIRP
have been constructed blyoroughy reviewing published scientific literature on the
topic. The phenomea behind these guidelines of ICNIRP are established-sdrant
immediate effects, such geripheral nerve and muscle stimulatiehocks and burns
resulting from touching conducting objects, and {stass from the absorption of RF
energy causing a terapature rise in the tissugZiegelberger et al. 2006)

ICNIRP also works in close contact withternational Electrotechnical Commission
(IEC) which issues standard&notherEMF standardization organization is the Comité
Européen de Normalization Eleatechnique (CENELEC)In addition to ICNIRP, an
international orgamation which hasbeen issuing guidelines estahlisg limits for
EMF exposure ishe Institute of Electrical and Electronics EngingHe&E).

2.4.2 Legislation in the European Union

In the European Union (EUjhe EMF regulationsre based on the recommendations of
ICNIRP. Council recommendation of 12 July 1999 on the limitation of exposure of the
general public to electromagnetic fieldsH@2to 300GH2) includesthe exposure liiits

for the pullic. So that theeffects on the cardiovascular and central nervous system
prevented restrictions for magnetic flux density for static magnetic fieldsn@) and
current density for timearying fields (8mA/nt) are applied in the frequency range of
0-1 Hz. To prevent heat stress of the bolgsic SAR restrictionare provided between
100kHzand300GHz (seen in &ble 2).(EU 1999)

Comparing to the public, the exposure limit values are higher for workers in the EU.
According to diective 2013/35/EUthe limiting SAR values averaged over-smnute
period for workers are 0,4V/kgfor the whole body. Localized limiting SAR values



24

over 10g of contiguous tissue are MY/kgfor head and trunk and 20/kg for the
limbs. (EU 2013)

A new regulation (EU 2017A45) on medical devices was announced by EU Parliament
and Council in 2017. In the Annex X\if the regulationpeauty care treatment appli-
ances are mentioned anlist of groups of products without an intended medical pur-
pose thus thisregulation applieslso onbeauty care applianceslowever, 2017/745
regulation still lacks the technical information and limiting values on different devices,
which ae supposed to be added in la{&U 2017)

2.4.3 Legislation in Finland

Legislation abouthe radiation proteatn in Finlandis governed by the Radiation Act
592/1991(Sateilylaki1991). The Ministry of Social Affairs and Health (STM) super-
vises compliance with the Radiation Act by directing the protecting of the public, work-
ers and patients from radiatiom the Decree of The Ministry of Social Affairs and
Health on limiting public exposure to naonizing radiation 294/20025TM issues ex-
posure limitsof the nonrionizing radiation for the public. The SAR limits of the expo-
sure from electrical and magnetic fielasthe frequency range of QkkHz to 10 GHz

can be seen inable2 below.

Table 2. The maximum values of SAR in the exposure of electrical and magnetic fields in
the frequency range of 100kHBGHz.The specific absorption rates in the table
represent an averagef SAR values in the time period of six minutes. Local SAR

values are averaged over cubic volume of 10 grg8iEM2002)

Frequency | Average SAR of (hel_sgin?jﬁimk Local SAR
h k li k
range the body W/kg (Wikg (limbs) W/kg
10kHz1
10MHz 0,08 2 4
10MHzi
10GHz 0,08 2 4

Under the Ministry of Social Affairs and Health operates the Radiation and Nuclear
Safety Authority (STUK) as the main operator and supervisor of issuesgal by
radiation legislationguidelinesand safety regulations concernirggliation and nuclear
safety.In addition to regulatinghe use of radiation in industry, health care, trair@ngd
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research STUK grants licenses for the use iohizing radiation (STUK web page
2018)

2.5 Radiofrequency b eauty care appliances

Radiofrequencylectromagnetic fields can be used for multiple medical and beauty care
purposes and usually the treatments are associated with some degree of local tissue
heating. Beasley et al. 2014an Rhoon et al. 2013) Some appliancesRiBeadiation

to lift and tghten dermal tissue in esthetiare. In these treatments, an electrode is in
contact with the skin, and alternating current flows from the tip of it to the tissue. Typi-
cally, theused frequencies of the alternating current are between 0.3Mb12(Sadidk

2008) thus they are on the RF bands of VLF, LF or NTRe duration of the treatment

as well as the impedance of the tissues and the square of the intensity of the current de-
fine the amount ofieat produced in the ige (Sadick 2008).

According to Alvaez et al. (2008and Beasley et al. (2014he RF skin rejuvenating
treatments produce an electrical current in the tissue. ctinrent generates heat be-
cause of the resistance in the dermis and subcutaneous tiBspesding on the con-
ductive properts of the tissue and the shape and size of the electrode, a certain depth of
the RF current is reache(Alvarez et al. 2008Beasley et al. 20)4Jsually agel is

used to enhance the connection between the electrode amal tfiése treatments

2.5.1 Monopolar , bipolar and multipolar RF appliances

RF appliances can be into three different groups due to their working mechanisms,
monopolar (also called unipolar), bipolar or multipolsionopolar RF applianceare
systems, where the current flows from an actiwetebde through the body to a large
grounding electrode whicls iplacedon the skin quite far from the active electrodbe

current finds the path of least resistance from the treatment area to the grounding elec-
trode. The energy of the current diminishas the distance from the active electrode
increases, so most of the heat is generated near the active electrode, in the surface.
However, compared to bipolar appliances, the current penetrates détbp@onopolar

RF applianceqdBeasley et al. 201&adck 2008)

In bipolar RF appliancesthe two electrodes are at fixed distances from each other, in
the same treatment handle. Tdfere, both thepositive and negativdactive and
grounding electrodesre in contact with the skin araaned to be treatechd the alter-
nating current only travels through the tissue between these elecifbegsenetration
depth of the current isaid to bearound half of the distance between the electrdalgts

no reliable evidence proves this assumptitime advantage of ¢éhbipolar devices ithe
controlled distribution of the current in the tissu&edsley et al. 201&adick 2008)



26

Multipolar RF appliancesnclude both monopolar and bipolar treatment systeus.
cording toSadick(2008, a multipolar device can includen@gonopolar treatment handle

for volumetric heating of the subcutaneous adipose tissue and also a bipolar treatment
handle for noravolumetric heating of the dermiBeasley et al. 2014adick 2008)

2.5.2 RF beauty care services and appliances in the market

The market of RF beauty care appliancestii quite poorly regulated. Some of the RF
appliances are commercial and availablesioyone, some devices are only available for
beauty care professionalsccording to Statistics Finland, there are around 45@énpr
ises ofering some kind obeauty care treatmenits Finland About 800 of these locate
in Helsinki. (Statistics Finland web page 201B)ultiple operators can work in each
beauty care salon, thus there are more than 4500 beauty care professionatsum-the

try.

There areno reliablestatisticsfor the amount of differenRF devicesretailersor beauty
salons offering REreatmentsn Finland A coarse estimation of the RF treatment mar-
ket can be donecaordng to the surveylone by Pasi Orrevetelaineh Radiation and
Nuclear Safety AuthorityAccording to thissurveyand the Business Information Sys-
tem of Finland there arearound 100(eauty car@peratorsn Helsirki. This count in-
cludes also some inactivaperators andalons, since all the informati gatheredon

these premises was not updated nor further information could be found to ensure if
these places were running or not.

Websites could not be found for around half of these salonsjsaot known if they
offer RF treatments or noErom thewebsites of thether half it was discoveredhat
around 60 places offered RF treatments as a part of their s&wuite of the salons did
not share the list of theiesviceson their websiteThus,very reliable conclusions about
the marketof RF treamentsin beauty salongsannot bedrawn from this survey but a
rough eimateis thatat leastaround 10 % of the places offer some RF treatments with
one or multiple devices.

As a part of thesurvey Orreveteldinerwasin contact with some RF treatmentvae
retailers of Finland and got some information on the most popular devices and trends on
the marketFour different RF beauty care appliances were purchiasetie laboratory

of Nortionizing radiationsurveillance unit of STUKor research. Thesdevces, listed

in Table 3 represent a feywopulartypes of appliances in the market, all being difféeren
either betweetheir electrodes, working mechanisrrequencyor maximum power.
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Table 3. A table of theproperties ofour differentRF beauty care appliancesifghased
for thelaboratory ofNonionizingradiation surveillance unibf Radiation and
Nuclear Safety Authority of Finlan@he propertiegisted in the table are the
onesgivenin the manuals of the appliances.
Maximum
Power :
Tvoe power / Frequency levels Pulsed/continuous
P energy in- (MHz) (No) wave
tensity '
Panda :
bipolar | 15-25J/cn? 3 6 Pulsed
Box
Skinplus
Dual In- bipolar 50W 1 10 Pulsed
jector
Weelko
monopolarf  150W 0,3 10 Both (adjustable)
F-333
Nannic .
NBE500 bipolar 60 W 1 - -
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3. MATERIALS AND METHODS

In this section, the matergahnd methods athe power measurements, temperature in-
creasemeasurements amibmericalsimulations ofthis study arediscussed in detail.

The power measurement sgi was developed to study the output signal andgravt

the RF beauty care applianaader review.The simulations with numerical model of

the RF beauty treatment electrode were validated with the temperature increase meas-
urements and vertical SAR values obtained from them. The dosimetry of the RF expo-
sure was based on the numerical simulations.

3.1 The RF beauty care appliance under review

The laboratory of Noonizing radiation surveillance unit of Radiation and Nuclear
Safety Authority had purchased fodifferent RF beauty care appliances with different
propertiegsee Rble 3. The radiofrequency beautareappliancechoserno be studied

is a bipolar device called Panda B@een inFigure 4. Bipolar device was chosaver
monopolarbecause greater part of the appliances are bipsdaseen from theable 3
Panda Box is informed to have the highest frequency of thesed&wices, which
makes thdRF exposureneasurements more relialtkean at thdower frequencies, since
there is no optimal tissue simulating liquior very low frequencies. fie highe the
frequency, the more reliably properties of the simulation liquid mimic the properties of
human tissue.

The shape of the treatmenealodewas also one criteria when considering appli-
anceselectionfor the study. Panda Box hagound and simpldesign of the electrodes,
makingthe measurements easier andre reliable than with more complex electrode
designs. Nannic NBE500 ajgnce also has ceramic coating in its electrode, that
would complicate the measuremerfund shape of the electrades quite common
within RF beauty care dews, thus when choosing Panda Box as gi@iance under
review, there arepossibilitiesto broaden the resultsedved from this study tenany
other appliances
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Figure 4. RF beauty care ggiance Panda Box and its Iger electrode diameter
of 3,4 cm

Panda Box is a bipolar RF skin care beauty device for skin rejuvenatoarding to

its manufacturerthe appliance is designed for face lifting, slimming purposes, wrinkle
reducing and tightening and firming the rskiThe Panda Box device used in this re-
search was purchased from Spacos Oy, which is a beautgeadce retailecompany

in Finland. The parameters of the device are informed to be a RF treatment frequency of
3 MHz and the energy density in the rangel6fto 25J/cnt. The device came with two
round shaped electrodes, with diameters ofc&yand 1,2cm The device has power

levels and adjustable time frame between 1 and 10 minutes for the treatmémis

study, a term of device under test (DUT) $&dwhen discussing abo&anda Box.

3.2 Power measurements of the RF appliance under review

The RF signal of th®UT was investigated with power measuremedtang Tektronix
DPO 2014B Digital Phosphor 9illoscope and a resistive load, tfrequency and
shae of the output signal coulok detectedThe RF appliance was tested with all its
power leveldy connecting the treatment electradeesistive loadas seen ifrigure 5)
between 100 and 12@Dwith spacing of 10@, to see if the signal vari@s between.



Figure 5. The power measurement 4gd, wherethe signalof the DUTis investi-
gatedusing a resistive load and an oscilloscope.

The widertreatment electrodef the DUT was connectedotthe changeableesistive

load by agalvanic contacas seen on the kegh Figure 5 The oscilloscope was connect-

ed to theresistiveload, measuring the signal going through the resistors. From the sig-
nal seen in the oscilloscope, thverking mechanisms of the DUandduration of the
pulses could be determinedl.block diagam of the measement seup can be seen in
Figure 6 below.



Treatment]
electrode

DUT

G G B g

Oscilloscope

Tektronix DPO
2014B Digital
Phosphor
Oscilloscope

Resistive load

Figure 6. Block diagramof thepowermeasurement seip.
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Also, the maximumoutputpower of the DUT was determinedtkv this measurement
setup. For each measurement with different load and the ptavet 6 of the DUT, the
root mean square (RMS) voltage value was obtained froradiine pulse of the signal

with the oscilloscopeThe maximum power over each measured resistive load was cal-

culated with the equation

whereP is the output powelJrusis the RMS voltage value arRlis the resistive load

used.
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3.3 Tissue simulating phantom of the temperature measure-
ments

There was a need to construct a phantom for the temperaturaseeneasurements
phantom is determined to be a physical model or simulated biologicalsoodiating

the propeties of the biological tissues. Phantoo@sbe used to studfor examplethe
interaction between the electromagnetic fields and the husgretrhe phantom crite-

ria for this studywere the frequency range of the beauty care appliances, since the elec-
trical properties of the tissue depend on the frequency used, and the tissue type the
phantom mimics.

Human tisue can be divided into two primyatypes, the first being lowvater content
tissue such as bone and,fahdthe other highwater content tissue such as brain, mus-
cle and skin. Lowwater contentissue features low permittivity as well d8w loss
when highwater content tissues V& higher permittivity andoss. (Augustine 201D
Sinceskin is the main structuref the RF exposurin the beauty care treatments and the
treatment electrodes are in contact withtityas considered to be the main tissue type
in this study.

Therefore, a hig-water contentiquid mixture simulatingphysical propertie®f head
and muscle tissue in the RF rangem 20 MHz to 25 MHz around 22 dgrees was
usedas an equivalent to human tisstie liquid consists of water, naanic detergents
(polyoxyethylenesrbitan monolaurate), salt and preservative (Prevdhip] the
weight per cents being 58 %, 2550 %, 02 % and 0,089,1 %.Manufadurer of the
mixture is Schmid & Partner Engineering AGPEAG) which provided a Measure-
ment Certifcate ofdielectric paametersas well as density and specific heapacityof
the liquid These parameters can be seefiable 4.

The test conditions used in the measuring of the parameters are informed to be a testing
temperature of 22 degrees and air hityibelow 70 %. he testing has begrerformed

on 19" of July in 2017by SPEAG The dielectric parameters of the liquid are measured

in the range of 2@50 MHz The liquid is transparent and yellow withpll within a

range from 6 to 8To avoid heatlissipation in tempetare increaseneasurements, the

liquid mixture is as dense as possible.
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Table 4. Density and specific heat capacity of the simulation liquid measured by SPEAG.

pacity g/kgK)

Simulation liquid Uncertainty
Density kg/n?) 1040 -
Specific heat ca- 3570 +506 k=1

The phantom was constrect as follows. Bsue simulating liquid was poured into a
small homogeneousplastic cylindrically shapedtransparentcontainerrepresentinga

part of a humarorearm seenin Figure 7 below. The phantom shell is constructed of
paymethylmethacrylate (PMMARaNd it has an inner diameter of i inner length

of 200mmandwall thickness o8 mm The hole in the cylinder is 15#4mlong and 50
mmwide. As the simulation liquid is viscous and therefore has a tendency to trap air
bubbks, it brought some challenges in constructing the phantom. If the quantity of the
air bubbles wasob large, there was a need to wait for a short time for them to decrease.

Figure 7. A small plastic cylindrically shaped transparent tainer is used as a

phartom afterfilled with the tissue simulatidirquid.

The density of the simulation liquid was determined using a Mettler AT261EL scale
with an accuracy of 0,fngand volumetric flask of 5@nl with an accuracy of 0,06l
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The scale has been calibrated 84dt March 2017. 50nl of the simulation liquid was
measured into the volumetric flask and weighted with thé&escesulting a mass of 53,5

g for the 50ml of the liquid. Using a basic equation of the density being a division of
mass and volume, a densfseeTable 5)was derived for the used simulation liquid.

An isoperibolic calorimeter, designed earlier by the Radiation and Nuclear Safety A
thority, was usedo determine the sp#ic heatcapacity of the phantom liquid. The cal-
orimeter consists of stainlesssteelthermos flask with a volume of one liter, an electri-

cal heating coll, stirrer and three temperature sensors. The heating power of the calo-
rimeter is determined by measuring the voltage and current of the heating coil by using
A/D converter ad precision resistors. The heating govandiemperature are controlled

by a computer. (Lehto et al. 1998)

The temperature sensors of the calorimeter were calibrated one month before the meas-
urements. The measurement system was first tested with deiovaredand the results

then compared to the literature value of the specific heat capacity of water to ensure the
accuracy of the results. Five measurements for the simulation liquid were performed,
and the averagef the results wasebtained for the spda heat capacity of the simula-

tion liquid, seen irfrable 5.

Table 5. Measured density and specific heat capacity of the simulation liquid.

Simulation liquid Standgrd devia- Uncertainty
tion
Density kg/n?) 1070 - negligible
Specific heat ca-
177 J/kgK 15,8%, k=2
pacity 0/kgk) 3640 J/kg 5,8%,

3.4 Temperature increase measurements

The temperature increase measurements of the RF beauty carevse@aone to de-

rive the power absorbed into the simulation liquid and to determine the SAR of the de-
vice. In the temperature increasneasurementshe DUT, tissue simulating phantom

and the Dosimetric Assessment System optimized for SAR measurements and SAR
compliance calledASY6 wereused DASY6 is a system for nedield evaluation
manufactured by Schmid & Partner Engineering. &ASY6 integrates two software
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solutions called DASY5 V5.2 and cDASY6 V6.2. For these measurements, DASY5
V5.2 was usedlhe system is compatible with all international and national SAR stand-
ards and nedield testing requirementsDASY6 Manual2016)

A model representinghe tissue simulating phantofseen inFigure 8)was constructed
in SEMCAD X for both numerical simulations and these temperatnoegeasemeas-
urements.The model was impagtl into the DASY5 V5.&ystem andhe boundaries
and coordinatesf the phantonwere taught to theobot;thus the robotvas able taav-
igate inand aroundhe modelwithout collisions

(e e i il i () 3

rrrrrr

Slsrsrzenl

Figure 8.Thesoftware of th@ASY&robot. The model of the cylindrical plastic
phantom is constructed in SEMCAD X and imported to the raffovare to be
used in the temperature increase measuremé&htsyertical cylinder in the fig-
ure represents thieandle of theéreatmentlectrode of th®UT in the measure-

ment seup.

T1V3/T1V3LAB Temperature Probe for Dosimetric and General Measuremasts,
well manufactured by Schmid & Partner Engineering, A¥as attached on the robot
Direct SAR evaluations can be determined using its temperature rise feah&@sobe
consists of a sensor with NTC and resistive wires (four wire system) and hasbuild
shielding against static chargd$e temperature range of the probe is from 0 to 60 de-
grees with an accuracy af2 %. Its sensitivityof SAR is1 mW/gin head tissue solu-
tions with response time under 1 secohlde probe has a very low interaction hwthe
measured field and can be positioned with an accuracy @fl. s;nm with the robot.
(DASY6 Manual2016,Schmid & Partner Engineering AG wehge 2018
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The temperature increase measurement process was constructed by first preparing the
homogeneousisste mimicking phantom as explained in the section Afgr import-

ing the phantom model into the DASY5 V5.2 software, the procedures needed in the
temperature increase measurements could be constructed into the system. The DASY6
robot can be controlled bhe software procedures, thus the measurements can be partly
automatized by the commands constituted in the software, like moving the temperature
probe into a wanted location aedecuting the temperature measurements specific

order The temperature anease measurements were performed for two sources, the
DUT and a constant wave (CW) output signal with a known output power.

3.4.1 Temperature increase with the example RF appliance

The measurement sap for the temperature increase measurements oéxbmpe RF
appliancecan be seem Figure 9below. Thelargertreatment electrode of the DUT was
placed above the phantonith a stativethe surface of theslectrode touching the simu-
lation liquid like in the treatments it is touching the sRivhen performinghe meas-
urements, the maximum power level 6 of the DUT was used to obtain the maximum
temperature rise artierefore maximun$AR for the evaluations.
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Figure 9. The measurement sagp for the temperature increase measurements of
the RF beauty care appliancéellow DASY6 robot is seen in the figure in the
middle, whiteDUT on the left and itéreatmentelectrode above the phantom,

held by a stative. The black stitke temperature probe T1V8 held above the
cylindrical phantom

The measurement sep can ao be seen ithe block diagram below, iRigure 10.The
temperature increase measurement procedures in the DASY software were ad-
justed witha initialization period of 10 seconda,heating time of 10 seconds and a sta-
bilizing time of 10 seconds aftdeating. During the heating time, the DUT was turned
on and its RF radiation was heating the liqide temperature in the simulation liquid
during the heatin@nd stabilizing timevas montored with the temperature increase
procedureand T1V3 probe. he measuremendatawassaved as a table containing the
temperature values in Celsidegrees as a function of millisecondfe temperature of
the simulation liquid waslso monitored after each measurement with a multimeter
procedure of the software tosme that the temperature was stable before starting a new
measurement procedure.
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Measurement

computer and DASYS
V5.2 software
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TIV3/TIVILAB
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eledtrode

]

Phantom

DASY6 robot

Figure 10. Block diagram of the temperature increase measurements of the
DUT.

The temperature rise measurements Waral point measurements, meaning thauae
matrix needed to beonstructed to derive an energy distribution graph from the data.
Below the electrode, the closest point reachétt the temperature probe was 4nin
from the surface of the electrodetasght beneath the origiof it. The maximum value

of SAR is mostikely to be found near the centrum of the electr@iea finer grid was
chosen in this vertical measuring directitmthe centrum, the temperature increase was
measurd in the vertical distances of}4 5.7, 7.7, 11.7, 15.7 and 19mmfrom the elec-
trode surface.

When measuringhe horizontal planeof the measurement matyithe probe did not fit
so close to the electrode. Theref@ad, x 7 points plane was measuhexlizontallyon a
distance of 8,dnmfrom the electrodethe pointsbeing 5,4 mm part fom each other.
The measuring points in the matrix below the treatreésdtrode were designed so that
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comparing theSAR distribution of the measurementsimulationsand regulations
would be simple.

Therefore, as the exposureasaluated from the avera)&AR value over 1Q cubein
most of the regulationshetemperature incese measurements were obtained senae
size threedimensional cubical scannirad 5 x 5 x 5evenly spaced measurement points
under the electrodevith 5,4mmsteps to all direatins The size of the cube is the same
2,15 x 2,15 x 2,18min this measurement cubical volume and the regulatisng) the
10g cube to express the exposure limits.

From the temperature increase measurement data, the SAR values were determined for
each pint by using the Equation 3 and the specific heat constant measured for the simu-
lation liquid. The data obtained from DASY5 V5.2 software was processedMith
crosoft Excelprogramversion 14.0whereit was aveaged and analyzed with macros.

With the maco code §$een in theAppendix2) a simplemoving averagavith a subset

size of 100 was calculated for the temperatia& to remove the noiséhe code calcu-

lates estimates of the SARiues by using the linest function of Excel to fit a line to the
averged data for different time periods during the heating of the liquid.

The linest function chosen to be used when studying the results was the function fitted
between a time period of 4116 seconds. Using this particular linest data, the uncertainty
of tuming the heating on in the exact time of 10 seconds does not affect to thesesult
much as it would if using a linest function that was fitted stasingightfrom 10 sec-
onds.Also, the rising conduction of the heat in the liqtddvardsthe end of thdweating

does not have such a significampact on the results in thghortertime period as it

would have with a longer measurement period.

3.4.2 Temperature increase with constant wave  signal

Temperature measurements were algpedwith a CW signal and threame treatment
electrode. The measement setip can be seen irigure 11 below. Unlike the unknown
output power of the DUT in the previous measurements, the power of thip setild

be adjusted and monitored. The signal was generated with Agilent N9MEB& Vec-

tor Signal Generatoand amplified with Amplifier Research Model 75A400. Agilent
E4416A EPMP Series Power Meter was used for measuring the output power of the
setup.
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Figure 11. The measurement sgp for the temperature increase measure-
ments of thereatment electrode with a constant wave as an outptite treat-
ment electrodegenerated with signal generator and amplifier. The output pow-
er is measured with a power meter and adjusted to wanted level.

The CW measuremeetup can also be seen figure 12 below as a block diagram.
Otherwise the temperature increase measurements were performed in a same way than
explained in the section 3.4.1 for the DUT measurements, but only the véncal
measurements wemdnducted Similarly, the temperature irease was measured in the
central line ofvertical distances 0.1, 5.7, 7.7, 11.7, 15.7 and 19.mmfrom the elec-

trode surface.





































































