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3. Final Report 

 

«Multiscale Computational Electromagnetics Modeling and 
Validation of Current and Energy Flows in the Skin Tissue 
Microstructure at mm-Wave Frequencies (MicroBioEM)» 

 

Summary 

The final report addresses the research carried out in the last period of this project. This includes a 

numerical multiscale human tissue analysis aiming at (i) a precise macroscopic multi-layer model of the 

human skin, which is based on the specific tissue layer's cellular microstructure (bottom-up approach), 

yielding corresponding effective material parameters (i.e. dielectric functions); and (ii) the entanglement of a 

virtual microdosimetry to the corresponding macrosopic skin exposure scenarios (scale-back projection). In 

this study, we initiated the analysis of the impact of electromagnetic (EM) exposure on the detailed 

microstructure of tissue cells. Here we specifically focused on differentiated keratinocytes within the 

epidermis (preferably in the basal layer) based on a unique histochemically parametrized cell model, 

which allows for corresponding cell shapes and textures. The study examines diverse field quantities 

(E-field, current density, power density, EM energy uptake for micro-SAR determination) in different cell 

compartments at various frequencies. Using a Monte-Carlo-like stochastic analysis of the cell's 

microstructure, it deduces statistical field quantities such as mean values (i.e. expectation values) and 

variances (i.e. coefficients of variations, CVs, as its corresponding relative figures). Specifically, the 

power absorption within the microscopic model volume of a keratinocyte serves as a crucial link between 

the exposure of the macroscopic skin model and the subsequent quasi-static analysis on the cellular 

level, allowing for the intended virtual microdosimetry within the skin's and cellular microstructure. We 

aim to methodically explore variations of the micro-SAR originating from the cellular microstructure of 

the skin and assess how they potentially influence the SAR exposure limits set by ICNIRP for 5G 

frequencies. As an exemplary finding, the CV of the micro-SAR within the basal layer turned out to amount 

to 58 % at 3.5 GHz, which is in the 5G NR/FR1 band. The experimental studies encompass precise 

transmission/reflection measurements with the MCK test kit in the Ka- and D-band using tissue samples 

like Lyonnais sausage slices, salami slices, artificial skin and pig skin. The inherent leakage issues of the 

MCK setup, which are potentially impacting mainly the imaginary part of the retrieved dielectric function, are 

investigated in detail using precise azimuthal nearfield scans around the gap region where the tissue sample 

is usually from-fitted into. In addition our just installed robotized near-field scanner DASY8 MP8B TX2-60L 

bearing the EUmmWVx field probe from SPEAG is described together with the further developments of 

our home-made coaxial near-field probe setups (and their inherent resolution issues). As a final contribution 

we report on a numerical study based on a Turkish dermatological data set to reveal a gender-specific 

electromagnetic power absorption in human skin tissue apparent in the distinct frequency band between 

3-25 GHz.  
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1  Recap on electromagnetic field restrictions in human tissue exposure 

As an introduction into the topic of electromagnetic exposure of human skin we briefly recap the essentials 

of the field restrictions already provided in the prior research report [A18] (readers who are familiar with the 

following sections are welcome to skip them). This includes a concise summary of the guidelines on 

electromagnetic field exposure (100 kHz to 300 GHz) provided by the International Commission on 
Non-Ionizing Radiation Protection (ICNIRP) [3, 4]. Following the recap, the document specifies the 

current exposure scenario, introducing developed skin and underlying cell models.  

1.1  Electromagnetic exposure of skin tissue 

The guidelines aim to restrict electromagnetic field (EMF) exposure below thresholds for adverse 

health effects while addressing the health impacts of thermal exposure, based on absolute 

temperature rises above the body part's normothermic level. Limiting absolute temperatures is 

impractical due to factors like clothing and environmental conditions. Hence, the guidelines aim to 

regulate any temperature increase looking at physical measures to quantify EMF restrictions preventing 

temperature elevation. An important quantity to restrict temperature increases due to EM energy 

uptake is the specific absorption rate (SAR) defined as 

 !"#(%⃗) =
)(*⃗)+,-⃗ (*⃗)+

.

/(*⃗)
=

0(*⃗)

/(*⃗)
. (1.1) 

where 1 , +2-⃗ + , 3  and 4  denote the electric conductivity, the rms-magnitude of the electric field 

strength, the mass density and the power density respectively, all as a function of %⃗ which denotes 

the position within the tissue. In this context, the SAR is treated as a function of location measured 

in W/kg. In practical terms, it is more relevant to view SAR as an average over a specific volume, 

which is associated to the involved mass [3] 

 !"#5 =
∭ 0(*⃗)78
9:
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In the SARi, definition, the index = ∈ {wb, 10g} represents two volume types: (a) the entire body and 

(b) a standardized cubic volume (side length 2.15 cm) at an arbitrary position, representing 10 g of 

mass with tissue density assumed to be that of water (3GHIJK = 1000	kg/mP). This generic volume 

effectively captures thermal heat diffusion processes arising from diverse electromagnetic field-

induced energy inputs into realistic tissue microstructures during exposure scenarios. Actually, the 

SAR is derived from a more practical definition, specifically involving the temperature increase within 

this volume over time.  

 !"#5 = Q
RS:

RT
, (1.3) 

where ΔV5, ΔW and Q respectively denote the spatial average of the temperature increase within the 

investigated volume, a time interval in which this occurs and the specific heat capacity of the tissue 

under investigation. These two definitions together provide a physical foundation to determine the 

approximate relationship between the power absorbed by the tissue and its subsequent increase in 

temperature: 

 !"#5 =
;:

<:
= Q

RS:

RT
, (1.4) 

1.2  Exposure limits 

The relationship is labeled as approximate due to the non-linear nature of the specific heat capacity, 

Q, influenced by various factors. ICNIRP establishes health effect thresholds conservatively, setting 
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a 1 °C core body temperature increase within a 30-minute interval as the threshold (whole body 

SARwb of 4 W/kg). Reduction factors of 10 and 50 are applied for occupational and general exposure, 

yielding basic restrictions of 0.4 W/kg and 0.08 W/kg for SARwb over 30 min. To prevent local 

temperature increase, a nuanced approach considers different normothermic temperatures in type 1 

and type 2 tissues. Thresholds for adverse health effects are set at 5 °C for type 1 tissues and 2 °C 

for type 2 tissues within a 6-minute interval, corresponding to SAR10g values of 40 W/kg and 20 W/kg. 

Reduction factors result in basic restrictions of 20 W/kg and 4 W/kg for type 1 tissues, and 10 W/kg 

and 2 W/kg for type 2 tissues in occupational and general exposure.  

Determining adverse health effect thresholds and basic restrictions is complex due to the wide 

frequency range covered by the guidelines. At higher frequencies, EM fields penetrate less, resulting 

in increased absorption by surface tissues like skin and cornea. To address this, additional measures 

are required for local exposure restrictions beyond 6 GHz, including the absorbed power density Sab. 

 !HX =
∬ ZJ{[⃗}
\

	]-⃗ 	7^

^
 (1.5) 

Re{!⃗} denotes the real part of the Poynting vector and a-⃗  denotes the normal vector to the surface 

area " over which the power density is integrated. At high frequencies, with low penetration depths, 

the threshold for adverse health effects is conceptualized according to a 5 °C temperature increase 

in type 1 tissue. Referring to [1, 2], the absorbed power density of 200 W/m
2
 is set as the operational 

threshold over a 6-minute interval and a 4 cm
2
 area. Beyond 30 GHz, the threshold is 400 W/m

2
 over 

the same interval but for a 1 cm
2
 area. Occupational and general exposure reduction factors of 2 

and 10 are applied, resulting in basic restrictions for Sab of 100 W/m
2
 and 40 W/m

2
 over 6 minutes. 

A comprehensive overview summarizing the basic restrictions limiting exposure from 100 kHz to 

300 GHz is given in Tab. 1.1. 

Tab.1.1: Basic restrictions limiting exposure from 100 kHz to 300 GHz, for averaging intervals ≥ 6 min (adapted 
from [3]. 

Exposure 
Scenario Frequency Range bcdef 

(W/kg) 
Type 2 Tissue 
bcdghi (W/kg) 

Type 1 Tissue 
bcdghi (W/kg) bjf (W/kg) 

Occupational 100 kHz to 6 GHz 0.4 20 10 NA 

 >6 GHz to 30 GHz 0.4 NA NA 100 

 >30 GHz to 300 GHz 0.4 NA NA 200 

General Public 100 kHz to 6 GHz 0.08 4 2 NA 

 >6 GHz to 30 GHz 0.08 NA NA 20 

 >30 GHz to 300 GHz 0.08 NA NA 40 

Tab. 1.2: Reference levels corresponding to the basic restrictions summarized in Tab. 4.1 adopted form [3]. 

Exposure Scenario Frequency Range Whole Body 
bklm (W/kg) 

Local 
bklm (W/kg) 

 Occupational >2 GHz to 6 GHz 50 200 

 >6 GHz to 30 GHz 50 275/no
p.rss 

 >30 GHz to 300 GHz 50 550/no
p.rss 

 General Public >2 GHz to 6 GHz 10 40 

 >6 GHz to 30 GHz 10 55/no
p.rss 

 >30 GHz to 300 GHz 10 110/no
p.rss 
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Basic restrictions are challenging to implement, so reference levels are derived for practical 

applicability, aiming to offer similar protection. Within the 2 GHz to 100 GHz frequency range 

considered, the incident power density Sinc is the restricted measure. Sinc values vary based on 

exposure scenarios (occupational or general public) and the extent of exposure (whole body or 

local). Refer to Tab. 1.2 for an overview of reference levels in the investigated frequency range, 

applicable under far-field conditions.  
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2 Introduction 

2.1  Short recap of the project proposal  

The overall task of this project [A30] encompasses the setup of a multiscale EM simulation engine 

(i.e. the simulation workbench) for the efficient modeling of EM field exposure within the whole scale 

hierarchy of the tissue morphology and to link the numerically retrieved exposure data to corresponding 

exposure experiments. This includes field quantities such as the EM fields, the electric current 

density and the associated unaveraged specific absorption rate SAR respective energy flux/power 

density. This multiscale modeling task is divided into the following steps and displayed in Fig.2.1:  

The first step includes (i) the setup of the hierarchical multiscale EM full-wave model of the skin. This 

encompasses (ii) an additional quasi-static EM model for the homogenization of the tissue layer's 

randomized microstructure (starting from the proper cells and their relevant compartments including the 

membrane, the cytosol, nucleus, organelles, the endoplasmic reticulum (ER) and the subsequent cell 

arrangements) yielding the associated frequency-dependent effective permittivity tensors. The model 

keeps track on the retrieved field quantities mentioned above and in particular on their mean values 

[from (i)] and variances [from (ii)] [A17].  

The second step comprise the overall simulation workbench acting as a simultaneous transmission, 
reflectometry and exposure setup supporting plane-wave and beam illumination (preferably with 

parametrizable complex origin beams) for operating frequencies around 1-300 GHz. This overall model 

serves as the backbone for the mentioned «scale back-projection» approach linking e.g. power densities 

of the illuminating mm-wave beam to «internal» field quantities (including e.g. the unaveraged SAR and 

temperatures) in any representative microstructure respective microvolume within the skin tissue. The 

simulation workbench may thus act as calibration and projection engine to calibrate simulated power 

densities to the measured ones within an exposure experiment and project them numerically into the 

microstructure of the tissue and subsequently into the cell. The main question to be answered here is where 

exactly in the overall multiscale tissue morphology do the electrical currents flow and the resulting energy 

intake really takes place and in particular, how do these findings relate to the ICNIRP basic restrictions?  

 

Fig.2.1: Schematic of the hierarchically organized multiscale simulation workbench. The simulation procedure 
involves the multiscale tissue model (bottom up: from the cellular microstructure model to the layered skin model 
via homogenization), and the «scale back-projection» scheme (top down: using mean fields as boundary conditions 
in the microstructure). The EM irradiation encompassing simulated or experimentally preset values is introduced on 
the macroscopic level, namely on the surface of the layered tissue model and then «back-projected» into the 
microscopic scale of the cellular microstructure. Macroscopic and microscopic field quantities (i.e. mean values and 
variances) are evaluated respective compared in the «exposure validation box» with respect to ICNIRP exposure 
levels for 5G/mm-wave frequencies [A30]. 
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2.2  Outline of the report  

This final report is divided into 3 content-related parts, which defines the different angles to the 

analysis of the electromagnetic interaction with human skin tissue. 

n Part I is the most comprehensive one and is dedicated to our developed computational multiscale 

models for microdosimetric investigations of skin tissues under electromagnetic exposure. In the 

framework of 5 sections two main ventures were investigated and completed: namely (i) the bottom-
up multiscale modeling of the human skin, starting at the cellular level up to the effective dielectric 

function of the associated skin layer; and (ii) the scale-back projection, where the numerically 

retrieved electromagnetic field quantities within such macroscopic skin layer model are projected 

into the cellular scale of a chosen skin layer (here the vital basal layer in the epidermis) operating as 

an excitation quantity for a subsequent virtual microdosimetry in the cellular microstructure [A17]. 

One of the main outcomes is the quantitative assessment potential statistical variations of the micro-
SAR given the strongly inhomogeneous cellular microstructure and its discussion in the framework 

of the exposure limits provided by ICNIRP [3].  

n Part II consists of 5 sections describing our experimental studies, which include the transmission and 

reflection measurements of tissue samples. The latter consist of sausage slices, artificial skin and 

pig skin. A detailed analysis is also carried out with respect to the power leakage issue in the transmission 

and reflection measurement kit MCK from SWISSto12. The various coaxial and vectorial near-field 

probes and associated scanner systems are described in the outlook.  

n Part III describes a numerical study based on a Turkish dermatological data set to reveal the 

gender-specific electromagnetic power absorption in human skin tissue. 
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Part I:  Computational multiscale models for microdosimetric investigations of skin 
tissues under electromagnetic exposure 

3   Executive summary 

3.1   Objectives 

n Objective and Methodology: The primary objective of this investigation is to develop a computational 

approach for the microdosimetric analysis of the effects of EM exposure on skin tissues. This 

approach will take into account the precise spatial positioning of discrete cells within the targeted 

tissue. To accomplish this complex objective, it was necessary to develop hierarchical bottom-up 

tissue models that are capable of capturing physiological variations in the anatomical structure of 

discrete, tissue-specific cells.  

n Development of an Epidermis Model: A hierarchical, bottom-up model of the epidermis has been 

developed. This model simulates the formation, maturation, and eventual death of epidermal cells 

and translates these life-cycle stages into effective material properties. The model integrates both 

macroscopic and microscopic scales into a single, unified computational framework, by capturing 

the differentiation of keratinocytes in terms of cell geometry, internal structure and histochemical 

composition using parametric computational cell models.  

n Dosimetric Studies & Significance: The developed model facilitates detailed dosimetric investigations 

of the skin, focusing on the epidermis as the outermost layer. This is critical for understanding 

potential impedance matching effects as recently discussed in [34]. In addition, the model allows for 

targeted dosimetric assessments of the basal and sub-basal layers. These layers are of particular 

importance for two main reasons: they function as the proliferative pool essential for skin resurfacing, 

and they are located above the basement membrane. The latter has been identified by ICNIRP as 

heat sensitive under EM radiation exposure due to its significant role in skin thermoregulation and 

metabolic transport [3].  

n Scale-Back Projection & Results: The application of scale-back projection to the bottom-up model 

of the epidermis allowed a detailed analysis of EM exposure affecting individual epidermal cells and 

allowed the complex interplay between morphology, histochemical composition and EM absorption 

to be considered at the cellular level, taking into account the specific spatial location of each 

epidermal cell. Microdosimetric studies revealed a high degree of variability of EM fields within these 

cellular microstructures – up to 71% – and exposure levels up to 45% higher than those predicted 

by conventional dosimetric studies focusing only on macroscopic scales. As a result, scale-back 

projection not only provides a detailed exposure map, but also proves to be a valuable complement 

to existing multiphysics simulation techniques currently used for EM dosimetry. 

3.1   Outline 

n Section 4 introduces the concept of scale-back projection, which is designed to integrate both 

bottom-up and top-down multiscale approaches in EM dosimetry. In this section, the alignment of 

scale-back projection with existing multiphysics simulation techniques is elaborated and its 

compatibility with the ICNIRP guidelines is discussed. 

n Section 5 details the development of a high-resolution bottom-up model of the epidermis. This 

model is stratified into 24 anatomical layers, each represented by parametric cell models for 

keratinocytes and corneocytes. These models encapsulate critical histochemical and morphological 

variations, providing a comprehensive representation of the epidermis.  

n In Section 6, the bottom-up model of the epidermis is integrated into a comprehensive skin model 

and validated against existing literature. Extensive dosimetric studies are conducted to examine 

physiological variations across the epidermis, focusing on their impact on both EM energy transmission 
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into the body surface and its distribution within the epidermis. Special attention is given to the 

proliferative pool, particularly the basal and sub-basal rows, due to their relevance in skin resurfacing.  

n Section 7 applies the concept of scale-back projection to microdosimetric investigations of the 

epidermis. Using this approach, macroscopically determined EM field distributions are accurately 

projected onto the microstructure of individual epidermal cells. This section introduces a novel 

parameter, termed «micro-SAR», developed to quantify EM absorption at the microscopic level using 

statistical measures.  

n Finally, Section 8 serves as a synthesis, summarizing the methods, key findings, and lessons 

learned from Section 4 through 7. It also evaluates the potential for integrating scale-back projection 

into established multiphysics simulation frameworks for focused microdosimetric studies. 
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4  The conceptualization of scale-back projection 

The following section outlines how scale-back projection can be used to extend the established 

methodological framework of multiphysics simulations applied to dosimetric investigations of the skin.  

 

Fig. 4.1: Overview of scale-back projection as an extension of multiphysics simulations established in 
dosimetric studies of the skin: (a) Multiphysics simulation approach applied to dosimetric studies on the skin. 
This establishes a causal relationship between the incident power !5]t(%⃗, u), representing the anthropogenic 
EM exposure, and the volumetric loss density 4(%⃗, u), representing the absorbed EM energy. Temperature 
increases, vw(%⃗,u), are then determined based on these data. (b) The proposed scale-back projection, 
described as a top-down multiscale approach that requires bottom-up multiscale modeling based on 
appropriate cell models to ensure coherence between the macroscopic and microscopic scales. For the 
epidermis, this procedure can be implemented as a three-step simulation cycle: (1) Impedance spectroscopy 
on cell models of the epidermis using quasi-static EM simulations to determine the dispersive effective 
macroscopic permittivity, x*̃. (2) Derivation of a macroscopic tissue model of the epidermis, representing the 
life cycle of keratinocytes across several homogeneous cell layers illustrated in this figure by color gradation. 
(3) Determination of losses (z5]7) across epidermal cell layers within microvolumes corresponding in size to 
those of the underlying cells being simulated. This allows back projection of microexposure at the cellular level 
({5]7 ) and performance of microdosimetric studies based on the variability of the fields projected into the 
microstructure (n(%⃗, u) = |} ± 1}).  

As illustrated in Fig. 4.1(a), this multiphysics approach can be considered as a nested procedure in 

which both thermal and EM simulations are performed. The scale-back projection, as proposed and 

discussed in this work, is designed to extend only the EM simulations of this multiphysics approach, 

as shown on the left in Fig. 4.1(a). This allows the consideration of EM absorption by investigating 

the effects of induced EM fields at the cellular level, as shown in Fig. 4.1(b). The scale-back 

projection is essentially a top-down multiscale approach, which must assume coherence between 

the length scales under consideration and requires bottom-up modeling of the tissue under 

investigation based on appropriate cell models. Applied to the epidermis, the procedure shown in 

Fig. 4.1(b) can be interpreted as a simulation cycle that can be divided into three steps. In the first 
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step, virtual impedance spectroscopy is performed on the cell models of the epidermis using quasi-

static EM simulations, which allows the dispersive effective macroscopic permittivity, xK̃ , to be 

determined. The exact methodology for this numerical homogenization approach, which can be 

interpreted phenomenologically as a virtual capacitor experiment in which the cell models are 

subjected to an arbitrary voltage {p, was first described in the first annual report and is repeated in 

Appendix A for completeness. This procedure is based on parametric cell models that account for 

changes in overall cell size and shape, internal organization, and histochemical composition during 

the keratinization process in the epidermis. Therefore, it can be used to derive a macroscopic model 

of the epidermis that represents the life cycle of keratinocytes, with each stage represented by a 

homogeneous cell layer. As shown in the middle of Fig. 4.1(b), the epidermis in this model is 

represented by 10 such cell layers within the viable epidermis (xK̃,�Ä  to xK̃,�ÄÅ ), where the color 

gradation between cell layers indicates association with the stratum basale, stratum spinosum, and 

stratum granulosum, as well as Ç cell layers within the stratum corneum (xK̃,ÉÑ). In the context of an 

overall skin model, it is now possible to determine losses, zÖÜá, across the epidermal cell layers 

within microvolumes similar in size to those of the underlying cell models. Based on these losses, it 

is possible to determine voltages, {ÖÜá, that allow the definition of a microexposure at the cellular 

level of an equivalent power for use in parametric cell models of the underlying keratinocytes. Using 

this procedure, it is now possible to perform microdosimetric investigations based on the variability 

of the fields projected into the microstructure in terms of spatial means and standard deviations (i.e., 

n(%⃗,u) = |} ± 1}).  

 

Fig. 4.2: Conceptual block diagram illustrating the hierarchical organization of the simulation environment 
implemented to perform scale-back projection in epidermal tissue. The simulation environment encompasses 
three hierarchical scales: An environmental scale defining the exposure scenario, a macroscopic scale 
representing the stratified structure of the skin consisting of the epidermis, dermis, hypodermis, and underlying 
muscle tissue, and a microscopic scale consisting of parametric cell models representing the microstructure 
of individual epidermal cell layers. 

In the course of this report, the methodological framework described above will be implemented in 

a simulation environment that allows modeling of the epidermis and efficient simulation of EM field 

exposure of the skin in order to predict the effects of this on the epidermal microstructure. This 

simulation environment is divided into three hierarchical scales: An environmental scale at which the 

exposure set up is defined; A macroscopic scale at which the skin is considered as a stratified 

material structure comprising the epidermis, dermis, hypodermis and underlying muscle tissue; A 

microscopic scale which comprises parametric cell models representing the microstructure of the 

individual epidermal cell layers. To show the high level of interaction between these functional blocks 

across all hierarchical levels, a conceptual block diagram is presented in Fig. 4.2. 
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The flow of information in the block diagram is from the left to the right and starts with the 

identification of appropriate material parameters that describe the tissue at the microscopic and 

macroscopic levels. The macroscopic tissue data, xK̃,àH(u), include the dispersive permittivities of 

the individual skin layers measured by Sasaki et al. [1, 2]. The adaptation of this data allows the 

development of a modular skin model and also serves as a metrological reference to validate the 

bottom-up model of the epidermis. The microscopic tissue data, xK̃,àÖ(u) , provides essential 

information about the dispersive material properties of subcellular structures and fundamental 

biochemical components, enabling the accurate modeling of the histochemical composition of the 

parametric cell models for the epidermal cell layers. Using these parametric cell models, numerical 

homogenization is employed to calculate the effective macroscopic material properties, xK̃,àH(u), of 

the individual skin layers at the macroscopic scale. This is achieved by utilizing xK̃,àÖ(u) as input for 

bottom-up multiscale simulations, wherein the size, shape, and internal organization of the modeled 

keratinocytes are resolved in great detail. In the scale-back projection, environmental exposure is 

simulated using a plane EM wave, adhering to ICNIRP regulations [3] briefly summarized Section 1, 

which limit the incident power density, !ÖÜâ(ω), to the latest reference levels. The skin is modeled as 

a layered material, incorporating the bottom-up model of the epidermis, while other sublayers 

(dermis, hypodermis, and underlying muscle tissue) adopt measured dispersive permittivities from 

Sasaki. By implementing this exposure scenario in an FEM-based simulation environment, the 

macroscopic exposure model enables the determination of induced losses, zÖÜâ(ω), in microvolumes 

corresponding to the size of epidermal cell models. Using zÖÜâ(%⃗,ω), local tissue exposure is finally 

back-projected onto the high-resolution models of the keratinocytes. 
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5  Bottom-up multiscale model of the epidermis 

In the following section, a hierarchical multiscale model of the epidermis is developed that allows to 

account for physiological changes across individual epidermal cell layers in terms of cell shape, 

structure, and histochemical composition. This model is then used to perform microdosimetric 

studies of the epidermis using scale-back projection in later sections of this report.  

 

Fig. 5.1: Bottom-up multiscale model of the epidermis: (a) Simplified histological representation of the 
epidermis. The epidermis is considered to be a stratified material structure consisting of 10 cell layers forming 
the viable epidermis and 14 cell layers forming the stratum corneum (SC). The viable epidermis comprises the 
stratum basale (SB), the stratum spinosum (SS) and the stratum granulosum (SG). The keratinocytes within 
the viable epidermis show different stages of keratinization and the corneocytes within the SC show different 
stages of hydration. The epidermis is contiguous with the dermis (D), which is considered homogeneous. (b) 
Bottom-up multiscale model of the epidermis in which the individual cell layers are represented as 
homogeneous material layers. The dispersive material properties of these layers, x*̃,ãå(u) and x*̃,çÑ(u), are 
obtained using numerical homogenization. The indices 4 and Ç, with 4 ∈ 	 {1; 2;… ; 10} and Ç ∈ 	 {1; 2;… ; 14}, 
correspond to the individual cell layers from the inside outwards.  

To conceptualize a comprehensive bottom-up multiscale model of the epidermis (see Fig. 5.1(a)), 

the system must be considered on both a macroscopic and microscopic scale. On the macroscopic 

scale, the epidermis is considered to be a stratified material structure consisting of 10 cell layers 

comprising the viable epidermis (i.e. the SB, the SS and the SG) [5] and 14 cell layers comprising 

the SC [6]. At the microscopic scale, the layers of the viable epidermis are represented by 10 

individual keratinocyte models showing all stages of keratinization, and the layers of the stratum 

corneum are represented by 14 individual corneocyte models showing different stages of hydration. 

In order to convert this purely conceptual, histological representation of the epidermis into a bottom-

up model (see Fig. 5.1(b)), parametric CAD models of the two cell types must first be created and 

adapted to the physiological conditions of the individual cell layers. These adapted cell models can 

then be used in numerical quasi-static EM simulations to determine the effective material parameters 

of each cell layer. This allows the microstructure of the cells to be represented on a macroscopic 

scale by frequency-dependent effective permittivities, xK̃,�å(u) and xK̃,ÉÑ(u), where the indices 4 and 

Ç, with 4 ∈ 	 {1; 2; … ; 10} and Ç ∈ 	 {1; 2;… ; 14}, correspond to the individual cell layers from the inside 

outwards.  
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In order to derive the parameters of the CAD models used to represent the physiological conditions 

in each of the cell layers mentioned above, the stages of keratinization in the viable epidermis and 

hydration in the stratum corneum will be discussed in terms of two aspects: (1) geometrical changes 

of the cell and its organelles, and (2) histochemical changes within the cell compartments and the 

extracellular space. Following this discussion, the effective material properties of the epidermis at 

both the microscopic and the macroscopic scale will be derived yielding a dielectric representation 

of the epidermis that allows microdosimetric investigations. 

5.1   Geometric parametrization of the bottom-up model of the epidermis derived from the 
  scientific literature 

The following section is divided into three subsections. The first subsection presents the geometric 

parameters of the keratinocytes and the second subsection presents those of the corneocytes. Both 

of these subsections follow the same structure: First, the CAD model of the corresponding cell type 

and its geometric parameters are presented in general, and then the design rules for each cell layer 

are derived based on skin anatomy. In the third subsection, the geometric dimensions of the 

epidermal sublayers are summarized and the macroscopic model of the epidermis is derived.  

5.1.1  Parametric model of the keratinocytes 

The parametric CAD model of keratinocytes is introduced using Fig. 5.2, which shows a basal 

keratinocyte as an illustrative example.  

 

Fig. 5.2: Parametric CAD model of a keratinocyte in the viable epidermis  showing a basal keratinocyte as an 
illustrative example: (a) Keratinocyte modeled as a square cuboid containing an ellipsoidal nucleus 
concentrically surrounded by shells emulating organelle membranes. The plasma membrane, the nuclear 
envelope and the organelle membranes are considered as phospholipid bilayers and are depicted in brown. 
The keratinocyte can be further subdivided into the cytoplasm colored beige and the nucleoplasm colored 
purple. The cytoplasm is separated from the cell exterior by the plasma membrane and the nucleoplasm is 
separated from the cytoplasm by the nuclear envelope. (b)-(d) Transparent wire frames of the cell models 
highlighting the nucleus, the organelle membranes and the cytoplasm respectively. (e)-(f) Cross-sectional 
planes through the cell showing the xy plane and the yz plane respectively. The extracellular space is colored 
light blue. The material properties of the extracellular medium (EC), the cytoplasm (CP), the nucleoplasm (NP) 
and the membranes (M) are denoted by x*̃,,ç, x*̃,ç;, x*̃,í; and x*̃,ì respectively.  
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The plasma membrane, the nuclear envelope and the organelle membranes are considered as 

phospholipid bilayers depicted in brown in Fig. 5.2(a). The cell interior can be subdivided into two 

compartments: (1) the cytoplasm (CP) depicted in beige, and (2) the nucleoplasm (NP) depicted in 

purple. The CAD model of the keratinocytes is embedded in a cuboidal computational unit cell (UC) 

with a volume approximately 2 % larger than the cell body. The cytoplasm is separated from the cell 

exterior by the plasma membrane (PM) and the nucleoplasm is separated from the cytoplasm by the 

nuclear envelope (NE). The organelle membranes (OM) are contained in the cytoplasm. Figs. 5.2(b)-

(d) show the nucleus, organelle membranes and cell body as wireframe representations. Cross-

sectional planes through the cell showing the xy plane and the yz plane are illustrated in Fig. 5.2(e)-

(f), with the extracellular space (EC) colored light blue 

The cell bodies of the keratinocytes are modeled as square cuboids with rounded edges and corners. 

The cell is characterized by its dimensions with axes aligned to the spatial dimensions x, y and z. 

The nucleus is modeled as a spheroid with major and minor axes aligned with those of the cell. The 

length of the axes of the cell body are expressed by the parameters îÉJïï,ñó and îÉJïï,ò and those of 

the nucleus by ôö,ñó and ôö,ò. Another key parameter here is the ratio between the long and short 

dimensions of the cell as well as the major and minor axes of the nucleus, õÉJïï,ï/ú and õö,ï/ú. The 

organelles contained in the cytoplasm are modeled as shells arranged concentrically around the 

nucleus. The decision to approximate these organelles by only their membranes is based on results 

published in [A6]. In this reference, it was shown that although high volumetric loss densities occur 

within organelle membranes at frequencies above 1 GHz and must therefore be accounted for in 

microdosimetric studies, the membranes no longer represent rigid barriers. The current flow within 

the organelle is, therefore, no longer significantly impeded by its membrane, so that a volumetric 

representation of the organelle bodies can be dispensed with, at least for the estimation of total cell 

losses. In order to create a generalized representation of organelle structures within the cytoplasm 

while maintaining a high degree of realism, the surface areas of the organelle membranes, !ùû, and 

that of the nuclear envelope, !öü, are derived from the scientific literature [7]. These parameters are 

related to each other and included in the model as a single geometrical design parameter, õú,ùû/öü, 

where õú,ùû/öü = !ùû !öü⁄ . All design parameters listed in this paragraph are summarized in 

Tab. 5.1. In addition to all of the parameters above, the compartmentalization of the cell results in 

the volume ratios of each compartment to the total volume of the UC, expressed as 

 õ°,5 =
¢:

¢£§
 (5.1) 

where = ∈ 	 {EC; 	CP; 	NP; 	Cell}. The index «Cell» denotes the volume of the cell body and includes 

both the volume of the cytoplasm and the volume of the nucleoplasm. These volume ratios, õ°,5, are 

important for the description and derivation of chemical changes between the cell layers during 

keratinization, which is described in detail in Section 5.2. 

Tab. 5.1: Geometry parameter of the parametric CAD model of the keratinocytes. 

 

Having introduced the parametric CAD model, the geometric parameters of the keratinocytes within each 

cell layer are now derived from published data, allowing physiological conditions to be considered 
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specifically for each of these layers within the viable epidermis. First, the geometric parameters of 

the cells of the SB and the cells of the sub-basal row (i.e. the first cell layer of the SS) are determined. 

The decision to design these two cell layers according to the same rule is based on the fact that the 

cells of both layers are very similar in shape, size and function and together form the proliferative 

pool of the epidermis containing about 97 % of the miotic activity [8, 9, 10]. The longitudinal axes of 

the cell body and nucleus are perpendicular to the skin surface [11, 12], with axis lengths of îÉJïï,ò =

10	µm [10] and ôö,ò = 8	µm [12]. The length ratio of the longitudinal axis to the other two axes, õï/ú, 
is 1.8 for both the cell body and the nucleus [11]. According to [7], the ratio of the surface area of 

organelle membranes to the surface area of the nuclear envelope, õú,ùû/öü, is about 10 and the 

volume ratio of extracellular space to the UC, õ°,üÉ, approximately 0.26 %. However, the latter ratio 

has been increased to approximately 2 % to avoid small mesh lengths and their associated 

numerical instabilities in simulation. In higher cell layers, keratinocytes lose their proliferative abilities 

and instead grow by metabolizing substances for cornification. The cells in the SS therefore have 

larger cell bodies and nuclei which are still perpendicular to the skin surface. The longitudinal axes, 

îÉJïï,ò and ôö,ò, are documented in the scientific literature as 16 μm and 12 μm, with õï/ú now 1.4. 

Keratinocytes in the SG show signs of programmed cell death, known as apoptosis, which is 

primarily manifested by karyopyknosis, a process in which the nucleus shrinks and the chromatin it 

contains condenses into a homogeneous mass [13]. Shrinkage of the nucleus causes the cell body 

to flatten, changing its orientation from perpendicular to parallel to the skin surface. The longitudinal 

axes of the cell body, îÉJïï,ñó,and the nucleus, ôö,ñó, are now 16 μm and 15 μm respectively, with õï/ú 

increasing again to 1.8. The geometric changes described above take place over a growth process 

of 30-50 days [5] and must therefore be accounted for in the geometric setups of the CAD cell models 

by gradual changes from one cell layer to the next. This is implemented mathematically by geometric 

compressing and stretching operations applied to the cell body and nucleus. 	

Tab. 5.2: Geometrical parameters of the keratinocyte models of the individual cell layers, p. 

 

The geometric parameters of each cell layer, 4, are summarized in Tab. 5.2. The numerical values 

in bold type are taken directly from the literature and serve as "boundary values" from which the 

transition values between the layers, due to compression or stretching, are linearly interpolated. In 

this way, three transition phases, zr to zP, can be distinguished, occurring between the source data 

layers highlighted in gray in the table. In phase zr, the keratinocytes start to grow and metabolizes 

material for cornification, while the orientation of the cell and nucleus relative to the skin surface 

remains vertical (compare the values of îÉJïï,ñó and îÉJïï,ò in the table). In phase z̈ , the cell shows 

the first signs of karyopyknosis resulting in the flattening of the cell body and the nucleus without 

significant variation in cell size. This process coincides with a change in the orientation of the cell 

from perpendicular to parallel to the skin surface. In phase PP , apoptosis is modeled by further 
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flattening of the nucleus and thus of the cell body, but here also represents the fragmentation of the 

nucleus and corresponding loss of cell size. The cell dimensions are such that the cell volumes in 

layers 9 and 10 decrease by 2 % and 5 %, respectively, compared to layer 8, so that a smooth 

transition from viable epidermis to SC also occurs at the microscopic level.  

5.1.2  Parametric model of the corneocytes 

The basic structure of the parametric model of the corneocytes is derived from that of the 

keratinocytes, in which the cell body is still a square cuboid with rounded corners embedded in a 

cuboidal UC. However, the keratinocytes of the SG (see cell model ≠rp ) undergo profound 

biochemical changes during the transition to the SC, which have a massive impact on the interior of 

the cell. As mentioned above, apoptosis is terminated in the uppermost layer of the SG, leading to 

exocytosis of the remaining metabolites of the cell (i.e. keratinosomes), which compacts the 

extracellular space into a lipid-containing binding mass that ensures the mechanical integrity of the 

SC [14, 15, 16]. In addition, the nucleus fragments and the intracellular space hardens into an undiffer-

entiated protein mass with a high keratin content. For this reason, the interior of the cell is no longer 

divided into individual compartments with organelles, but is represented as a homogeneous cell 

body. However, the shape of the cell body is still considered to be a square cuboid with rounded 

corners, embedded in a cuboidal UC. For the CAD model, the only directly accessible geometric 

design parameter is the axis length of the unit cell in the z direction, îÆÉ,ò. The other geometric 

dimensions of the cell model, i.e. the axis lengths of the UC in the x-direction and the y-direction, 

îÆÉ,ñó, as well as the axis lengths of the cell body, îÉJïï,ñóand îÉJïï,ò, result from the histochemical 

composition of the SC. The reason for this is that the hydration of the individual cell layers of the SC 

must be taken into account in the cell models of the corneocytes. To account for hydration within 

these layers, îÉJïï,ñó and îÉJïï,ò are determined to match the reduction of cell volume due to water loss 

from one cell layer to the next. The volume of the UC of the Krp keratinocytes is the reference volume 

from which the volume of the UC of the corneocytes, C∞, is deduced as a function of the water content 

within each layer. The histochemical composition of the SC and the exact calculation of îÆÉ,ñó, îÉJïï,ñó 

and îÉJïï,ò are discussed in more detail in Section 5.2. However, the parameterisation of îÆÉ,ò can be 

obtained from the scientific literature [6, 17]. Based on these references, the thickness of the top 

layer îÉJïï,ò,ÉÄ± is set to 1 μm and, to allow for the gradual water loss of the cell bodies from one layer 

to the next, the thickness of the bottom layer îÆÉ,ò,ÉÄ is set to 2 μm. The thickness of all intermediate 

layers is determined by linear interpolation between these values. The values for all of these 

geometric parameters are summarized in Tab. 5.3. 

Tab. 5.3: Geometric parameters of the corneocyte models of the individual cell layers, q. 

 

To give an overview of the spatial dimensions of the cell models introduced above, cross-sections 

through the yz plane of the cell models ≠r&¨, ≠≥, ≠¥, Qr and Qrµ are illustrated in Appendix B.  

5.1.3  The macroscopic model of the epidermis related to the microscopic cell models 

The configuration of the different stages of keratinization and hydration in the parametric cell models 

is summarized in Fig. 5.3. The upper diagram shows the volumes of the cell compartments, ∂Ö, 
illustrated by stacked bars categorized according to the models of the keratinocytes, ≠0, and the 

corneocytes, Q∞ , in the different sublayers of the epidermis, along with the transition phases zr to zP.  
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Fig. 5.3: Geometrical configurations of the cell models under investigation: (top) Volumes of the cell 
compartments, ∂5, illustrated by stacked bars categorized according to the models of the keratinocytes, ≠0, 
and the corneocytes, Q∞, in the different sublayers of the epidermis, along with the transition phases zr to zP. 
(bottom) Ratios of the volume of the cell compartments to that of computational domain, õ8,5, using the same 
categories. The index = ∈ {Qz; 	∑z; 	2Q; 	Q∏îî}  denotes the cytoplasm, the nucleoplasm, the extracellular 
medium and the cell body respectively.  

The bottom diagram shows the ratios of the volume of these compartments to that of the UC, õ°,5, 

using the same categories. In order to describe the bottom-up model of the epidermis on a 

macroscopic scale, the axial lengths of the UC must be added together in the z-direction. The 

resulting thicknesses of the epidermal sublayers are summarized in Tab. 5.4. 	

Tab. 5.4: Overview of the thickness and number of cell layers corresponding 
 to all of the epidermal sublayers. 

 

5.2   Histochemical parameterization of the bottom-up model of the epidermis derived from 
  the scientific literature 

Following the introduction of the parametric CAD models of keratinocytes and corneocytes in 

Section 5.3, the histochemical changes within the epidermis are now described. The problem with 

describing these changes is that there is no histochemical model of the epidermis available in the 

scientific literature that provides a coherent summary of the biochemical composition of the skin in 

the form of a concentration profile across all layers. As such a model is necessary for realistic 

modelling of the skin, it is derived below on the basis of available scientific data on both (1) a 

macroscopic scale and (2) a microscopic scale.  
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5.2.1  Histochemical parameterization of the epidermis on a macroscopic scale 

A coherent concentration profile describing the biochemical composition [18, 25] of the human epidermis 

at a microscopic scale is derived in this subsection and illustrated in Fig.5.4.  

 

Fig. 5.4: Overview of the histochemical composition of the human epidermis considered in the bottom-up 
model on a macroscopic scale: (a) Water concentration profile [25] across the human epidermis, considering 
its biochemical composition as a two-phase material represented by the mass fractions of water, õ<,π, and dry 
biological material, õ<,7<, where õ<,∫ = ª∫ ªTºT⁄ , with ªTºT denoting the total mass of any given sample. Such 
a water concentration profile was originally published by [18], and here, the thickness of the stratum basale 
(SB), the stratum spinosum (SS), the stratum granulosum (SG) and the stratum corneum (SC) are adapted to 
those derived form the parametric CAD models of the keratinocytes and corneocytes summarized in Tab. 5.4. 
(b) Derivation of a refined concentration profile which further subdivides õ<,7< into a lipid, a keratin and a 
general protein concentration denoted by õ<,Ω, õ<,æ and õ<,0 respectively. The epidermis is divided into the 
viable epidermis having an active metabolism and the SC comprising only dead cells showing different stages 
of hydration. The boundary layers between the dermis and the SC, ①, the SG and the SC, ② and ③, and 
the skin surface, ④, form intervals in which this metabolization (①-②) and dehydration (③-④) can be 
determined.  
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The starting point for this derivation is the water concentration profile across the human epidermis 

shown in Fig. 5.4(a). Originally published in [18], this concentration profile has been adapted to the 

thicknesses of the epidermal sublayers summarized in Tab. 5.4 which are illustrated using a gray-

shaded background. At this stage, the epidermis is considered to be a two-phase material 

represented by the mass fractions of water, õà,G , and dry biological material, õà,áà. The mass 

fractions, õà,∫, are defined as 

 õà,∫ =
<√

<ƒ≈ƒ
 (5.2) 

where ª∫ and ªI∆I are the mass of each material and the total mass of any given sample. However, 

to create a more refined material model of the epidermis, õà,áà is further subdivided into õà,ï, õà,« 

and õà,», denoting lipid, keratin and general protein concentrations respectively. For this purpose, 

Fig. 5.4 (b) divides the epidermis into the viable epidermis, which has an active metabolism, and the 

SC, which consists only of dead cells in various stages of hydration. In a first step, the metabolism 

of keratin and lipids within the viable epidermis is derived by considering keratinization as a 

developmental process during the life cycle of the cells, starting from the basement membrane (i.e. 

… = 0	|m), denoted by ①. At this location, basal keratinocytes are considered to be cells that have 

the potential to migrate through higher cell layers and differentiate, but have not yet started this 

process. Therefore, õà,áà  is assumed to consist only of a general protein content, õà,» , which 

accounts for all macromolecules that form organelles. Considering this as a basic assumption, the 

concentration of õà,»  remains constant during the migration to higher layers. The diminishing 

concentration of water illustrated by the blue line, õà,G, is not considered as a loss of water but rather 

a shift in concentration ratios due to the deposition of keratohyalin granules in the cell. Thus, the 

difference between the constant concentration of protein, õà,», and the decreasing concentration of 

water, õà,G, represents the concentration of keratin in the cells, õà,«. According to [19], lipid formation 

in the SG is accounted for by an exponential function approaching a maximum value of 10.3 % 

normalized to the total ammount of dry biological material at the end of the viable epidermis (i.e., 

… = 111.43	µm), denoted by ②.  

The SG/SC interface marks the point at which the epidermis can no longer be considered a living 

system. It is therefore necessary to make a conceptual distinction in the following derivation of the 

epidermal material composition, and this is illustrated by the graphical separation of the viable 

epidermis and the SC in the figure. In analogy to the continuity at an interface within a boundary 

value problem, the metabolized material composition within the viable epidermis is taken from ② as 

the starting point for the dehydration process across the SC in ③ (i.e. … = 111.43	µm). Starting from 

the given initial mass ªI∆I = ªáà + ªG , the material composition within the SC is no longer 

dominated by the formation of new substances, but by the loss of water, which results in a change 

in the concentrations towards the skin surface (i.e. … = 132.43	µm), denoted by ④. 

However, the above mass fractions must be converted into volume fractions. This is done in order 

to be able to use the concentration profile across the epidermis to derive the dielectric material 

properties of the cells and their compartments at the molecular level using mixing formulae, which 

will be presented in detail in Section 5.3. The volume fractions of the biochemical compounds under 

investigation are defined as 

 õ°,∫ =
¢√

¢ƒ≈ƒ
 (5.3) 

with ∂∫ = (õà,∫ ⋅ ªI∆I) 3∫⁄  and ∂I∆I = ∑ ∂∫∫ . The volumetric mass densities of the individual compounds 

are represented by 3∫. The densities of water, 3G, protein, 3», keratin, 3«, and lipids, 3ï, considered 

in this conversion are summarized in Tab. 5.5. Based on the above, Fig. 5.5 shows the histochemical 

concentration profile across the human epidermis illustrating its composition using the volume 

fractions of water, õ°,G, lipids, õ°,ï, keratin, õ°,«, and protein, õ°,». The vertical red dashed lines in the 

viable epidermis correspond to the midpoints of the cell layers in the z-direction denoted by ≠r to ≠rp. 
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Tab. 5.5: Volumetric mass densities, 3∫, of the biochemical compounds of the epidermis. The indices w, p, k 
and l denote water, protein, keratin and lipids. The densities of the latter three compounds have been adopted 
from [20, 21, 22] and [23], respectively. 

  

The concentrations at these midpoints will be used in Section 5.2.2 to derive the chemical 

composition of the individual cell compartments within each cell layer. Although the midpoints of the 

cell layers in the SC are not shown for clarity, the same procedure is applied to the corneocytes.  

 

Fig. 5.5: Histochemical concentration profile across the human epidermis illustrating its composition using the 
volume fractions of water, õ8,π , lipids, õ8,Ω , keratin, õ8,æ , and protein, õ8,0 . The vertical red dashed lines 
correspond to the midpoints of the cell layers (i.e. keratinocytes) denoted by ≠r to ≠rp. 

The Tab. 5.6 below summarizes the concentrations at … = 0	µm (i.e. ①), … = 111.43	µm (i.e. ② & 

③) and … = 132.43	µm (i.e. ④) in terms of both mass and volume fractions. 	

Tab. 5.6: Material composition of the epidermis at … = 0	|ª  (i.e. ①), … = 111.43	|ª  (i.e. ② & ③) and 	
… = 132.43	|ª(i.e. ④) expressed as mass fractions. The concentration of the water, protein, keratin and lipid 
content is denoted by õ<,π,õ<,0, õ<,æ and õ<,Ω respectively. The corresponding volume fractions,õ8,∫, are given 
on the right-hand side.  
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5.2.2  Histochemical parameterization of the epidermis on a microscopic scale 

The biochemical concentrations of the individual cell compartments of each cell layer will be derived 

below, starting with the keratinocytes. In a first step, the geometrical composition of the CAD models 

of each cell layer must be considered in terms of the volumes of the individual compartments, ∂5,�å: 

 õ°,5,�å =
¢:,Œå

¢£§,Œå
 (5.4) 

 õ°,5,ÉJïï =
¢:,Œå

¢§œ––,Œå
 (5.5) 

with ∂ÆÉ,�å = ∂üÉ,�å + ∂É—,�å + ∂ö—,�å , ∂ÉJïï,�å = +∂É—,�å + ∂ö—,�å  and = ∈ {EC; 	CP; 	NP}. In a second 

step, the volume of each biochemical component is determined by multiplying the unit cell volume 

of each CAD model by the biochemical concentrations at the midpoints of each cell layer (see 

Fig. 5.5): 

 ∂∫,�å = ∂ÆÉ,�å ⋅ õ°,∫,�å (5.6) 

with “ ∈ {w; 	l; 	k; 	p}. In a third step, these volumes are each distributed across the individual cell 

compartments, beginning with the EC space. This is done by assuming the extracellular medium to 

be filled with water only 

 ∂G,üÉ,�å = ∂üÉ,�å. (5.7) 

The residual cell water, ∂G,ÉJïï,�å = ∂G,�å − ∂G,üÉ,�å, and the volumes of each remaining substance 

now needs to be distributed to the CP and the NP. In the cell layers ≠r to ≠¥, the NP is considered 

to be a two-phase mixture containing protein and water to an extent proportional to the total amount 

of water in the cell: 

 ∂G,ö—,�å = ∂G,ÉJïï,�å ⋅ õö—,ÉJïï (5.8) 

 ∂»,ö—,�å = ’∂ÉJïï,�å − ∂G,ÉJïï,�å÷ ⋅ õö—,ÉJïï (5.9) 

In cell layers ≠◊ and ≠rp the amount of protein remains constant compared to cell layer ≠¥. However, 

the water content decreases according to the shrinkage of the nucleus due to karyopyknosis (see 

Section 5.1.1, Fig. 5.3): 

 ∂G,ö—,�ÿ = ∂G,ö—,�Ÿ − (∂ö—,�Ÿ − ∂ö—,�ÿ) (5.10) 

 ∂»,ö—,�ÿ = ∂»,ö—,�Ÿ (5.11) 

 ∂G,ö—,�ÄÅ = ∂G,ö—,�Ÿ − (∂ö—,�Ÿ − ∂ö—,�ÄÅ) (5.12) 

 ∂»,ö—,�ÿ = ∂»,ö—,�Ÿ (5.13) 

The remaining cell water and protein are distributed to the CP. The metabolized keratin and lipids 

are also deposited there: 

 ∂G,É—,�å = ∂G,ÉJïï,�å − ∂G,ö—,�å (5.14)  

 ∂»,É—,�å = ∂»,�å − ∂»,ö—,�å (5.15) 
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 ∂«,É—,�å = ∂«,�å (5.16) 

 ∂ï,É—,�å = ∂ï,�å (5.17) 

In a final step, the volume fractions of the biochemical compounds in each compartment in any given 

cell layer, õ°,∫,5,�å, can be defined as  

 õ°,∫,5,�å =
¢√,:,Œå

¢:,Œå
 (5.18) 

Based on õ°,∫,5,�å, the volumetric mass density within the cell compartments, 35,�å, can now also be 

determined qualitatively. These are calculated by 

 35,�å = ∑ 3∫ ⋅ õ°,∫,5,�å∫  (5.19) 

The relationship is only labeled qualitatively, as the simple summation of the products of the 

individual densities and their volume fractions can only be assumed if the individual substances do 

not react chemically with each other. Fig. 5.6 provides an overview of the histochemical 

configurations of the keratinocytes in each cell layer of the viable epidermis. The top diagram 

illustrates the volumetric mass densities, 35,�å, by black bars for each different keratinocyte model,  

 

Fig. 5.6: Histochemical configurations of the keratinocytes under investigation: (top) Volumetric mass 
densities, 35,ãå, illustrated by black bars for each different keratinocyte model, ≠0, and categorized according 
to the cell compartments (i.e. EC, CP, and NP). (bottom) Histochemical composition of the cell compartments 
expressed as volume fractions, õ8,∫,5,ãå, relative to the total volume of the individual compartments using the 
same categories. The index “ ∈ {⁄; 	î; 	€; 	4} denotes the content of water, lipids, keratin and protein, and the 
index = ∈ {Qz; 	∑z; 	2Q} denotes the individual cell compartments of the keratinocytes. 
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Fig. 5.7: Histochemical configurations of the corneocytes under investigation: (top) Volumetric mass densities, 
35,çÑ, illustrated by black bars for each different corneocyte model, Q∞, and categorized according to the cell 
compartments (i.e. EC, Cell). (bottom) Histochemical composition of the cell compartments expressed as 
volume fractions, õ8,∫,5,çÑ, relative to the total volume of the individual compartments using the same categories. 
The index “ ∈ {⁄; 	î; 	€; 	4} denotes the content of water, lipids, keratin and protein, and the index = ∈ {Q∏îî; 	2Q} 
denotes the individual cell compartments of the corneocytes. 

≠0, categorized according to the cell compartments (i.e. EC, CP, and NP). The bottom diagram 

illustrates the volume fractions, õ°,∫,5,�å, relative to the total volume of the individual compartments 

using the same categories. The biochemical composition of the corneocytes within the SC is 

analogous to the derivation above. With the difference that the distribution of the respective 

substances is much simpler. Through exocytosis, the EC fills with lipids, so that the water together 

with the keratin and the other protein compounds in the SC are only inside the cell body. Fig. 5.7 

provides an overview of the histochemical configurations of the corneocytes in each cell layer of the 

SC. The top diagram illustrates the volumetric mass densities, 35,ÉÑ, by black bars for each different 

corneocyte model, C∞, categorized according to the cell compartments (i.e. EC, Cell). The bottom 

diagram illustrates the volume fractions, õ°,∫,5,ÉÑ , relative to the total volume of the individual 

compartments using the same categories.  
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5.3   Effective material properties of the bottom-up model of the epidermis 

Based on the material composition of the cells at the microscopic scale outlined in the previous 

section, the effective material properties of the cell compartments are determined using analytical 

mixing rules in Section 5.3.1. Subsequently, these material properties will be used in the parametric 

CAD models of the kratinocytes and corneocytes to determine the effective material properties of 

the cell layers using quasi-static numerical simulations in Section 5.3.2.  

5.3.1  Effective material properties of the parametric cell models on a microscopic scale 

Considering the compartments of the cell models as multiphase composites consisting of water, 

proteins, keratin and lipids, the effective dielectric properties of these compartments in each cell 

layer can be calculated using analytical mixing rules. However, such calculations require knowledge 

of both the volume fraction and the dielectric properties of each substance present in each 

compartment. The volume fractions of each material have already been derived in Section 5.2 and 

can be taken from Figs. 5.6 and  5.7. However, the permittivities of the basic cell substances remain 

to be derived from the scientific literature, starting with those of the water in the following.  

The dispersive properties of the extracellular medium, cytoplasm, and nucleoplasm are approximated 

by the dielectric functions of physiological salt solutions. This approach is adopted for modeling the 

cellular water within each compartment so that its lossy dispersive permittivities, xK,G,5(u), are 

modeled by a Debye-type equation: 

 xK,G,5(u) = xK,G,5,‹ +
›fi,fl,:,‡·›fi,fl,:,‚

r„‰
Â

ÂÅ

− j
)fl,:,‡

›ÅÁ
 (5.20) 

with = ∈ {CP; 	NP; 	EC; 	Cell}. The Debye coefficients corresponding to the individual compartments are 

summarized in Tab. 5.7. 

Tab. 5.7: Debye coefficients for modeling the dispersive dielectric material properties of the cytoplasm (CP), 
nucleoplasm (NP) and extracellular medium (EC), representing the dispersive material properties of the water 
in the corresponding compartment, x*,π,5(u), with = ∈ {Qz; 	∑z; 	2Q; 	Q∏îî}. 

 

The dielectric properties of the protein content and those of the keratin are considered to be 

independent of the frequency with the following values 

 xK,» = 2.5 − j0    and    xK,« = 3.548 − j0.244, 

where the former value is taken from [26] and the latter from [28]. 

The material properties of the lipids are modeled by a double Debye equation defined as 

 xK,ï(u) = xK,ï,‹ +
R›fi,–,Ä

r„‰
Â

ÂÅ,Ä

+
R›fi,–,.

r„‰
Â

ÂÅ,.

− j
)–,‡

›ÅÁ
 (5.21) 

whose coefficients are adopted from [26] and summarized in Tab. 5.8. 
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Tab. 5.8: Debye coefficients to model the dispersive permittivity of lipids (adopted from [26]). 

 

The initial permittivities of water are incrementally combined with the other basic components (i.e. 

protein, keratin and lipids) using the Hanai-Bruggeman (HB) mixing formula to account for the 

influence of different keratinization and hydration stages within the epidermis on the effective 

material parameters of the individual cell compartments: 

 0 = (1 −ΦÍ) ⋅ Î
›fi,:,Œå,ÏÌ
Ó ·›fi,:,Œå,Ô

Ó

›fi,:,Œå,Ï
Ó ·›fi,:,Œå,Ô

Ó  ⋅ Î
›fi,:,Œå,Ï
Ó

›fi,:,Œå,ÏÌ
Ó 

Ä

Ò

, (5.22) 

where Ú denotes the incremental mixing step. The dielectric material properties of the substance 

considered to be the inclusion are denoted by xK,5,�å,Û
Í

 and those which are considered to be the host 

medium by xK,5,�å,Ù
Í

. ΦÍ denotes the volume fraction of the inclusions relative to the total volume of 

the two-phase mixture. xK,5,�å,Ùı
Í

 denotes the effective permittivity of each step. In any step where 

Ú ≥ 2, xK,5,�å,Ù
Í = xK,5,�å,Ùı

Í·r
. Tab. 5.9 provides an overview of the mixing procedure used to determine 

the effective permittivities of the individual cell compartments, = ∈ {CP; 	NP; 	Cell}, at any given cell 

layer of the viable epidermis, K0, and the SC, C∞. 

Tab. 5.9: Overview of the mixing procedure used to determine the effective permittivities of the individual cell 
compartments, = ∈ {Qz; 	∑z; 	Q∏îî}, in any given cell layer of the viable epidermis, ≠0 , and the SC, Q∞ . Ú	 
denotes the incremental mixing step. The dielectric material properties of the substance considered to be the 
inclusion are denoted by x*,5,ãå,˜

Í  and those which are considered to be the host medium by x*,5,ãå,¯
Í . Here, x*,π, 

x*,0, x*,æ and x*,Ω  denote the dielectric values of the water (i.e. physiological salt solution), the protein, the 
keratin and the lipids respectively. 

 

The resulting effective permittivities of the individual cell compartments in each cell layer of the viable 

epidermis, xK,5,�å, are shown in Fig. 5.8. The real and imaginary parts of the dielectric function of the 

EC space are shown in Figs. 5.8(a) and (b). These are identical for all cell layers of the viable 

epidermis, assuming that biochemical changes within each cell layer are expressed only by material 

accumulation within cell bodies (see Section 5.2). In this way, the graphs illustrate the Debye type 

characteristic of the EC, as described in Tab. 5.8. Figs. 5.8(c) and (d) show the real and imaginary 

parts of the effective permittivities calculated using the HB mixing rule according to Tab. 5.9. It can 

be seen that the permittivities of the top layer of the SG, Krp, shown as a blue dotted line, have lower 

values than those of the basal layer, ≠r, shown by a red line. The range of values across the cell 

layers resulting from the different material compositions within the CP is illustrated by a gray area. 

These differences are caused by increasing keratin and lipid deposition within the CP towards the 

skin surface. Comparing the permittivities of the CP with those of the NP (see Fig. 5.8(e) and (f)), it 

can be seen that in both cases, there is also a range of values with lower permittivities for layers 

closer to the skin surface, and the range of values is significantly broader for the NP than for the CP.  
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Fig. 5.8: Overview of the dielectric material properties of the cell compartments in each cell layer of the viable 
epidermis determined using the mixing procedure summarized in Tab. 5.9. Real and imaginary parts of the 
dielectric permittivity are shown for the extracellular medium (EC) in (a) and (b), for the cytoplasm (CP) in (c) 
and (d), and for the nucleoplasm (NP) in (e) and (f). The range of values across the cell layers resulting from 
different material compositions within the CP and NP is illustrated by a gray-shaded area bound at the top by 
the dielectric properties of cell layer ≠r and at the bottom by cell layer ≠rp. 

This is due to the shrinkage of the nucleus and the condensation of the chromatin contained therein 

into a uniform mass, which was accounted for in Section  5.2 by shifting the water/protein ratio in favor 

of the protein. The resulting effective permittivities of the individual cell compartments in each cell layer 

of the SC, xK,5,ÉÑ, are shown in Fig. 5.9. Figs. 5.9(a) and (b) show the real and imaginary parts of the 

EC space. In contrast to the viable epidermis, saline solution is not used to model its dielectric 

properties. As described in detail in Section 5.2, the keratinocytes of the SG secrete lipid deposits 

from the cell interior in a process known as exocytosis. These lipid deposits form an extracellular 

lipid matrix in which the corneocytes are embedded. Therefore, the graphs of the dielectric functions 

presented here show the Debye characteristic specified in Tab. 5.8 for lipids, which is assumed to be  
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Fig. 5.9: Overview of the dielectric material properties of the cell compartments in each cell layer of the SC determined 
using the mixing procedure summarized in Tab. 5.9. Real and imaginary parts of the dielectric permittivity are shown 
for the extracellular medium (EC) in (a) and (b), for the cell body (Cell) in (c) and (d). The range of values 
across the cell layers resulting from different material compositions within the cell body is illustrated by a gray-
shaded area bound at the top by the dielectric properties of cell layer Qr and at the bottom by cell layer Qrµ. 

constant for all layers of the SC. Since lipids have significantly lower values for the real and imaginary 

parts of their dielectric permittivities compared to physiological salt solutions, it was necessary to 

deviate from the previously uniformly chosen range of values (0 to 70) for the representation and, in 

the case of Fig. 5.9(b), to resort to a logarithmic representation. Moving on to the effective permittivities 

of the cell bodies shown in Figs. 5.9(c) and (d), it can be seen that both the real and imaginary parts 

of the permittivity show a significant range of values between the lowermost and uppermost cell layers. 

This is represented by a gray area bounded by a red line corresponding to layer Cr and a blue dashed 

line corresponding to layer Qrµ. The decrease in permittivity towards the skin surface is associated with 

a decrease in the amount of water bound in the cell body (see Fig. 5.7).  

5.3.2  Effective material properties of the epidermal sublayers on a macroscopic scale 

Having calculated the effective material properties of the cell compartments in the previous section, 

they can now be implemented into the parametric CAD models of each cell layer. Placing these 

models in the virtual capacitor setup (see Appendix A), numerical homogenization yields the 

effective material parameters of each cell layer of the viable epidermis, xK̃,�å, and the SC, xK̃,Éå. The 

These quantities, respective xK̃,�å and xK̃,ÉÑ are illustrated in Figs. 5.10(a) and (b) for the cell layers 

of the viable epidermis and in Figs. 5.10(c) and (d) for the cell layers of the SC. Comparing 

Figs. 5.10(a) and (b) with (c) and (d), it can be seen that the loss of water in the SC causes a broader 

range of values compared to the metabolism of keratin and lipids in the viable epidermis.  

The simulation was performed on a PC equipped with two Intel Xeon E5-2697 V4 processors (36 

cores) and 512 GB of memory. The frequency range of interest (i.e. 1 GHz to 300 GHz) was 

examined and sampled with 45 linearly distributed frequency points per cell model. The data points 
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between these sampled points were interpolated using piecewise cubic Hermite splines in post-

processing. The simulation for each frequency point took approximately 33 min using a MUMPS 

solver. Post-processing of the data was performed within the MATLAB programming environment 

(version R2020a) [27].  

Volumetric mass densities of each cell layer on a macroscopic scale, 3�å/ÉÑ, are determined by: 

 3�å/ÉÑ = ∑ 35,�å/ÉÑ ⋅ õ°,5,�å/ÉÑ5  (7.23) 

where, 3�å/ÉÑ denotes volumetric mass densities of the individual cell compartments in each cell 

layer and õ°,5,�å/ÉÑ its corresponding volume fraction (see Eqs. 5.4 and  5.19). In Fig. 5.11, it can be 

seen that the reduction of the water content within the cell layers towards the skin surface leads to 

a significant increase in the volumetric mass density. 

 

Fig. 5.11: Volumetric mass densities of each cell layer in viable epidermis and the stratum corneum, 3ãå/çÑ, 
illustrated by black bars and categorized according to the individual layers (i.e. ≠0 and Q∞). 

5.4   Conclusions 

n In this chapter, a hierarchical, computational bottom-up multiscale model of the epidermis has 

been developed, which ultimately leads to a coherent description of the EM material properties of 

the epidermis at both a macroscopic and the microscopic level (including the (sub-)cellular level). In 

contrast to previous multiscale approaches [27, 28, A6], which considered the epidermis to be 

homogenized in its entirety and thus neglected any physiological variation within this skin layer, here 

the epidermis has been considered as a biological system with morphology determined by the life 

cycle of its predominant cell type, the keratinocytes (or corneocytes). This consideration of the 

epidermis as an evolving system has resulted in to a stratified cell model that includes 10 cell layers 

in the viable epidermis and 14 cell layers in the SC. The differentiation of basal keratinocytes towards 

the skin surface during the keratinization process has been represented in this layer model by 

gradual changes from one layer to the next, which have been accounted for by two aspects: 

(1) Changes in cell geometry and cell structure, and 

(2) changes in the histochemical composition of the cell. 

Both aspects have been considered at the microscopic level, i.e. for the models of the individual 

cells, as well as at the macroscopic level, i.e. for the layer model of the entire epidermis. The complex 

intertwined relationship between both of these aspects and the two levels on which they have been 

considered has been used to create a holistic representation of the epidermis. The key elements of 

this developmental process are recapitulated in the following.  

n Initially, parametric CAD models were created for both keratinocytes and corneocytes, representing 

their microstructure. Then, in order to implement cell differentiation, these were adapted to the 

physiological conditions of each cell layer using geometric parameters derived from the scientific 
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literature. The thicknesses of the epidermal sublayers were then determined from the adapted cell 

models. Data from [18] and [19] were then used to derive a concentration profile for the epidermis 

at a macroscopic scale, considering the histochemical composition of the epidermis as a multiphase 

composite of water, lipids, keratin and a general protein component. From the macroscopic 

concentration profile, the histochemical composition of each cell layer was determined and projected 

onto the respective cell compartments at the microscopic scale. Based on the concentration profiles 

of the individual cell compartments in each cell layer, the effective permittivities of the compartments 

were calculated using an incremental mixing procedure using the HB mixing formula and assigned 

to the parameterized cell models as material parameters. The effective material properties of the 

individual cell layers were determined on a macroscopic scale using quasi-static computer-aided EM 

homogenization.  

  



FSM Research Project «MicroBioEM»  

FSM-Project No. A2019-01 

Final Report / December 2023 

                                                                                                                                                            . 

 

 – 34 – 

6   The importance of physiological variations across the epidermis for  
  dosimetric investigations of EM exposure of the skin 

In the following, extensive dosimetric studies of the skin will be performed to identify physiological 

variations across the epidermis as an important factor significantly affecting both the transmission of 

EM energy into the body surface and the distribution of this energy across the epidermis. A particular 

focus of these investigations will be on the proliferative pool of the epidermis (i.e., the basal and sub-

basal rows), which is of particular importance for skin resurfacing. Therefore, accurate prediction of 

EM exposure in these layers is essential to assess the risk of adverse health effects on miotic activity. 

The investigations will be carried out as a comparison between two stratified skin models: 

(1) A model derived entirely from the scientific literature based on measured material properties 

of the individual sublayers of the skin, hereafter referred to as the «reference model». This 

represents the current state of the art in skin modeling used in virtual EM exposure studies; 

(2) A modified version of this model in which the epidermis is replaced by the equivalent layer 

from the bottom-up model introduced in Section 5. This combination of the purely numerical 

tissue model of the epidermis and the existing measured models of the other skin layers is 

hereafter referred to as the «hybrid model». 

The layered topology and the dielectric properties of the individual skin layers considered in the 

reference model are based on data reported in [1] and [2]. These studies were chosen as a scientific 

reference for two reasons: their great influence on the current exposure guidelines [3] (see 

Section 1), and the fact that they are the only scientific source providing distinct measurements of 

all skin sublayers in a frequency range from 1 GHz to 1 THz. The comparison between the reference 

model and the hybrid model thus allows a dosimetric analysis of the skin with a direct relationship to 

current exposure guidelines, and links numerically obtained exposure data with corresponding 

exposure measurements published in the references cited above.  

A detailed introduction to these skin models and their implementation within a computational 

simulation environment is provided in Section 6.1. To outline the dosimetric analysis that follows, 

Section 6.2 presents the methodology and measures employed in the analysis. Subsequently, in 

Section 6.3, a thorough evaluation of the skin models is conducted, including an assessment of the 

permittivities of the individual epidermal cell layers incorporated into the hybrid model. Moving on to 

Section 6.4, the chapter presents the results of the investigations. This section is divided into two 

subsections: a reflectometric analysis of the skin models is presented first, followed by a dosimetric 

analysis of the power intake across the epidermis. The subsequent section, Section 6.5, delves into 

a comprehensive discussion of the obtained results. Finally, the key findings and main points 

discussed throughout this chapter are summarized in Section 6.6.  

6.1   Macroscopic exposure setup 

In order to study skin exposure in the most general manner, an exposure setup was established to 

simulate skin irradiation at operating frequencies between 1 GHz and 300 GHz, hereafter referred 

to as the macroscopic exposure setup. The skin model considered in this setup has a layered 

topology comprising the epidermis (ED), the dermis (D), the hypodermis (HYP) and underlying 

muscle tissue (MC) which is illustrated in Fig. 6.1(a). The thickness of the epidermis, Wü˘ , 

corresponds to that of the bottom-up model derived in Section 5 and thus equals 132,43 μm. The 

thicknesses of the remaining skin layers have been adopted from [1] and correspond to the mean 

values at the forearm resulting in thicknesses of W˘ = 1080	µm and WÙ˙˘ = 3890	µm. For numerical 

reasons outlined later in this section, the thickness of the muscle tissue, WûÉ, is considered to be 

infinite. For the calculation of the SAR in later chapters, it is necessary to assign volumetric mass 

densities, 3æ, with € ∈ 	 {ED; 	D; 	HYP; 	MC}, to each skin sublayer. These values are taken from [29] 

resulting in the volumetric mass densities given in Tab. 6.1. All of the thicknesses and volumetric 

mass densities mentioned above apply to both the reference model and the hybrid model, with only 

one exception: 3ü˘.The hybrid model applies the specific volumetric mass densities for each epidermal  
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Fig. 6.1: Overview of the layered topology of the skin model (not to scale) and the complex dielectric material 
properties, x*,æ, assigned to the individual sublayers of the skin: (a) Illustration of the stratified skin model 
showing the complex permittivities, x*,æ and thicknesses, Wæ, assigned to the individual tissue layers. (b) Real 
part of the permittivity, x*,æ! . (c) Imaginary part of the permittivity, x*,æ!! . The index € ∈ {2"; 	"; 	#$z; 	%Q} denotes 
epidermis, dermis, hypodermis and muscle tissue respectively.  

cell layer, 3ü˘,�å/ÉÑ, shown in Fig. 5.11. The thicknesses of the individual skin layers, Wæ, and the 

volumetric mass densities assigned to these layers, 3æ, are summarized in Tab. 6.1. In addition to 

the values above, complex dispersive permittivities need to be applied to the individual skin layers 

with the real and imaginary values, εK,«, displayed in Figs. 6.1(b) and (c) respectively. These material 

parameters, which were originally published in [1] and [2], are based on measurements on pig skin. 

However, it should be noted that there is a lack of data contained in this data source. Only the 

material properties of the dermis and hypodermis, εK,˘ and εK,Ù˙—, have been reported over the whole 

frequency range under investigation. The effective material properties of the remaining sublayers of 

the skin, εK,ü˘ and εK,ûÉ, have only been reported between 1 GHz and 100 GHz. To compensate for 

the lack of data, the values of εK,ü˘ and εK,ûÉ for frequencies above 100 GHz are set equal to those 

at 100 GHz. The dispersive permittivities of the individual epidermal cell layers, ε'K,�å/ÉÑ, which are 

considered in the hybrid model, can be taken from Fig. 5.10.  

Tab. 6.1: Overview of the thicknesses of the individual skin layers, Wæ, and of the volumetric mass densities, 
3æ, assigned to these layers. 

 

After defining the skin model, it needs to be embedded in a generic exposure setup, which is 

numerically implemented using the COMSOL Multiphysics software environment [30], allowing the 

determination EM fields penetrating in the individual skin layers. This macroscopic exposure setup 

is illustrated in Fig. 6.2. A plane wave is emitted from a non-reflective port at an angle of incidence, 

(, (here 0 °C) having either s or p-polarization with respect to the reflection plane (i.e. xz plane). The 

amplitude of the incident plane wave corresponds to a constant input power, zÖÜâ(u), which is 

derived from the incident power density, !ÖÜâ(u), defined in the basic restrictions (see Tab. 1.1). The 

reflected power, zZ, is detected by the same non-reflective port, and the power transmitted to the 

skin tissue, z), is calculated from z) = zÖÜâ − zZ. From these values, the power reflection coefficient, 

#, and the power transmission coefficient, V, are given by 

 # =	
;*
;+,-

 (6.1) 

 V = 	
;.
;+,-

 (6.2) 
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To avoid further reflections of waves from the outer top and bottom boundaries, the computational 

domain is terminated above and below with perfectly matched layers (PML). In addition, periodic 

boundary conditions (PBCs) are introduced into the macroscopic exposure setup to prevent fringing 

fields. Figs. 6.2(a) and (b) illustrate the different material properties assigned to the individual skin 

layers depending on the choice of either the reference or the hybrid model introduced earlier. Both 

models have a square-shaped surface under exposure with an area of 1	mm¨.  

 

Fig. 6.2: An overview of the macroscopic exposure setup: The stratified skin model is exposed to a plane EM 
wave using a non-reflective port. The amplitude of the incident plane wave corresponds to a constant input 
power, z5]t(u), which is derived from an incident power density, !5]t(u), defined in the basic restrictions 
outlined in Section 1. The top and bottom of the computational domain are terminated with perfectly matched 
layers (PML). Periodic boundary conditions (PBC) are used to prevent fringing fields. The square-shaped 
surface area under exposure is 1	ªª¨ . The complex permittivities of the individual skin layers, x*̃,æ , are 
adopted from [1] and [2]. The index € ∈ {2"; 	"; 	#$z;%Q} denotes epidermis, dermis, hypodermis and muscle 
respectively. The hybrid model deviates from the reference model by assigning material properties calculated 
using bottom-up multiscale modeling, x*̃,,/, comprising the effective permittivities of the individual epidermal 
skin layers, x*̃,ãå and x*̃,çÑ, derived in Section 5.  

The simulation was performed on a PC equipped with an Intel i7-6700k processor (4 cores) and 

64 GB of memory. In this study, a frequency range between 1 GHz and 300 GHz was investigated 

and sampled with 227 frequency points distributed linearly. The data points in between these 

sampled points were interpolated using cubic splines in post-processing. The simulation for each 

frequency point lasted approximately 10 seconds using a MUMPS solver. The post-processing of 

the data was performed within the MATLAB programming environment (version R2020a) [27]. 

6.2   Outline of the dosimetric analysis of the epidermis 

In order to assess the importance of physical variations across the epidermis, the EM exposure of 

the skin is investigated in a three-fold analysis. In the first step, the total power transmitted to the 

skin is analyzed in a reflectometric analysis. Following on from this, the power transfer to deeper 

sublayers of the skin is investigated. In the last step, the power distribution across the epidermal cell 

layers, K0 and C∞, is analyzed. While the reflectometric analysis of the total power transmitted to the 

skin tissue is performed using the power reflection and transmission coefficient introduced in 

Section 6.1 (see Eqs. 6.1 and 6.2), the latter two aspects need additional introduction. As shown in 

Figs. 6.3(a) and (b), the sub-layered structure of the epidermis is illustrated in both the reference 

model and the bottom-up model. As indicated by the different color schemes, the individual cell 

layers in the reference model are assigned identical dispersive material properties, xK,ü˘(u), while  
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Fig. 6.3: Conceptual overview of the dosimetric analysis of the epidermis, illustrating its layered structure: All 
of the individual cell layers in the reference model, ≠0  and Q∞ , are assigned identical dispersive material 
properties, x*,,/(u), while those of the hybrid model have individual ones, x*̃,ãå/çÑ(u). This is indicated by the 
different color schemes given to these layers in Figs. (a) and (b). The implementation of these cell layers in 
the macroscopic exposure setup as distinct computational domains allows the integration of the volumetric 
loss density, 4(%⃗, u), over each individual layer. This leads to the determination of the power induced within 
each of these layers, zãå/çÑ(u). Considering the power transmitted to the skin tissue, zS(u), which differs 
between models due to different epidermal permittivities, a comparative analysis of the power transfer to 
deeper sublayers of the skin and the power distribution across the epidermal cell layers must be expressed 
relative to z0S(u). In all of the above parameters, a tilde will be added to refer to the hybrid model rather than 
the reference model. 

those of the hybrid model have individual ones, xK,�å/ÉÑ(u). The implementation of these cell layers 

in the macroscopic exposure setup as distinct computational domains allows the integration of the 

volumetric loss density, 4(%⃗,u), over each individual layer. This leads to the determination of the 

power induced within each of these layers, z�å/ÉÑ(u). To enable an accurate comparison between 

the transfer of power into deeper sublayers of the skin provided by each of the models, the power 

absorbed by the epidermis, 

 zü˘(u) = ∑ z�å(u) +
rp
01r ∑ zÉÑ(u)

rµ
∞1r  (6.3) 

needs to be expressed relative to the total power transmitted to the skin tissue, as this obviously 

differs between models. This is given by 

 "ÖÜá,ü˘(u) =
;23(Á)

;.(Á)
 (6.4) 

In order to compare the power distribution within the epidermis resulting from the two models, the 

power absorbed by the viable epidermis (vED) and the SC, z°ü˘ and z4É, are expressed with 

respect to the total power absorbed by the epidermis, zü˘, giving 
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 "ü˘,°ü˘/4É(u) =
;523/6§(Á)

;23(Á)
 (6.5) 

A more detailed overview of the distribution of the power across the individual cell layers of the 

epidermis is given by 

 "ü˘,�å/ÉÑ(u) =
;Œå/§Ñ(Á)

;23(Á)
 (6.6) 

where z�å/ÉÑ(u) denotes the power absorbed by these layers. In all of the above parameters, a 

tilde will be added to refer to the hybrid model rather than the reference model.  

6.3   Evaluation of the skin models: Revealing biases and assessing epidermal permittivities 

In order to interpret and ultimately draw meaningful conclusions from the simulation results presented 

in the next section, a detailed comparison of the two skin models is required. This comparison aims to 

reveal biases in the reference model and assess the permittivities of the individual epidermal cell 

layers, which are considered only in the hybrid model. To provide such a comprehensive analysis, it is 

necessary to delve into the measurements conducted by Sasaki, as documented in [1]. According to 

the study, the measurements of individual skin layers were performed 48 hours after slaughter. During 

transport, the sample was kept at a temperature of 4 °C to slow down biological decay. The actual 

measurements were carried out at a temperature ranging from 34 °C to 37 °C. The reported thickness 

of the epidermis was 1.1 mm, while the dermis measured 1.5 mm in thickness. However, further 

studies on pig skin from different sites, as outlined in [31], indicate significantly lower average 

epidermal thicknesses ranging from 51.6 μm to 59.9 μm. Considering these findings and the 

undulating topology of the epidermis/dermis interface (see Fig. 3.1, it is likely that the sectioning of the 

epidermis in [1] was performed with insufficient accuracy, potentially including parts of the dermis. 

Therefore, it must be borne in mind when comparing the hybrid model with the reference model that 

these measurements may contain a certain bias in the measured epidermal material properties that 

result from this commonly occurring difficulty. Additionally, it should be noted that the measurements 

of xK,ü˘ are limited to frequencies up to 100 GHz, which prevents the analysis of correlations at higher 

frequencies. Consequently, the evaluation of the correlation will be primarily based on xK,˘, as it closely 

corresponds to the epidermis in terms of water concentration. 

Given these measurement-related challenges, a comparison is performed between the calculated and 

adopted epidermal permittivities. Fig. 6.4 presents the dispersive permittivities of the epidermis in the 

hybrid model (xK̃,�å/ÉÑ), the reference model (xK,ü˘), and the dermis (xK,˘). Comparing the real parts of 

the dispersive permittivities of the individual epidermal cell layers calculated using the bottom-up model 

(xK̃,�å/ÉÑ
!

) with the measured permittivities of the epidermis (xK,�å/ÉÑ
!

) and dermis (xK,˘
! ) from [1, 2], a strong 

correlation is observed, particularly in the viable epidermis as shown in Fig. 6.4(a). Moving attention to 

the stratum corneum, Fig. 6.4(c) indicates a prominent correlation between the measured material 

parameters and those of the bottommost cell layer (Qr), with the degree of correspondence decreasing 

towards the skin surface (cell layer Qrµ). This observation can be attributed to the water concentration 

profile within the epidermis, as depicted previously in Fig. 5.4(a), which demonstrates a substantial 

decrease in water content within the stratum corneum (SC) and consequently leads to a lower 

permittivity. Considering the work of Ziskin and Alekseev [32, 33], which emphasizes the significance 

of water content in determining tissue material properties, the histochemical assumptions made in the 

derivation of xK̃,�å/ÉÑ using the bottom-up model of the epidermis can be deemed reliable.  

Examining the imaginary parts shown in Figs. 6.4(b) and (d), it becomes evident that extrapolating 

xK,ü˘ beyond 100 GHz by equating it with xK,ü˘ at 100 GHz leads to notable deviations from both the 

effective permittivities predicted by the bottom-up model (xK̃,�å/ÉÑ
!!

) and the measured permittivities of 

the dermis (xK,˘
!! ). In contrast, a generally strong correlation is observed between xK,˘

!!  and xK̃,�å/ÉÑ
!!

, 

with significant deviations from xK,˘
!!  are only observed for the upper cell layers of the SC, which can 

be explained by the lower water content in those layers. 
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Fig. 6.4: Comparison of the measured material properties of the epidermis, x*,,/, and the dermis, x*,/, taken 
from [1, 2] with those of the epidermal cell layers, x*̃,,/, determined using the bottom-up model. (a) and (b) show 
the real and imaginary parts of the measured material properties respectively, comparing the data with that for 
the viable epidermis determined using the bottom-up model (see  Section 5). (c) and (d) show the equivalent 
comparison with the SC.  

In summary, the evaluation of skin models reveals biases in the reference model due to incorrect 

sectioning of the epidermis and potential inclusion of dermal parts. In addition, the limited availability 

of measurements for higher frequencies necessitates the use of the dermal permittivity for correlation 

analysis. As such, deviations arise when extrapolating beyond 100 GHz. However, a strong 

correlation persists for the dermal permittivity with significant deviations occurring only in the upper 

layers of the stratum corneum due to varying water concentration. Comparing the calculated 

epidermal permittivities with those adopted from Sasaki [1, 2], a significant agreement is observed 

between the real parts of individual epidermal cell layers and measured values, particularly in the 

viable epidermis. The above assessment demonstrates that the permittivities derived from the 

bottom-up model can be considered reliable, enabling more precise investigations in the following. 

The evaluation of the skin models revealed biases in the reference model due to two facts: (1) an 

incorrect sectioning of the epidermis and likely inclusion of dermal components, and (2) the lack of 

epidermal measurements, xK,ü˘, at frequencies higher than 100 GHz.  

6.4   Results 

In the following, the results generated by the macroscopic exposure setup are presented illustrating 

two aspects: (1) The total power intake of the skin, and (2) the absorption of the individual cell layers 

of the epidermis.  
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6.4.1  Reflectometric analysis of the skin models 

The simulation results of the reflectometric analysis of the reference and hybrid models are displayed 

in Fig. 6.5. In Fig. 6.5(a), the power of the EM wave to which the skin is exposed, zÖÜâ, is shown as 

a solid black line. In addition, the dashed black and dashed red lines illustrate the power transmitted 

in the skin tissue of the reference and hybrid model respectively. These are denoted by z) and z0). 

Comparing these values, there is a difference between the two skin models starting at about 

100 GHz and becoming more significant with increasing frequency. The same result can also be 

observed in Fig. 6.5(b), where the power reflection and transmission coefficients of the reference 

model, # and V, are plotted alongside those of the hybrid model, #0  and V0 . Moving on to Fig. 6.5(c), 

the relative differences in reflection and transmission between the two skin models, defined as Δ# =

(# − #0) #⁄  and Δ# = (V − V0) V⁄ , are analyzed in more detail. Regarding the relative deviations 

between the two models, the frequency interval studied can be divided into three subintervals: ① 

an interval between 1 GHz and 50 GHz where only moderate deviations are observed, reaching a 

maximum of about 4.8 % and -4 % at 24 GHz for reflection and transmission respectively; ② an 

interval between 50 GHz and 100 GHz where negligible deviations can be observed; ③ an interval 

between 100 GHz and 300 GHz where significant deviations occur with increasing frequency 

reaching a maximum of about -56.4 % and 24.7 % at 280 GHz for reflection and transmission 

respectively. 

 

Fig. 8.5: Overview of the simulation results of the reflectometric analysis of the reference and hybrid models: 
(a) Incident power, z5]t(u), derived from !5]t(u) corresponding to a square skin area of 1 ªª¨. zS(u) and 
z0S(u) denote the power absorbed by the reference model and the hybrid model respectively. The constant 
labeled “Basic Rest.” corresponds to the absorbed power density, !78(u), defined in [3] as a basic restriction 
(see Tab.  1.1). (b) Spectral analysis of the power reflection and the power transmission coefficients. #(u) and 
V(u) correspond to the reference model and #0(u) and V0(u) correspond to the hybrid model. (c) Relative 
deviation of #(u) and V(u) between the two skin models.  

Moving on to the dosimetric analysis of the epidermis in the next section, the power transfer to 

deeper sublayers of the skin and the power distribution across the epidermal cell layers are analyzed 

in the context of these subintervals.  
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6.4.2  Dosimetric analysis of the epidermis 

The results of the power absorbed by the epidermis, zü˘(u), relative to the power transmitted in the 

skin, z)(u), are shown in Fig. 6.6. 

 

Fig. 6.6: Overview of the power absorbed by the epidermis (ED), z,/(u), relative to the power transmitted to 
the skin tissue, zS: (a) Spectral analysis of the absorption coefficients according to Eq. 6.4, where that of the 
reference model, "5]7,,/, is shown as a solid black line and that of the hybrid model, "95]7,,/, is shown as a 
solid red line. (b) Relative deviation between the two skin models. 

In Fig. 6.6(a), solid black and red lines illustrate the absorption coefficients of the epidermis as 

defined in Eq. 6.4 for the reference and hybrid model respectively. These are denoted by "ÖÜá,ü˘ and 
"9ÖÜá,ü˘. Comparison of the two graphs shows that absorption within the epidermis at 1 GHz is only 

0.5 % of the power transmitted to the skin tissue, but increases rapidly with increasing frequency, 

reaching 35 % at the upper end of interval ①, at 50 GHz. This trend continues at frequencies higher 

than 50 GHz, although the increase in absorption, especially in the hybrid model, is significantly 

lower, reaching about 60 % at 300 GHz. The absorption in the reference model increases to 87 % 

at 300 GHz and shows a discontinuity at 100 GHz, which is due to the decision to keep xK,ü˘ fixed at 

all for frequencies higher than 100 GHz. Moving on to Fig. 6.6(b), the relative differences in epidermal 

absorption between the two skin models, Δ"ÖÜá,ü˘, are displayed in more detail. It can be seen that 

the relative deviation is -65 % in interval ① increasing a moderate 8 % to 32 % in interval ② before 

increasing gradually after the discontinuity to a final value of 32 % in interval ③. 

 

Fig. 6.7: Analysis of the power distribution across the epidermis in accordance with Eq. 6.5: (a) Power absorbed by 
the epidermis in the reference and hybrid models, denoted by ",/,8,//[ç and "9,/,8,//[ç respectively. (b) Relative 
deviation of v",/,8,//[ç between the two skin models.  
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Having analyzed the power absorbed by the epidermis, its distribution within this skin layer is now 

examined. Following Eq. 6.5 above, the results of the power absorbed by the viable epidermis (vED) 

and the SC, z°ü˘ and z4É, are shown in Fig. 6.7 relative to the total power absorbed by the epidermis, 

zü˘. In Fig. 6.7(a), the solid black and red lines illustrate the fraction of power absorbed by the viable 

epidermis, "ü˘,°ü˘ and "9ü˘,°ü˘, and the dashed black and red lines illustrate the fraction of power 

absorbed by the SC, "ü˘,4É and "9ü˘,4É. In addition, the corresponding relative deviations between 

the two skin models, Δ"ü˘,°ü˘ and Δ"ü˘,[ç , are shown in Fig. 6.7(b). It can be seen that the reference 

model predicts a significantly higher absorption within the SC and thus shows lower absorption within 

the viable epidermis. 

Following these results, which only distinguishes between the larger-scale structures of the 

epidermis, a detailed analysis of the power distribution within the individual cell layers of the viable 

epidermis, K0, is now performed, the results of which are shown in Fig. 6.8. Following Eq. 6.6, the 

power absorbed by these cell layers, z�å, relative to the total power absorbed by the epidermis, zü˘, 

is shown in Figs. 6.8(a) and (b) for the reference and hybrid model respectively. The graphs 

corresponding to each of the examined cell layers are represented by solid, dashed, dotted, and 

dash-dotted lines. They are colored in magenta (≠r through ≠µ), green (≠≥ through ≠¥), and blue (≠◊ 
and Krp), as indicated in the legend. The relative deviation between the two models, Δ"ü˘,�å, are 

displayed in Fig. 6.8(c). Focusing on the proliferative pool of the epidermis only, it being of particular 

interest in this report, Δ"ü˘,�Ä  and Δ"ü˘,�. show deviations ranging between -29 % at the beginning 

of interval ① and -49 % at the end of interval ③. In addition, an overview of the power distribution 

across the SC is provided in Appendix C for completeness. 

 

Fig. 6.8: Analysis of the power distribution over the epidermal cell layers, ≠0, according to Eq. 6.6: (a)-(b) Power 
absorbed by the epidermal cell layers, ≠0, in the reference and hybrid models, denoted by ",/,ãå and "9,/,ãå, 
respectively. (c) Relative deviation of v",/,ãå between the two skin models, v",/,ãå. The plots corresponding to 
each of the investigated cell layers are represented by solid, dashed, dotted and dash-dotted lines. They are 
colored in magenta (≠r through ≠µ), green (≠≥ through ≠¥), and blue (≠◊ and ≠rp) as indicated in the legend. 
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6.5   Discussion 

The comparison of the reflection and transmission properties of the two skin models in Section 6.4 

shows significant differences at frequencies above 100 GHz. The power transmission coefficient 

calculated for the hybrid model is up to 24 % higher than that calculated for the reference model. 

This indicates a strong underestimation of the energy absorption of skin tissues using the reference 

model. With reference to the evaluation of the skin models performed in Section 6.3, it can be 

assumed that the imaginary part of the permittivity of the epidermis is significantly smaller than the 

extrapolated value used in the reference model. The extrapolation of the measured epidermal 

permittivity, xK,ü˘(n > 100	GHz) = xK,ü˘(n = 100	GHz), was performed to compensate for the missing 

data above the delimiting frequency. Consequently, the model based on [1] seems to be require 

careful consideration in dosimetric studies of the skin above 100 GHz because of this strong 

underestimation of the power transmitted to the tissue.  

Another observation in the investigations performed in this study was the distribution of the power 

intake throughout the skin tissue. As shown in Fig. 6.6 (see Section 6.4.2), the epidermis initially 

absorbs only a small fraction of the power transmitted to the tissue between 1 GHz and 50 GHz (about 

3 %), but dynamically increases to 38 % in both models. The close agreement continues for 

frequencies between 50 GHz and 100 GHz, with a more saturated increase in absorption. For 

frequencies above 100 GHz, however, the larger imaginary part of the epidermal permittivity of the 

reference model leads to strong deviations and an overestimation of the absorbed power by up to 

35 %. This strong overestimation of the power absorbed in the epidermis naturally leads to a strong 

underestimation of the power absorbed in the dermis. Moving away from the simplified stratified 

representation of the skin chosen for exposure studies and interpreting this fact in the context of an 

anatomically correct representation of the skin, a higher induced power in the dermis would be 

expected to result in a higher temperature rise in this sublayer and thus a direct effect on the 

thermoreceptors located there. Targeted power induction in the tissue in which these receptors are 

embedded could, given a sufficient level and duration of exposure, result in a physiological response 

of the organism to the stress of the exposure and trigger thermoregulatory mechanisms, such as 

increased blood flow to the skin and activation of sweat glands. 

An important objective of these studies is also to provide dosimetric information on the power input 

to the basal and subbasal cell layers of the epidermis (i.e., ≠r and ≠¨) necessary for skin renewal. 

Information on the power distribution within the epidermis can be obtained from Figs. 6.7 and 6.8. 

Here, Fig. 6.7 shows that absorption by the dead cells of the SC is significantly overestimated by the 

reference model and thus, the absorption within the viable epidermis is significantly underestimated. 

This overestimation of the power input at the body surface greatly biases the predictions of temperature 

evolution within the skin, as this power is much more easily dissipated to the environment by 

convection and evaporation due to transpiration. A more detailed analysis of the power distribution 

within the cell layers ≠r through ≠rp in Fig. 6.8 shows that the absorption within the proliferative pool 

of the epidermis is underestimated by the reference model by up to 50 %. The use of the reference 

model for frequencies above 100 GHz thus leads to biased interpretations, especially at these cell 

locations. 

6.6   Summary and conclusion 

n In this study, extensive dosimetric investigations were conducted to assess the transmission and 

distribution of EM fields in the skin, taking into account physiological variations across the epidermis. 

The investigations compared a reference model, based on measured material properties reported in 

[1] and [2], with a hybrid model that combined the purely numerical tissue model of the epidermis 

and the existing measured models of the other skin layers. Embedding the two skin models in a 

FEM-based simulation environment, a macroscopic exposure setup was established to simulate skin 

irradiation at frequencies between 1 GHz and 300 GHz. The macroscopic exposure setup allowed 

for the determination of local EM fields induced in the skin layers and thus enabled a comparative 

assessment of the two skin models considering both reflectometric and dosimetric aspects. 
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n The evaluation of these skin models revealed biases in the reference model due to two factors: (1) an 

incorrect sectioning of the epidermis and likely inclusion of dermal components, and (2) the lack of 

epidermal measurements, xK,ü˘, at frequencies higher than 100 GHz. These biases necessitated the 

inclusion of the dermal permittivity, xK,˘ which allowed the verification of the numerically determined 

permittivities of the individual epidermal cell layers, xK̃,�å/ÉÑ. The verification performed on xK,ü˘, xK,˘, 

and xK̃,�å/ÉÑ  showed a strong correlation between all of these permittivities for frequencies up to 

100 GHz. However, when extrapolating beyond 100 GHz, deviations occurred, especially between 

xK,ü˘
!!  and the imaginary parts of the other permittivities, indicating a significant overestimation of this 

value in the reference model, calculated using dispersive complex material properties, xK̃,�å/ÉÑ, as 

outlined in Section 5. Nevertheless, the dermal permittivity showed a substantial correlation, except 

for notable deviations found exclusively in the upper layers of the stratum corneum, which could be 

attributed to a reduction in water concentration. These results demonstrated the reliability of 

permittivities derived from the bottom-up model and its histochemical assumptions. 

n The significant overestimation of xK,ü˘
!!  in the reference model had major consequences for both 

the power tranmitted to the skin and the distribution of that power across its sublayers. One of these 

consequences was revealed by the reflectometric analysis performed in Section 6.4. There, 

significant differences in reflection and transmission properties were shown for frequencies above 

100 GHz, with the transmitted power being underestimated by the reference model by up to 24 %. 

Consequently, the reference model must be carefully reevaluated for dosimetric studies above 

100 GHz, as subtle changes in the material properties of the epidermis can have a major effect on 

the total transmission of EM energy to the skin. This has implications for the current ICNIRP 

restrictions [3] as the dosimetric assessment conducted in [1], leading to the reference model, was 

used to derive an absorbed power density of 200 W m¨⁄  which was set as an operational adverse 

health effect threshold (see Section 1). However, based on the reduction factor of 2 to 10 established 

for occupational and general exposure, respectively, no direct risks or potential adverse health 

effects can be inferred from the underestimated results given above. 

n In addition, the evaluation of the power absorbed by the epidermis in Section 6.4.2 showed that the 

larger imaginary part of the epidermal permittivity in the reference model yields an overestimation of 

the absorbed power by up to 35 % at frequencies above 100 GHz, resulting in a strong underestimation 

of the power absorption in deeper skin layers. When considering a more anatomically accurate 

representation of the skin, the induced power in the dermis would be expected to cause a more 

pronounced temperature increase within this layer. This, in turn, would have a direct effect on the 

thermoreceptors located there. Consequently, if the tissue surrounding these receptors were 

exposed to a targeted power induction of sufficient intensity and duration, it would have the potential 

to trigger physiological responses in the organism. These responses might include increased blood 

flow to the skin and activation of sweat glands as a direct result of the exposure-induced stress. 

n In addition to the results recapitulated in the previous paragraph, the analysis of energy distribution 

in the epidermis underlines the importance of accurately representing physiological variations within 

this skin layer by using individual permittivities for each cell layer. The analysis, which divided the 

epidermis into the stratum corneum (SC) and the viable epidermis (see Fig. 6.7), revealed that the 

reference model significantly overestimated absorption by the dead cells of the stratum corneum, 

leading to a substantial underestimation of absorption within the living cells of the viable epidermis. 

This overestimation of power at the surface of the skin could introduce a significant bias in predicting 

the temperature evolution within the skin, as this power easily dissipates to the environment through 

convection and evaporation. Furthermore, the comprehensive analysis of power distribution across 

the individual cell layers, from ≠r  to ≠rp  (as depicted in Fig. 6.8), revealed discrepancies in the 

estimation of absorption within the viable epidermis using the reference model. These discrepancies 

ranged from an overestimation of 20 % to an underestimation of 60 % depending on the specific 

location within the viable epidermis and the frequency. Notably, regarding the basal and sub-basal 

cell layers of the epidermis (i.e., ≠r and ≠¨), which are crucial for skin renewal, the reference model 

underestimates the absorption in this layer by up to 50 % at 300 GHz. Importantly, this observation 

applies not only to frequencies above 100 GHz but also to frequencies below this threshold. 
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Consequently, using the reference model leads to biased interpretations, particularly at these 

specific cell locations at frequencies above 100 GHz. 

n In conclusion, the reference model is clearly suitable for frequencies up to 100 GHz, but the 

extrapolation of the measured material parameters for frequencies above 100 GHz leads to a 

significant overestimation of the reflection of EM waves at the skin surface. This leads to an 

underestimation of the power transmitted to the skin tissue compared to the hybrid model. Comparing 

the results of the current study with those presented in [34], in which the SC was identified as an 

impedance matching layer, it appears that not only the thickness of the individual cell layers, but also 

the water concentration profile across the epidermis can lead to such an effect. Furthermore, the 

layer-by-layer representation of the epidermis in the hybrid model allows a detailed assessment of 

the power distribution within the epidermis. This shows the strong influence of the different 

permittivities within the individual cell layers corresponding to the water concentration profile profile 

and the metabolization of keratin. Thus, the hybrid model demonstrates that numerically derived 

material representations of tissue layers, which inhibit strong physiological variations, complement 

purely measurement-based skin models and allow for the targeted investigation of physiological 

structures that have been identified as important (such as the proliferative pool).  
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7   Scale-back projection 

In the previous chapter, a comparison between the hybrid skin model and the reference model based 

on the work of Sasaki et al. [1] showed that physiological variations in the epidermis significantly 

affect the absorption properties of the skin. In this chapter, the consistent representation of the 

epidermis by the bottom-up model, encompassing both the macroscopic and microscopic scales, is 

used to develop a top-down multiscale approach, referred to as scale-back projection. This approach 

allows the projection of the macroscopically determined EM field distribution within the epidermis 

onto the microstructure of the underlying epidermal cell models. 

It is shown that scale-back projection provides a solid foundation for the determination of a measure 

that will be referred to as the statistical micro-SAR. This measure is derived from a statistical analysis 

of field variations due to the microstructure of epidermal cells, and represents a means to quantify EM 

absorption and its location in a realistic manner. This allows the investigation of three key aspects: 

(1) The quantification of field variations resulting from the morphology and histological composition 

of the fully resolved epidermal cell structures using statistical analysis (arithmetical mean, 

standard deviation). 

(2) The investigation of differences between the conventional SAR, as specified by ICNIRP, and 

the statistical micro-SAR proposed here at the microscopic scale. 

(3) The introduction of parameters to quantify methodological consistency in the projection of field 

values at both the macroscopic and microscopic scales. 

By considering currently accepted reference levels for exposure at the macroscopic scale, this study 

allows the assessment of the above aspects within the context of the ICNIRP guidelines, in two 

frequency intervals: >r  (ranging from 1 GHz to 6 GHz) and >̈  (ranging from 24 GHz to 52 GHz) 

which are either currently in use or being considered for use in 5G telecommunication standards. 

Based on this, it is discussed whether and how scale-back projection can be integrated as a 

microdosimetric investigation tool into the repertoire of conventional multiphysics simulations. 

Section 7.1 provides a comprehensive introduction to the implementation of the scale-back projection 

within the computational simulation environment, detailing the methods and measures used in the 

analysis. This is followed by Section 7.2, which provides a detailed examination of the key aspects 

outlined above. This includes a comparison of the statistical micro-SAR with the currently accepted 

SAR limits for local limb exposure as defined by ICNIRP. Finally, the main findings are summarized 

and discussed in Section 7.3.  

7.1   Methodology 

The methodology section of this chapter is structured into three parts. The first part provides a 

detailed explanation of the implementation of the scale-back projection, emphasizing the connection 

between the macroscopic and microscopic scales. In the second part, a thorough outline of the 

microdosimetric assessment conducted using the scale-back projection is presented, introducing the 

relevant measures involved. Lastly, an analytical approach is introduced to investigate the 

methodological consistency of the scale-back projection and propose measures to evaluate the 

quality of the linkage between the two hierarchical scales. 

7.1.1  Implementation of the scale-back projection 

The methodology of the scale-back projection is illustrated in Fig. 7.1, and can be described as a 

two-fold procedure linking the representation of epidermal tissues at two hierarchical levels: (1) on 

a macroscopic scale, and (2) on a microscopic scale. On a macroscopic scale, the spatial distribution 

of EM fields across the individual sublayers of the skin is determined using the macroscopic 

exposure setup introduced in Section 6 as illustrated in Fig. 7.1(a). Efficient numerical calculation is 

facilitated by the homogenized tissue representation of these layers using the hybrid skin model. 

The input power, zÖÜá,�å/ÉÑ(ω), corresponds to the incident power density, !ÖÜâ(ω), defined in the 

reference levels (see Tab. 1.2). The EM wave is propagating along the z-direction, perpendicular to  
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Fig. 7.1: Conceptual overview of the scale-back projection: (a) Macroscopic exposure setup to determine EM 
fields induced in the hybrid skin model as introduced in Section 6. This setup allows the determination of the 
levels of exposure in each cell layer of the epidermis (≠0 and Q∞). Considering only a single microvolume within 
each individual cell layer that corresponds to the specific size of the computational domain of its underlying 
parametric cell model, it is possible to determine the power induced in any of these microvolumes, 
z5]7,ãå/çÑ(u), as illustrated in (b). The induced power is then used to derive a voltage, {5]7,ãå/çÑ(u), which 
leads to an equivalent level of exposure on the microscopic scale (as outlined in Eq. 7.3). The corresponding 
potential difference, ?5]7,ãå/çÑ(u), is then applied across the microscopic exposure setup shown in (c). 

the skin surface, and polarized in the x-direction. By subdividing the epidermis into separate 

computational subdomains, it is possible to determine the induced volumetric loss densities, 4(%⃗,u), 
within microvolumes corresponding to the specific size and location of individual epidermal cells (i.e., 

≠0 and Q∞), as described in Chap. 5. The integration of 4(%⃗, u) over these microvolumes yields the 

power induced in a single cell, denoted as zÖÜá,�å/ÉÑ(ω), as illustrated in Fig. 7.1(b). 

At the microscopic scale, the epidermal cells are represented using the parametric cell models 

introduced in Section 5. These models are then incorporated into the virtual capacitor setup, outlined 

in Appendix A for quasi-static EM analysis of eukaryotic cells. This setup is referred to as the 

microscopic exposure setup in the following. The linkage between the macroscopic and microscopic 

exposure setups is achieved by converting zÖÜá,�å/ÉÑ(ω) into a voltage, {ÖÜá,�å/ÉÑ(ω), representing 

an equivalent level of expousure on the microscopic scale. The voltage {ÖÜá,�å/ÉÑ(ω) is derived using 

the equivalent circuit representation of the virtual capacitor experiment, originally used to determine 

macroscopic material properties of individual epidermal cell layers (see Appendix B, Fig. B.1) and is 

calculated as follows: 

 zÖÜá,�åÉÑ(u) = @0�å/ÉÑ(u) ⋅ {ÖÜá,�å/ÉÑ(u) (7.1) 

where @0�å/ÉÑ(u) represents the effective macroscopic conductance of the parametric cell models 

corresponding to the individual epidermal cell layers. By replacing @0�å/ÉÑ(u) in Eq. 9.1 with the 

expression 
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 @0�å/ÉÑ(u) =
)AŒå§Ñ(Á)⋅^BC,Œå/§Ñ

ΩD,Œå/§Ñ
 (7.2) 

the voltage UÖÜá,�å/ÉÑ(ω) can be determined as follows: 

 {ÖÜá,�å/ÉÑ(u) = F
;+,G,Œå/§Ñ(Á)⋅Ω£§,D,Œå/§Ñ

)AŒå/§Ñ(Á)⋅^BC,Œå/§Ñ
 (7.3) 

where "˙H,�å/ÉÑ = îÆÉ,ó,�å/ÉÑ ⋅ îÆÉ,ò,�å/ÉÑ denotes the cross-sectional area of the microvolume in the 

YZ plane and 1'�å/ÉÑ(u) = uxpxK,�å/ÉÑ
!! (u)  denotes the conductivity of any given homogenized 

epidermal cell layer. {ÖÜá,�å/ÉÑ(u) is now applicable to a microscopic exposure setup by applying 

the corresponding potential difference, ?ÖÜá,�å/ÉÑ(u), to the Dirichlet boundary conditions considered 

in the quasi-static unit cell approach presented in Appendix A. The application of {ÖÜá,�å/ÉÑ(u) in the 

x-direction is consistent with the polarization of the EM wave exposure at the macroscopic scale, as 

shown in Fig. 7.1(c).  

7.1.2  Microdosimetric assessment 

The scale-back projection allows microdosimetric SAR assessments at both microscopic and 

macroscopic scales. At the macroscopic scale, it considers the homogeneous material 

representation of individual epidermal cell layers, while at the microscopic scale, it considers the fully 

resolved cell structure of individual epidermal cell models. SAR values at both scales can be 

determined using either the ICNIRP calculation rule (see Eq. 4.2), which relates the induced power 

within a microvolume to the mass contained in that volume, or by statistical analysis of field changes. 

At the macroscopic scale, the specific absorption rate, denoted as !"#àH,�å/ÉÑ, is calculated using 

the conventional definition (see Section 1): 

 !"#àH,�å/ÉÑ = 	
∭ 0(*⃗,Á)á¢I£§

∭ /Œå/§Ñá¢I£§

=
;+,G ,Œå/§Ñ(Á)

<Œå/§Ñ

 (7.4) 

where 4(%⃗, u)  and 3�å/ÉÑ  represent the volumetric loss densities induced in the individual 

microvolumes across the epidermal cell layers (see Fig. 7.1) and the volumetric mass densities of 

the homogeneous cell layers (see Fig. 5.11) respectively. The independent layer-wise values, 

zÖÜá,�å/ÉÑ(u) and ª�å/ÉÑ , denote the corresponding induced losses and masses determined via 

integration over each microvolume, ∂ÆÉ,�å/ÉÑ, for each cell layer. In contrast to this conventional 

assessment of the SAR, it is possible to perform a statistical analysis over these microvolumes that 

allows the quantification of field variations within the microvolume due to the attenuation of the 

penetrating wave. The results of this analysis are represented by the arithmetic mean value, denoted 

as |4JZ,àH,�å/ÉÑ, which is calculated as: 

 |4JZ,àH,�å/ÉÑ =
r

¢£§,Œå/§Ñ
∭

0(*⃗,Á)

/Œå/§Ñ
d

¢£§
∂, (7.5) 

and the standard variation, denoted as Ú4JZ,àH,�å/ÉÑ, calculated by 

 Ú4JZ,àH,�å/ÉÑ = F
r

¢£§,Œå/§Ñ
∭ L0(*⃗,Á)

/Œå/§Ñ
− |4JZ,àH,�å/ÉÑM d¢£§

∂ (7.6) 

In this equation, the symbol Ú has been chosen to represent the standard deviation instead of the 

commonly used 1 to avoid potential ambiguities with conductivity. Note that |4JZ,àH,�å/ÉÑ = !"#àH,�å/ÉÑ. 
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At the microscopic scale, at which the individual epidermal cell layers are represented using their 

corresponding parametric cell models, it is also possible to determine a SAR that is calculated using 

the conventional definition: 

 !"#àÖ,�å/ÉÑ =
∭ 0(*⃗,Á)á¢I£§

∭ /Œå/§Ñ(*⃗)á¢I£§

=
;+,G,Œå/§Ñ(Á)

<Œå/§Ñ

 (7.7) 

Here, it is important to note that even though 4(%⃗, u) and 3�å/ÉÑ(%⃗) differ significantly from their 

corresponding values on the macroscopic scale, zÖÜá,�å/ÉÑ(u) and ª�å/ÉÑ  remain equal to their 

corresponding values, resulting in the fact that !"#àÖ,�å/ÉÑ = !"#àH,�å/ÉÑ . Consequently, the 

conventional representation of SAR at the microscopic scale does not offer any additional insights. 

However, it is now possible to use the results of a similar statistical analysis to define a new measure 

which demonstrates differences between the two scales, and thus the influences of cell morphology 

(size, shape, internal organization) and histochemical composition on field variations within the 

microstructure. This measure quantifies both the absorption and its location within the cell, leading 

to the redefinition of !"#àÖ,�å/ÉÑ (from Eq. 9.7) as a statistical micro-SAR: 

 !"#àÖ,�å/ÉÑ = |4JZ,àÖ,�å/ÉÑ ± Ú4JZ,àÖ,�å/ÉÑ (7.8) 

where the determination of the microscopic arithmetic mean value, |4JZ,àÖ,�å/ÉÑ, can be determined 

by 

 |4JZ,àÖ,�å/ÉÑ = ∭
0(*⃗,Á)

/Œå/§Ñ(*⃗)
d∂

¢£§
 (7.9) 

Due to the implementation of membranes as boundary conditions in the parametric models of 

individual epidermal cells, as defined in Eq. A.3 and A.8 in Appendix A, the volumetric loss density, 

4(%⃗, u), is not defined within these cell structures and is thus not directly accessible for volume 

integration in the COMSOL software environment. To overcome this limitation, Eq. 7.9 needs to be 

rearranged to account for the individual cell structures: 

 |4JZ,àÖ,�å/ÉÑ =
r

¢£§,Œå/§Ñ
∑ ∭

0(*⃗,Á)

/Œå/§Ñ(*⃗)
d∂

¢£§5  (7.10) 

 |4JZ,àÖ,�åÉÑ =
r

¢£§,Œå/§Ñ
∑

r

/:
∭ 4(%⃗,u)ô∂

¢NO5  (7.11) 

 |4JZ,àÖ,�å/ÉÑ =
r

¢£§,Œå/§Ñ
∑

;:

/:	
5  (7.12) 

In the above equations, the index = represents the different cell structures, namely the extracellular 

medium (EC), the cytoplasm (CP), the nucleoplasm (NP), and the membranes (M). The variables z5 
and 35  correspond to the power induced and the volumetric mass density assigned to each 

respective cell structure. By employing the concept of spatial segmentation as described in [A6], it 

becomes possible to determine the power contributions züÉ , zÉ— , and zö—  through volume 

integration within the epidermal cell models. The associated membrane power contribution, denoted 

by zû, can also be obtained by subtracting the sum of züÉ, zÉ—, and zö— from zI∆I, where zI∆I is the 

total induced power determined between the terminals (i.e. the electrodes) of the computational 

domain. In addition, the determination of zI∆I in the microscopic exposure setup serves as a means 

to assess the consistency between the macroscopic and microscopic scales. This is evaluated by 

comparing the induced power zÉJïï  (macroscopic) and zI∆I  (microscopic), where the required 

condition zÉJïï = zI∆I is checked and found to be satisfied. 
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Fig. 7.2: Profile of the volumetric mass density across membranes represented by an uncharged 
dipalmitoylphosphatidylcholine (DPPC) phospholipid bilayer, 3/;;ç(%⃗), adopted from [35], plotted against the 
relative thickness with respect to that of the membranes, which typically measures 6 μm to 10 μm. The average 
value, 〈3/;;ç(%⃗)〉, serves as 3ì in Eq. 7.12 and represents the volumetric mass density of the membranes in 
the epidermal cell models. 

To solve Eq. 7.12, it is necessary to specify the volumetric mass density of the membranes, ρì. This 

is done by considering the volumetric mass density profile 3˘——É(%⃗)  across an uncharged 

dipalmitoylphosphatidylcholine (DPPC) phospholipid bilayer, as shown in Fig. 7.2. This density 

profile, which has been adopted from [35], provides an estimate of the average density of DPPC 

molecules in the bilayer, denoted as 〈3˘——É(r⃗)〉. Thus, 〈3˘——É(r⃗)〉 is used to approximate 3û. After 

obtaining |4JZ,àÖ,�å/ÉÑ by solving Eq. 7.12, it becomes possible to determine the variability of the 

SAR values across the computational domain using the following equation for the standard deviation: 

 Ú4JZ,àH,�å/ÉÑ = F r

¢£§,Œå/§Ñ
∭ ’

0(*⃗,Á)

/(*⃗)
− |4JZ,àÖ,�å/ÉÑ÷

¨

¢£§
d∂ (7.13) 

However, it should be noted that due to the decision to implement membranes as boundary 

conditions, the integral in this equation does not consider field values within the membranes 

themselves. While this limitation does not render the analysis invalid, it needs to be considered in 

the results section, as only an incomplete picture of the field and loss distribution is provided for the 

macroscopic exposure setup. 

In order to provide a comprehensive statistical assessment of the distribution of !"#àÖ(%⃗, u), it is 

important to determine the minimum and maximum values occurring within the epidermal cell 

models. This can be achieved using the following equations: 

 !"#àÖÜ,àÖ,�å/ÉÑ = min ’0(*⃗,Á)
/(*⃗)

÷ (7.14) 

 !"#àHñ,àÖ,�å/ÉÑ = max ’0(*⃗,Á)
/(*⃗)

÷ (7.15) 

By calculating these minimum and maximum values, a more comprehensive understanding of the 

range of SAR values within the cell models can be obtained. This evaluation is performed in two 

frequency intervals: >r ∈ [1	GHz,6	GHz] and >r ∈ [24	GHz, 52	GHz]. 
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7.1.3  Methodological consistency of the scale-back projection 

In addition to the statistical analysis outlined above, the methodological consistency between the 

macroscopic and microscopic scales in the scale-back projection must be evaluated. The macroscopic 

exposure setup determines the distribution of EM fields within the skin using full-wave simulation. This 

even takes into account field variations within the investigated microvolumes themselves, which occur 

due to the damping of the penetrating wave within the tissues (see Fig. 7.1(b)). In contrast, the 

microscopic exposure setup uses a quasi-static capacitor approach, where the outer boundaries of the 

computational domain are assigned two numerical features: (1) periodic boundary conditions 

implemented to avoid fringing fields, and (2) Dirichlet boundary conditions used for the application of 

the voltage {ÖÜá,�å/ÉÑ . The Dirichlet boundary conditions enforce a constant potential, ?ÖÜá,�å/ÉÑ , 

resulting from the application of this voltage in the x-direction. This constant potential, however, is not 

consistent with the decay of EM waves penetrating the corresponding microvolume in the macroscopic 

exposure setup, leading to an inherent discrepancy between the macroscopic and microscopic scales 

in the scale-back projection. Nevertheless, considering both of these scales, this inherent 

methodological discrepancy becomes negligible when the variability of the EM field values observed 

in the microdosimetric exposure setup becomes significant in comparison to that in the microvolumes 

at the macroscopic scale. To quantify this, the agreement between the exposure setups at the two 

scales can be evaluated by considering the coefficient of variation, defined as: 

 Q∂4JZ,àH/àÖ,�å/ÉÑ = 	
Í6[*,\]/\+,Œå/§Ñ

^6[*,\]/\+,Œå/§Ñ
 (7.16) 

Here, «ma» and «mi» in the indices refers to statistical measures of microvolumes on the macroscopic 

and microscopic scales respectively. A low coefficient of variation in the macroscopic setup and a 

high coefficient of variation in the microscopic setup indicate suitable methodological consistency 

between the two scales. To assess the coupling quality, the ratio of Q∂4JZ,àÖ,�å/ÉÑ to Q∂4JZ,àH,�å/ÉÑ 

is utilized, represented as: 

 _4JZ,�å/ÉÑ = 	
ç¢6[*,\+,Œå/§Ñ

ç¢6[*,\],Œå/§Ñ
 (7.17) 

This ratio allows the assessment of the quality of coupling between the macroscopic and microscopic 

scales with a high value for _4JZ,�å/ÉÑ indicating strong coupling.  

7.2   Results 

The results derived from the application of the scale-back projection are presented in the following 

sections. First, the EM exposure in the epidermis is investigated by means of the statistical micro-SAR, 

which is used to quantify the variability of SAR values observed within the cellular microstructure of 

epidermal cells. In addition, the distribution of these values across the cell models is evaluated using 

histograms and field plots. Following this analysis, a comparison is made between the statistical micro-
SAR and the conventional representation of the SAR on a macroscopic scale. The methodological 

consistency between the microscopic and macroscopic scales is then evaluated. Finally, the study 

examines how well the statistical micro-SAR conforms to current safety guidelines, particularly those 

defined in the basic restrictions for limiting local exposure in the extremities.  

7.2.1  Microdosimetric assessment of the epidermis using scale-back projection 

The microdosimetric analysis of !"#(%⃗, u) using the statistical measures defined in Eqs. 7.14 to 7.15 

is shown in Fig. 7.3 for basal keratinocytes (i.e. parametric cell model ≠r) as an illustrative example
1
 

because these cells are particularly important for skin resurfacing. The figure presents diagrams 

																																																													
1 Appendix D complements the presented findings by including detailed statistical analysis of all epidermal cell 

models, ≠0to Q∞, in Figs. D.1 to D.24. 
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corresponding to frequency interval >r  in Figs. 7.3(a), (c), and (e), and frequency interval >̈  in 

Figs. 7.3(b), (d), and (f). In Figs. 7.3(a) and (b), the !"#àÖ,�Ä(u) is plotted on a semi-logarithmic 

scale for frequency intervals >r and >̈  respectively. The statistical mean, |4JZ,àÖ,�Ä, is represented 

by a solid black line. The dark-gray-shaded area surrounding |4JZ,àÖ,�Ä corresponds to a range of 

values within one standard deviation of the mean, |4JZ,àÖ,�Ä ± Ú4JZ,àÖ,�Ä . The upper and lower 

bounds of this range are indicated by dashed-dotted lines positioned above and below the mean. To 

complete this statistical analysis, the light-gray-shaded area surrounding |4JZ,àÖ,�Ä ± Ú4JZ,àÖ,�Ä  

illustrates the entire range of values monitored within the computational domain of the microscopic 

exposure setup. This range is bounded at the top by the maximum value, !"#àHñ,àÖ,�Ä, and at the 

bottom by the minimum value, !"#àÖÜ,àÖ,�Ä. The SAR values shown here cover a large range, with 

the central frequencies of intervals >r and >̈  (3.5 GHz and 38 GHz respectively) being used as an 

illustrative example in Tab. 7.1. 

Tab. 7.1: Illustrative overview of the variation of SAR values in basal keratinocytes for the central frequencies 
within intervals >r and >̈  at 3.5 GHz and 38 GHz. 

 

However, before moving on to a comprehensive analysis of the variability of SAR values across all 

of the cell models using Q∂4JZ,àÖ,�å/ÉÑ, which will be presented at the end of this subsection, it is 

important to first analyze the frequency of occurrence of SAR values across basal keratinocytes. 

This is illustrated using histograms in Figs. 7.3(c) and (d) for the two aforementioned sample 

frequencies. The histograms visually represent the distribution of !"#(%⃗, u) relative to the volume of 

the computational domain. Both histograms show that the majority of SAR values across this domain 

exhibit a unimodal distribution which is slightly skewed to the right. However, this general trend is 

disrupted by a significant accumulation of low values, which account for approximately 30 % of the 

cell volume forming a second peak in the data. This accumulation can be attributed to the nucleus, 

which occupies roughly 30 % of the cell volume, as shown in Fig. 5.3. This reasoning is supported 

by the field plots in Fig. 7.3(e) and (f), which show the SAR distribution in the XZ and YZ planes of 

the computational model of the basal keratinocytes for 3.5 GHz and 38 GHz respectively. These field 

plots illustrate low field values within the nucleus. This observation aligns with previous findings 

discussed in [A6], which describe the electrical shielding provided by the nuclear envelope to the 

nucleoplasm. In summary, the significant accumulation of low values in the distribution of the specific 

absorption rate can be attributed to the SAR values within the nucleus, while the unimodal 

distribution of values corresponds to the SAR occurring in the cytoplasm and extracellular space. 

Upon closer analysis of the histograms shown in Figs. 7.3(c) and (d), it becomes evident that the 

calculated mean value, |4JZ,àÖ,�Ä, does not accurately represent the central tendency of the distribution 

resulting from the microscopic exposure setup at 3.5 GHz. This discrepancy can be attributed to the 

implementation of membranes as boundary conditions, as explained in the methodology section of 

this chapter. The histograms are determined using mathematical operations based on volume 

integration within the COMSOL Multiphysics software environment and values corresponding to the 

membranes, modeled as boundary conditions, are thus not captured. The large discrepancy 

between the expected mean value from the distribution of SAR values shown in the histogram and 

|4JZ,àÖ,�Ä suggests a significant contribution to the SAR within the membranes. To investigate this 

missing contribution, the power levels induced in the membranes, cytoplasm, nucleoplasm and 

extracellular medium are shown in Fig. 7.4 represented by zû, zÉ— , zö—  and züÉ  respectively. In 

addition, the power levels for the cell as a whole are given by zI∆I. This is performed separately for 

each of the frequency intervals, >r and >̈ , as shown in Figs. 7.4(a) and (b) respectively. Comparing 

Fig. 7.4(a) with Fig. 7.4(b), it can be seen that the membranes contribute significantly to absorption  
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Fig. 7.3: Microdosimetric analysis of !"#(%⃗, u) in basal keratinocytes. (a) Semi-logarithmic plot of !"#<5,ãÄ(u) 
for frequency interval >r, illustrating the statistical measures. The solid black line represents the statistical mean 
(|[^` ,<5,ãÄ), while the dark-gray-shaded area corresponds to values within one standard deviation of the mean, 
denoted as |[^` ,<5,ãÄ ± Ú[^` ,<5,ãÄ. The dashed-dotted lines above and below the mean indicate the upper and 
lower bounds of this range. The light-gray-shaded area represents the entire range of values observed within the 
computational domain, bounded by the maximum value (!"#<7a,<5,ãÄ ) at the top and the minimum value 
(!"#<5],<5,ãÄ) at the bottom. (b) Similar plot as in (a), but for the frequency interval >̈ . (c) & (d) Histograms 
representing the distribution of !"#(%⃗,u)  values at 3.5 GHz and 38 GHz. Note the discrepancy between 
|[^`,<5,ãÄ  and the central tendency of the histogram shown in (c), which is due to the implementation of 
membranes as boundary conditions, as explained in the methodology section of this chapter. (e) & (f) Field plots 
of !"#(%⃗,u) in basal keratinocytes illustrating the XZ and YZ planes for 3.5 GHz and 38 GHz, respectively. 

in frequency interval >r, while their contribution in frequency interval F¨ is almost negligible. This 

observation is even more evident when considering the relative induced power, z5 zI∆I⁄ , shown in 

Figs. 7.4(c) and (d). There, it can be seen that the membrane losses account for approximately 30-

60 % of the total cell losses in >r, while accounting for less than 10 % in >̈ . As this comprehensive  
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Fig. 7.4: Power levels induced within each structure of the cell, represented by zTºT , zì, zç;, zí;  and z,ç, depicted 
by black, red, purple, green, and blue lines, respectively. The analysis is performed separately for frequency 
intervals >r and >̈ , as shown in (a) and (b). (c) and (d) show the relative cell losses expressed as z5 zTºT⁄ . 

analysis demonstrates the variability of SAR values in basal keratinocytes, and acknowledges the 

computational constraints imposed by the built-in operations of the COMSOL Multiphysics software 

environment for capturing their distribution, the focus now shifts to quantifying the variability of SAR 

values across all epidermal cell models with these issues in mind. This analysis is illustrated in 

Fig. 7.5 for the viable epidermis and in Fig. 7.6 for the SC. 

In Fig. 7.5, |4JZ,àÖ,�å and Ú4JZ,àÖ,�å are shown in (a) and (b), while (c) shows Q∂4JZ,àÖ,�å to quantify 

the variability of SAR values over interval >r. Similarly, Figs. 9.5(d)-(f) illustrate these values for interval 

>̈ . The plots illustrate the range of values across all cell models, ≠r through ≠rp, represented by gray-

shaded areas bounded by dashed black lines, while solid black lines represent their averages. To 

maintain a connection with the detailed analysis of basal keratinocytes performed above, the values 

for ≠r are additionally represented by magenta lines. In Figs. 7.5(c) and (f), it can be observed that the 

coefficient of variation ranges between 0.3 and 0.71 in both intervals. This wide range underlines the 

significant influence of cell morphology on the variability of SAR values within each cell model, and 

emphasizes the necessity to study each cell layer individually. However, by determining the arithmetic 

mean of Q∂4JZ,àÖ,�å, an average value for the variability within the viable epidermis can be given as a 

rough estimate, ranging from 0.53 to 0.62 in Fr and from 0.52 to 0.59 in >̈ . To quantify the variability 

of SAR values across the cell models of the SC, |4JZ,àÖ,ÉÑ, Ú4JZ,àÖ,ÉÑ and Q∂4JZ,àÖ,ÉÑ are shown in 

Figs. 7.6(a)-(c) in interval Fr and in (d)-(f) in interval F¨. The plots illustrate the range of values across 

all cell models, Qr through Qrµ, in a manner corresponding to Fig. 7.5. In Figs. 7.6(c) and (f), a distinct 

observation arises: The coefficient of variation in the SC is almost frequency independent, displaying 

a much narrower range of values, spanning from 0.27 to 0.37, in both intervals. As a result, an almost 

constant average value of 0.33 emerges. The negligible frequency dependence and the much 

narrower range of values can be attributed to the much lower water content in the histochemical 

composition of the corneocytes and their much simpler geometric arrangement, lacking any 

intracellular compartmentalization and organelle membranes. 
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Fig. 7.5: Viable Epidermis – Analysis of the variability of SAR values in the cell models of the viable epidermis 
(≠r  through ≠rp ): Plots of the statistical parameters |[^` ,<5,ãå  and Ú[^`,<5,ãå  are shown in (a) and (b), 
respectively, while (c) illustrates Q∂[^` ,<5,ãå for quantification of SAR values within the frequency interval >r. 
Correspondingly, Figs. 7.5(d)-(f) present these values for interval >̈ . The plots visualize the range of values 
across all cell models by gray-shaded areas bordered by dashed black lines, with solid black lines representing 
their averages. Following the previous analysis of basal keratinocytes, the values for ≠r are additionally shown 
by magenta lines. 
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Fig 7.6: Stratum Corneum – Analysis of the variability of SAR values in the cell models of the SC (Qr through 
Qrµ): Plots of the statistical parameters |[^`,<5,çÑ and Ú[^` ,<5,çÑ are shown in (a) and (b), respectively, while 
(c) illustrates Q∂[^` ,<5,çÑ for quantification of SAR values within the frequency interval >r. Correspondingly, 
Figs. 7.6(d)-(f) present these values for interval >̈ . The plots visualize the range of values across all cell 
models by gray-shaded areas bordered by dashed black lines, with solid black lines representing their 
averages.  
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7.2.2  Comparison of the statistical micro-SAR and the conventional representation of the 
  SAR at the macroscopic scale 

After investigating the field variability of the SAR in the microstructure of a basal keratinocyte, it is 

now necessary to compare |4JZ,àÖ,�å/ÉÑ  with !"#àH,�å/ÉÑ , conventionally determined by the 

homogeneous bulk representation of individual cell layers. This evaluation focuses on epidermal 

cells within the viable epidermis and the SC in Figs. 7.7 and 7.8, respectively. In Fig. 7.7, !"#àH,�å 

and |4JZ,àÖ,�å are shown in (a) and (b), while (c) shows the relative deviation between these values, 

denoted as Δ!"#�å , for frequency range >r. Similarly, Figs. 7.7(d)-(f) illustrate these values for the 

frequency range >̈ . The curves in each plot correspond to specific epidermal cell models, 

represented by solid, dashed, dotted, and dashed-dotted lines, and colored in magenta (≠r through 

≠µ), green (≠≥ through ≠¥), and blue (≠◊ and ≠rp) as indicated in the legend. Comparing !"#àH,�å 

and |4JZ,àÖ,�å in Figs. 7.7(a) and (b), it can be seen that the curves for all cell models show the same 

basic trend with a maximum between 3 GHz and 4 GHz. However, the magnitude of this maximum 

is much smaller for !"#àH,�å than for |4JZ,àÖ,�å.  

This can be explained by the loss distribution within the epidermal cell models. As shown in the 

sectional images of the cell model of basal keratinocytes in Fig. 7.3(e) and indicated by the 

histogram in Fig. 7.3(d), the nucleus is largely shielded from EM radiation by the organelle 

membranes in the surrounding cytoplasm. In addition, the distribution of the power input within the 

cell shown in Fig. 7.4 demonstrates that the total power of the cell forms a maximum at about 

3.2 GHz, which is mainly split into equal parts of 45 % in the cytoplasm and the membranes. This 

underlines the usefulness of the piecewise determination of the SAR contributions of the individual 

cell structures in Eq. 7.12 for the calculation of |4JZ,àÖ,�å as a means to quantify cell losses and 

their location within individual cells. Regarding Δ!"#�å  in Fig. 7.7(c), it can be seen that the SAR 

estimated from the graph, !"#àH,�å , is up to 45 % lower than the microscopically measured 

|4JZ,àÖ,�å. These statements can also be applied to frequency range >̈  shown in Figs. 7.7(d)-(f). 

Both !"#àH,�å  and |4JZ,àÖ,�å  show the same monotonous slope in the plotted graphs, which 

essentially reflects the lower attenuation of the penetrating wave. The deviation of the two values, 

Δ!"#�å , is much smaller here than in >r due to the smaller loss contribution of the membranes. 

However, it is still significant with a value of up to 13 %.  

Moving on to the analysis of the individual cell layers of the SC, !"#àH,ÉÑ, |4JZ,àÖ,ÉÑ and Δ!"#ÉÑ 

are illustrated in Figs. 7.8(a)-(c) for frequency interval >r and in (d)-(f) for frequency interval >̈ . 

The curves in each plot correspond to specific corneocyte models, represented by solid, dashed, 

dotted, and dashed-dotted lines, and colored in magenta (Qr through Qµ), green (Q≥ through Q¥), 

blue (Q◊ through Qr¨) and gray (QrP and Qrµ) as indicated in the legend. It can be seen that !"#àH,ÉÑ 

and |4JZ,àÖ,ÉÑ  are almost identical with deviations, Δ!"#ÉÑ , ranging between 1 % and 3 % 

depending on the cell layer. The small deviations within the SC compared to the significant 

deviations within the viable epidermis are due to differences in the modeling of keratinocytes and 

corneocytes, or more specifically, the inclusion of organelle membranes. At the transition between 

the stratum granulosum and the stratum corneum, keratinocytes are metabolically deactivated, 

and their organelles and the nucleus dismantled. The lamellar bodies, which contain keratin and 

lipids in addition to organelles, fuse with the plasma membrane and shed their contents into the 

cell body [36]. Thus, the corneocytes, as described in detail in Section 5, are regarded as protein 

sacs that no longer contain organelles, and thus organelle membranes no longer need to be 

modeled. This leads to lower differences between the SAR on a macroscopic and microscopic 

scale. 
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Fig. 7.7: Viable Epidermis - Comparison between the SAR derived from the conventional representation of the 
microvolumes at a macroscopic scale, denoted as !"#<7,ãå in (a) & (d), and the statistical micro-SAR, denoted 
as |[^`,<5,ãå  in (b) & (e), in the frequency interval >r in (a)-(c), and >̈  in (d)-(f): (a) & (d) show !"#<7,ãå while 
(b) & (e) show |[^` ,<5,ãå for each frequency range; (c) & (f) depict the relative deviation between these values, 
denoted as v!"#ãå. The plots corresponding to each of the investigated epidermal cell models are represented 
by solid, dashed, dotted, and dash-dotted lines. They are colored in magenta (≠r through ≠µ), green (≠≥ 
through ≠¥), and blue (≠◊ and ≠rp) as indicated in the legend.  
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Fig. 7.8: Stratum corneum – Comparison between the SAR derived from the conventional representation of 
the microvolumes at a macroscopic scale, denoted as !"#<7,çÑ in (a) & (d), and the statistical micro-SAR, 
denoted as |[^`,<5,çÑ in (b) & (e), in the frequency interval >r in (a)-(c), and >̈  in (d)-(f): (a) & (d) show !"#<7,çÑ 
while (b) & (e) show |[^`,<5,çÑ for each frequency range; (c) & (f) depict the relative deviation between these 
values, denoted as v!"#çÑ. The plots corresponding to each of the investigated cell layers are represented by 
solid, dashed, dotted and dashed-dotted lines. They are colored in magenta (Qr through Qµ), green (Q≥ through 
Q¥), blue (Q◊ through Qr¨) and gray (QrP and Qrµ) as indicated in the legend. 
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7.2.3  Methodological consistency between the microscopic and macroscopic scales 

The methodological consistency, evaluated by the coefficient _4JZ,�å/ÉÑ, is examined in this subsection. 

The consistency analysis is presented for the cell models of the viable epidermis in Fig. 7.9(a) and 

(b) for the frequency ranges >r  and F¨  respectively. Similarly, Figs. 7.9(c) and (d) display the 

consistency analysis for the cell layers of the SC covering the same frequency ranges. The plots 

depict the lowermost and uppermost cell models of the viable epidermis (≠r and ≠rp) and SC (Qr 

and Qrµ) as solid red and solid blue lines, respectively. The entire range of values is represented as 

a gray-shaded area bounded by dashed black lines. It can be seen that _4JZ,�å is greater than 200 

in Fr and greater than 20 in >̈  in the viable epidermis, which means that the field variation in the cell 

models on a microscopic scale is at least 20 to 200 times greater than the field variations caused by 

the attenuation of the penetrating wave across the microvolumes in each cell layer on a macroscopic 

scale. In the SC, _4JZ,ÉÑ is greater that 10 in >r and greater than 200 in >̈ . The methodological 

consistency of the scale-back projection is assured based on this factor, as the field variations within 

the microstructure of the cell are significantly larger than those within the microvolumes of the cell 

layers. This justifies the use of the scale-back projection for microdosimetric investigations. In 

addition to this observation, some noticeable features in the presented curves need to be clarified. 

Particularly noticeable in frequency range Fr, a maximum is evident throughout the range of values 

in _4JZ,�å, peaking at approximately 2.8 GHz. Additionally, there is a wide bandwidth of values in 

_4JZ,ÉÑ, which also reaches a maximum around 2.8 GHz in the upper range of values. 

 

Fig. 7.9: Consistency analysis of the methodological consistency, evaluated by the coefficient _[^`,ãå/çÑ, for cell 
models of the viable epidermis and SC in different frequency ranges. Figures (a) and (b) present the consistency 
analysis for the viable epidermis in frequency ranges >r and >̈  respectively, while Figures (c) and (d) display the 
analysis for the SC covering the same frequency ranges. The plots show the lowermost and uppermost cell 
models of the viable epidermis (≠r and ≠rp) and the SC (Qr and Qrµ) as solid red and solid blue lines, respectively, 
with the entire range of values represented as a gray-shaded area bounded by dashed black lines. 
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Fig. 7.10: Power reflection coefficient, #, of the macroscopic exposure setup in the frequency interval >r. 

From the definition of _4JZ,�å/ÉÑ  given in Eq. 7.17, it is inferred that the observed maximum and 

spread of data could be attributed to effects on either a microscopic scale (i.e., Q∂4JZ,àÖ,�å/ÉÑ) or a 

macroscopic scale (i.e., Q∂4JZ,àH,�å/ÉÑ ). A decomposition of Q∂4JZ,àÖ,�å/ÉÑ  and Q∂4JZ,àH,�å/ÉÑ  into 

their respective arithmetic means, |4JZ,àH/àÖ,�å/ÉÑ , and standard deviations, Ú4JZ,àH/àÖ,�å/ÉÑ , on 

both the macroscopic and microscopic scales (while not explicitly shown here due to its irrelevance 

to the current investigation) shows that neither the observed maximum nor the spread of the data 

are due to phenomena in the microscopic exposure model, but can instead be attributed to 

Ú4JZ,àH/àÖ,�å/ÉÑ. An explanation for this can be provided by considering the layered structure of the 

skin in which partial reflections and transmissions at the interfaces between these layers lead to 

superpositions that can yield two effects: (1) standing waves within the individual layers decreasing 

the variability of EM fields, and (2) dispersions in the reflectance and transmission of the overall skin 

structure. An indication of this hypothesis can be found in the spectral response of the power 

reflection coefficient of the macroscopic exposure setup, as shown in Fig. 7.10, which shows that a 

minimum in the total reflectance coincides with the maximum, as well as the spread of data, in _4JZ,�å 

and _4JZ,ÉÑ. This observation, alongside the impedance-matching properties of the epidermis mentioned 

in Section 6, could be further explored in a detailed analysis using the transfer matrix method. 

However, such an exploration is beyond the scope of the present investigations and is introduced 

here merely as an ancillary suggestion to consider the effects of multiple reflections within the skin 

as a layered medium. 

7.2.4  The statistical micro-SAR compared to the basic restrictions for the limitation of local 
  exposure in the limbs 

Moving away from the analysis of the methodological consistency of the scale-back projection, 

Figs. 7.11(a) and (b) provide an overview of |4JZ,àÖ,�å for all modeled keratinocytes of the viable 

epidermis for frequency intervals >r  and >̈  respectively. The diagrams use the same labeling 

scheme for the cell models as used in Fig. 7.7. The bars displayed in red and green highlight values 

above and below !"#rpc as currently defined in the basic restrictions. In Fig. 7.11(a), it is observed 

that |4JZ,àÖ,�å starts to exceed the threshold of 4 W/kg from about 2 GHz and remains above this 

value throughout the entire interval Fr. It can also be seen that |4JZ,àÖ,�å forms a maximum at about 

3.4 GHz across all cell models, varying between 5 W/kg and 9 W/kg depending on the cell model. 

However, in interval >̈ , |4JZ,àÖ,�å increases monotonically with increasing frequency, and all values 

significantly exceed the threshold provided by the basic restrictions as illustrated in Fig. 7.11(b). 
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Fig. 7.11: Viable Epidermis – Overview of |[^`,<5,ãå within individual keratinocytes of the viable epidermis: (a) & (b) 
Distribution of |[^`,<5,ãå  in the viable epidermis for intervals >r and >̈  respectively. The plots corresponding to 
each of the investigated cell models are represented by solid, dashed, dotted and dashed-dotted lines. They 
are colored in magenta (≠r through ≠µ), green (≠≥ through ≠¥), and blue (≠◊ and ≠rp) as indicated in the legend. 

Similarly, Fig. 7.12 presents an overview of the mean exposure levels induced in the corneocytes, 

C∞, for the same frequency intervals. The distribution of |4JZ,àÖ,ÉÑ in the stratum corneum (SC) is 

shown in Figs. 7.12(a) and (b). Again, the same labeling scheme is used for the cell models as found 

in Fig. 7.8. Comparing Fig. 7.12 with Fig. 7.11, it can be observed that |4JZ,àÖ,ÉÑ follows a similar 

general trend, with maxima developed at 3.4 GHz in interval Fr and a monotonic increase in interval 

>̈ . However, the average SAR values in the corneocytes are significantly lower, resulting in 

maximum values below 3 W/kg in interval Fr and maximum values below 45 W/kg in interval >̈ . In 

Fig. 7.12(b), it is evident that the threshold of 4 W/kg is significantly exceeded in all of the cell models.  

 

Fig. 7.12: Stratum corneum – Overview of |[^`,<5,çÑ within individual corneocyte models of the SC: (a) & (b) 
Distribution of |[^` ,<5,çÑ in the SC for intervals >r and >̈  respectively. The plots corresponding to each of the 
investigated cell layers are represented by solid, dashed, dotted and dashed-dotted lines. They are colored in 
magenta (Qr through Qµ), green (Q≥ through Q¥), blue (Q◊ through Qr¨) and gray (QrP through Qrµ) as indicated 
in the legend.  

7.3   Interpretation and final remarks 

n The application of scale-back projection to the bottom-up model of the epidermis has introduced 

a top-down multiscale approach, enabling a thorough investigation of the complex relationship 

between morphology, histochemical composition, and absorption behavior within epidermal cells. 

Conducted at two interrelated hierarchical scales, namely, the macroscopic and microscopic scales, 

this investigation examined the level of EM exposure using the SAR within microvolumes that 

represent the smallest living units within the tissue (i.e., a cell) in each individual cell layer. At the 

macroscopic scale, these microvolumes constitute a homogeneous medium, representing individual 
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epidermal cells through their effective material properties. This homogenization approach focuses 

on the broader aspects of cell behavior in relation to the overall skin structure. The SAR at this scale 

can be expressed in terms of !"#àH,�å/ÉÑ(u), following the conventional method of integrating the 

power density over the microvolume of interest and dividing by the integral of the volumetric mass 

density over the same volume (see Eq. 9.4). At the microscopic scale, the microvolumes encompass 

fully resolved cell models, wherein the morphology and histochemical composition of the cells are 

considered in great detail. This representation facilitates a comprehensive understanding of the 

influence of cellular structures on EM field absorption. For this, however, the SAR must be expressed 

in statistical terms, defining !"#àÖ,�å/ÉÑ(u) = |4JZ,àÖ,�å/ÉÑ(u) ± Ú4JZ,àÖ,�å/ÉÑ(u), referred to as the 

micro-SAR. It is called this because its arithmetic mean, |4JZ,àÖ,�å/ÉÑ(u), averages the SAR over 

the individual cell structures under consideration (see Eq. 9.12), allowing realistic consideration of 

EM absorption and its spatial distribution on the microscopic scale in a single representative scalar 

expression.  

n By using the micro-SAR to assess the variability of !"#(%⃗,u)  in epidermal cells, Sec. 7.2.1 

illustrated how the morphology and histochemical composition of these cells significantly shape the 

field distribution within the microstructure of the tissue. Using basal keratinocytes as an illustrative 

example, the detailed analysis of the field distribution based on sectional images and histograms 

showed that the membranes make a surprisingly large contribution to the absorption, especially in 

frequency interval >r, with a value of up to 60 %, while the nucleus, which is largely field-free due to 

the surrounding organelle membranes, contributed little to the absorption with a value of less than 

10 %. This uneven distribution of loss contributions is all the more significant when one considers 

that the volumetric fraction of the computational domain comprising membranes is only 3 %, while 

that representing the nucleus is a much larger 30 %. In addition, these structures are assigned very 

different volumetric mass densities 3û = 629	kg/mP and 3ö— = 1049	kg/mP. These differences in 

loss contributions, volumetric proportions, and mass densities further highlight the intricate 

relationship between morphology, composition, and absorption behavior within the epidermal cells 

and amplify the importance of considering these aspects combined in |4JZ,àÖ,�å/ÉÑ(u). 

n In addition, the analysis of Q∂4JZ,àÖ,�å showed that the variability of SAR values within the viable 

epidermis ranged in average between 30 % and 71 % within one standard deviation, Ú4JZ,àÖ,�å, around 

the respective mean value, |4JZ,àÖ,�å , in both frequency intervals >r  and >̈ . The corresponding 

analysis of Q∂4JZ,àÖ,ÉÑ  demonstrated an almost frequency-independent average variability of SAR 

values of 33 %. The significant impact of neglecting the intricate structure of epidermal cells during 

SAR calculations was illustrated in Sec. 7.2.2, where it was shown to lead to a substantial 

underestimation of epidermal exposure. This was demonstrated by comparing !"#àH,�å/ÉÑ  with 

|4JZ,àÖ,�å/ÉÑ. The comparison revealed that the macroscopic measure !"#àH,�å/ÉÑ underestimates 

the exposure of skin tissue by up to 45 %. In Sec. 7.2.3, the methodological consistency of scale-back 

projection, as evaluated by the coefficient _4JZ,�å/ÉÑ, revealed that the microscopic field variations in 

cell models are much greater than the macroscopic field variations within cell layers, thereby justifying 

the application of scale-back projection in microdosimetric investigations. Sec. 7.2.4 demonstrated 

that |4JZ,àÖ,�å/ÉÑ significantly exceeds the !"#rpc threshold of 4 W/kg across both frequency ranges. 

However, a straightforward numerical comparison at this stage might lead to an oversimplified 

assumption that !"#rpc  significantly underestimates the EM exposure of the skin. A nuanced 

interpretation of this result calls for a reassessment of the initial purpose behind the establishment of 

!"#rpc as a metric in the context of conventional dosimetric multiphysics simulations. Moreover, it 

requires a conceptual comparison of this intent with that of the scale-back projection approach. 

n Conventionally, the SAR is defined in terms of a generic cubic volume equivalent to a specific 

mass of water, in contact with the skin surface, encompassing all constituent tissue types. Within 

this paradigm, the spatially averaged SAR is related to the maximum temperature increase within 

this defined volume, serving as a mass-based EM exposure metric, and prescribes local exposure 

limits across a broad frequency spectrum from 100 kHz to 6 GHz. At the lower end of this spectrum, 
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EM field attenuation within tissue can be considered negligible due to the extended wavelengths 

involved. At higher frequencies, however, the field attenuation becomes significant, resulting in a 

significant decrease in penetration depth with increasing frequency. This necessitates consideration 

of an optimal volume that provides a meaningful measure of EM exposure. 

n To reconcile the significant shift in field attenuation and penetration depth over the frequency 

range from 1 GHz to 6 GHz, Hirata et al. [37] examined the correlation between temperature 

distribution and mass-averaged SAR over a range of volumes. These volumes corresponded to 

water masses ranging from 0.1 g to 100 g. In the search for an optimal volume size, the challenge 

was to adequately capture a significant amount of data without including less significant trailing 

values, while at the same time avoiding smaller volumes that might capture only a fraction of the 

necessary data, thus providing an incomplete picture. To achieve this balance, they used the 

coefficient of determination, a statistical tool that assesses the quality of a best-fit line to data, which 

in this case was the predicted temperature increase derived from the multiphysics simulations. Their 

analyses identified a peak correlation at a 10 g water-equivalent volume, which represents a reliable 

relationship between the average SAR and the temperature distribution over the frequency range of 

1 GHz to 6 GHz, as described in [37]. It is important to note, however, that this 10 g volume, 

encapsulates what appears to be the entire 'relevant' depth of the temperature profile, thereby 

providing the best balance within the 1 GHz to 6 GHz frequency range. As illustrated by the example 

of EM exposure of the human head by a dipole antenna in [37, 38], !"#rpc proves to be an appropriate 

metric in scenarios where the temperature profile is dominated by spatially variable irradiation 

patterns (such as an antenna aperture) and complex organ-scale geometries with heterogeneous 

tissue compositions, including the highly temperature-sensitive cerebral matter. Despite its suitability 

within these constraints, !"#rpc serves as a statistical compromise, not an optimal solution, and may 

not provide the highest fidelity solution universally.  

n In contrast, scale-back projection examines EM exposure in distinct microvolumes, each of which 

represents the smallest living unit within the tissue, namely a cell. This approach allows a more 

precise quantification of EM absorption at individual depth levels, each corresponding to an 

individual cell layer. Thus, scale-back projection not only provides a high-resolution exposure profile 

across the skin, but also represents a potential tool for augmenting the methodological repertoire of 

conventional multiphysics simulations. When applying the absorption profile obtained by scale-back 

projection to subsequent thermal simulations, this approach allows for a much more accurate 

representation of the effects of EM irradiation on specific skin structures identified as thermally 

sensitive, in this case the proliferative pool of the epidermis. Thus, scale-back projection potentially 

provides more detailed access to thermal effects at the microstructural level and provides valuable 

insight into the complex interplay of EM exposure, absorption, and thermal response within the skin.  
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8  Conclusion and outlook 

8.1   Conclusion 

n In the context of this work, scale-back projection was introduced as an innovative top-down multiscale 

approach. This method allows the consideration of the complex interplay between morphology, 

histochemical composition and EM absorption at the cellular level, while taking into account the specific 

position of individual cells within the layered structure of the skin for accurate microdosimetric analyses. 

For its application, however, scale-back projection requires a comprehensive material description that 

must be tailored to the specific anatomical characteristics of the tissue under study.  

n Considering this requirement, a hierarchical bottom-up model of the epidermis was developed that 

offers a coherent description of the material properties both macroscopically and microscopically. 

Unlike earlier bottom-up models [A34, 29], the epithelial tissue of the epidermis was regarded as a 

symbiotic biological system shaped by the life cycle of its predominant cell type, the keratinocytes 

(or corneocytes). By subdividing the epidermis into 24 cell layers, the differentiation of basal 

keratinocytes towards the skin surface is represented through gradual changes across these layers. 

This took into account two primary aspects: (1) alterations in cell geometry and internal structure, 

and (2) changes in the histochemical composition of the cells. The microstructure of the epidermal 

cells was represented using parametric CAD models. These models were adapted to the 

physiological conditions specific to each individual cell layer using geometric parameters derived 

from the literature, as outlined in detail in Section 5. Thanks to the adapted cell models, the thicknesses 

of individual epidermal layers were determined on a macroscopic scale, ensuring anatomical accuracy. 

As these thicknesses sum to the total thickness of the epidermis, the histochemical composition could 

be conceptually represented using concentration profiles, treating the tissue as a composite of water, 

lipids, keratin, and a general protein component. These concentration profiles were then used to derive 

the histochemical composition for each cell layer and project it onto individual cell compartments of the 

corresponding parametric cell models, treating their biochemical composition at a «molecular scale». 

By employing mixing formulas in an incremental mixing procedure, the effective permittivities were 

determined and then set as material parameters for the compartments of the parameterized cell 

models. With the parametric cell models now fully realized, capturing detailed cytoanatomical features 

and ensuring accurate histochemical data when describing the permittivities of the cell compartments, 

it was possible to determine the effective material properties of each cell layer using numerical 

homogenization. With this innovative approach, the bottom-up model enables the reconstruction of the 

formation, maturation, and eventual death of epidermal cells, and seamlessly translates this life cycle 

into effective material properties, consistently describing the epidermis at both the macroscopic and 

microscopic scale in a single integrated model. 

n The integration of the bottom-up model of the epidermis into a complete skin model is achieved 

by the simplified assumption that the individual sublayers of the skin are modular, i.e. that their exact 

modifications with respect to thickness and the choice of the underlying material parameters can be 

considered independently. Based on this assumption, two skin models could be implemented, the 

topological properties of which correspond to those of the skin of the forearm. The first model was 

denoted as the reference model and was based on metrologically derived tissue models published 

by Sasaki et al. in [1, 2]. These studies formed the basis for exposure regulations as established by 

ICNIRP, thus allowing direct comparisons to be drawn between those guidelines and this study. In 

addition, having real measurements at the heart of its simulation models, Sasaki et al. provides the 

closest reference information available to a real case. The second model, referred to as the hybrid 

model, combined the bottom-up model of the epidermis with the metrologically derived tissue models 

of the other skin layers mentioned above. The material properties of the individual cell layers of the 

bottom-up model were validated by comparing them with the epidermal and dermal values found 

therein. 

n Embedding the two skin models in FEM-based simulations, a macroscopic exposure set was 

established to simulate skin irradiation at frequencies between 1 GHz and 300 GHz. By analyzing 

the transmittance of EM waves to the skin models and assessing the EM absorption across the 
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individual cell layers of the epidermis, the study revealed the following findings and associated 

conclusions: 

• The assessment of the skin models highlighted biases in the metrological representation of 

the epidermis in the reference model. These biases can be attributed to: (1) missectioning of 

the epidermis, potentially incorporating dermal components, and (2) the absence of epidermal 

measurements for frequencies greater than 100 GHz. 

• To address the aforementioned absence of data in the reference model, the extrapolation 

xK,ü˘(n > 100	GHz) = xK,ü˘(n = 100	GHz) was considered. As a result, deviations from the 

hybrid model were noted at frequencies above 100 GHz. Specifically: (1) The reference 

model underestimated the EM energy transmitted into the skin by as much as 24 %, and (2) 

overestimated the absorbed EM energy within the epidermis by up to 35 %. 

• Regardless of these biases, the analysis of the energy distribution across the epidermis for 

the entire frequency range revealed: (1) overestimation of absorption by the dead cells of the 

stratum corneum by up to 70 %, and (2) underestimation of absorption by the living cells of 

the viable epidermis by up to 60 %, depending on the cell layer examined (i.e., ≠r through ≠rp 

or Qr through Qrµ). This demonstrated the importance of accurately representing physiological 

changes across the epidermis in dosimetric investigations, even at a macroscopic scale. 

n After investigating the macrosopic effects of physiological changes across the epidermis, scale-

back projection was applied to the hybrid model. In a twofold procedure, power was first determined 

for cellular microvolumes on a macroscopic scale, with these microvolumes precisely corresponding 

to the size and specific location of individual epidermal cells. This data was then projected onto 

corresponding cell models on a microscopic scale, which capture the cellular structure and 

histochemical composition with high detail. Applying statistical analysis to the spatial SAR 

distribution in these parametric cell models, it was possible to define a statistical micro-SAR, 

!"#àÖ,�å/ÉÑ = |4JZ,àÖ,�å/ÉÑ ± Ú4JZ,àÖ,�å/ÉÑ. This enabled the precise determination of EM absorption 

using the statistical average, |4JZ,àÖ,�å/ÉÑ, and the estimation of the variability of this absorption across 

the cellular microstructure using the standard variation, Ú4JZ,àÖ,�å/ÉÑ. Based on the extensive microdosi-

metric investigations conducted using scale-back projection within the 5G frequency ranges of 1-

6 GHz and 24-52 GHz, the following conclusions can be drawn: 

• The comprehensive comparison between |4JZ,àÖ,�å/ÉÑ  and !"#àH,�å/ÉÑ  revealed an under-

estimation of epidermal absorption using conventional methods by up to 45 %, especially 

between 1-6 GHz where the membranes significantly contribute to the total absorption. 

• In addition, the analysis of the coefficients of variation showed a surprisingly high level of 

variability in the microstructure. For the viable epidermis, Q∂4JZ,àÖ,�å showed that the variability 

of SAR values ranged between 30 % and 71 % of one standard deviation, Ú4JZ,àÖ,�å, around the 

respective mean value, |4JZ,àÖ,�å. The corresponding analysis of Q∂4JZ,àÖ,�å for the stratum 

corneum demonstrated an almost frequency-independent average variability of SAR values 

of 33 %, with an overall range from 27 % to 36 %. 

Based on these findings, it has been demonstrated that scale-back projection allows the determination 

of more accurate exposure profiles of irradiated tissues by considering its underlying microstructure. 

The use of these profiles in conventional multiphysics simulations therefore has the potential to 

enhance the accuracy of EM dosimetry.  

8.2   Outlook 

In the subsequent section, potential directions for future research and further refinements of the 

approaches presented are discussed along with any associated challenges. 

n The next logical step in research is to develop hierarchical bottom-up models for the other skin 

sublayers: the dermis and the hypodermis. However, there are two challenges, one minor and one 

major, in developing such models. The minor one is the design and implementation of a dedicated 
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tissue scale in parametric tissue models that captures the amorphous histological organization of 

tissues such as the dermis. This is a process which requires detailed histoanatomical knowledge, 

especially if physiological changes across these layers are to be captured. How the implementation 

of such a tissue scale in computational models could be achieved was discussed in [A6] using the 

illustrative example of generic hypodermis models. In these, the amorphous histological organization, 

i.e. the arrangement of cells relative to each other, was modeled using computational domains that 

confined a large number of randomly arranged cells. The major challenge is to develop methodological 

approaches that bridge the organ, tissue, and cellular scales. The strategy used for the epidermis, 

which exploited its regular, dense histological organization to approximate the tissue as a general 

cell arrangement based on a primitive orthorhombic unit cell, is not applicable to other skin tissues. 

Consequently, the approach that allowed efficient numerical treatment using a detailed single cell 

model with boundary conditions that account for periodicity is no longer valid.  

n Another important endeavor is to extend the simulation environment to have multiphysics 

capabilities which can perform thermal simulations. A first step towards implementation would be to 

determine the temperature profile of the epidermis based on the micro-SAR, using |4JZ,àÖ,�å/ÉÑ to 

quantify the absorption of the tissue microstructure along with the subsequent temperature increase. 

In the long term, the implementation of a multiscale approach to thermal simulation may also be a 

desirable goal to determine heat hotspots within single cells, especially in close proximity to organelle 

membranes. 

n A further aspect worthy of investigation would be to determine to what extent and in which 

frequency intervals physiological changes in the epidermis lead to impedance-matching effects that 

significantly influence the transmission behavior of the skin. The fact that impedance-matching 

properties can be attributed to the SC, depending on its thickness, has been extensively 

demonstrated in a recent study by Christ et al. in [34]. However, with the bottom-up model of the 

epidermis developed here, it would be possible to identify not only the thickness of the SC as the 

cause of such an effect, but also the gradual transition of the material properties from one cell layer 

to the next. One possible approach to investigate the impedance matching properties of the 

epidermis would be to quantify partial reflectance and transmittance occurring at the interfaces 

defined by the layered topology of the epidermis using the transfer-matrix method. This method 

would allow the capture of the superposition of multiple reflections and transmissions at these 

interfaces considering the layered structure of the epidermis. Such an approach would elucidate 

whether impedance matching effects arise predominantly from the pronounced material contrast at 

the SG/SC interface - where water concentration drops most rapidly - or from combined interactions 

across all epidermal cell layer interfaces. From these insights, the necessary level of detail for 

modeling the epidermis to accurately simulate the transmission behavior of the skin on a 

macroscopic scale could be determined. 

n Finally, there are potential avenues for further developing the bottom-up model of the epidermis. 

One significant modification would be to account for glucose levels in the extracellular medium. Such 

an adaptation could facilitate non-invasive monitoring of pathologies manifested by changes in the 

chemical composition of the extracellular medium, such as diabetes. Specifically, this would permit 

investigations into the sensitivity of metabolic changes to the effective macroscopic material 

properties within individual cell layers, paving the way for monitoring a range of pathologies non-

invasively, such as novel glucose monitoring within the fingernail bed [A5]. 
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Part II: Experimental studies  

9  Transmission and reflection measurements of skin samples  

The outcomes from the present FSM project together with the scientific preparatory work [A29] carried 

out in the MARIE TRR 196 project [N5], but also our longstanding research expertise in the field of 

multiscale EM skin modeling [A31, A32, A33] has enabled us acquire several complementary research 

projects with a distinct affinity to mm-wave/THz dosimetry: terahertz.NRW [N1], 6GEM [N2], and 

TRICorder [N3], where the latter encompasses the preparatory research for the DFG excellence cluster 

proposal insighTHz [N4], which is currently under review. Within the framework of 6GEM and TRICorder 
we have purchase relevant high-end microwave measurement equipment for the dosimetric assessment 

of biological tissue layers, which lies way beyond the budget of the FSM project.  

9.1  Analysis of the high-precision transmission and reflection measurement systems  

The two purchased MCK setups from SWISSto12 SA [P2] consist both of a circular corrugated horn 

antenna-based transmission measurement setup, where one of the antennas is mounted on a linear 

translation stage as shown in Fig.9.1 and thus allows for a form-fit insertion of the measurement sample 

in its central gap. A nice overview of the overall MCK measurement system is shown in the following 

animation: https://youtu.be/OZLNENg1Q-U. The operating frequencies of the purchased MCK setups 

covers the frequency range from 26.5 GHz to 40 GHz (WR28, Ka band) and from 110 GHz to 170 GHz 

(WR6, D band). Additional MCK systems for complementary frequency bands up 1100 GHz are 

accessible from project partners within the mentioned project collaborations [N1, N3, N5].  

 
Fig.9.1: The material characterization kit (MCK) from SWISSto12 [P2] is a dielectric material characterization 
solution based on high-precision transmission/reflection mm-wave measurements under controlled and thus 
highly reproducible conditions. The acquired setups operate in the ranges from 26 GHz to 40 GHz (WR28, Ka 
band) and 110 GHz to 170 GHz (WR6, D band), whereas the first setup addresses the 5G frequencies under 
investigation. The material probe is fitted into the gap between the two horn antennas. 

The determination of the material parameter, specifically the complex permittivity, relies on the 

utilization of the Baker-Jarvis (BJ) algorithm [43], which is embedded in the firmware of the MCK 

system. Notably, the firmware exhibits shortcomings in accurately addressing the systematic power 
leakage introduced by the Device Under Test (DUT) in the small antenna gap. This deficiency may 

lead to potential overestimation of the loss tangents or imaginary parts of the dielectric function. To 

rectify this issue, a custom implementation of the BJ algorithm, designed to be more precise and 

controllable, was incorporated. The BJ algorithm [43] operates on the transmission/reflection method, 

comprehensively considering the entire behavior of scattering quantities resulting from the interaction 

with the DUT within the antenna gap across the frequency spectrum of interest. In contrast, the well-

known Nicholson-Ross-Weir (NRW) algorithm [40, 41] and its modified version [42] typically rely on a 

shortened transmission line approach. However, the NRW algorithm's stability in frequency behavior 

is compromised, especially for low-loss materials, making it potentially inaccurate [44]. As a result, the 

BJ algorithm is deemed superior in such cases. In the following comprehensive investigations have 
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been carried out in order to (i) inquire for the proper algorithmic assessment of the complex dielectric 

function based on the comprehensive NIST reports elucidating different aspects/versions of the BJ 

algorithm [45, 46, 47], and (ii) in conjunction with an experimental study on the power leakage from 

the small antenna gap where the test sample is usually form-fitted into [A3].  

9.2  Parasitic radiation leakage in the MCK characterization setup 

This study [A3] marks the first quantitative investigation into the phenomenon of parasitic radiation 

traversing through the sample into free space within the sandwiched antenna-sample-antenna 

configuration of the material characterization kit MCK from SWISSto12 [P2]. The analysis of the 

time-averaged Poynting vector, derived from conducted nearfield (NF) measurements, provides 

evidence supporting the existence of the hypothesized parasitic radiation. Furthermore, this conclusion 

is confirmed through independent far-field (FF) measurements (not shown in this section).  

The cylindrical measurement setup (CMS), employed to demonstrate the presence of parasitic radiation 

emanating through the gap [Fig. 9.2 (b)] occupied by the sample into free space, is presented in 

Fig. 9.2 (a). In this configuration, the MCK setup designed for operation in the WR28 waveguide 

band has been disassembled and streamlined to its fundamental components. These components 

include two corrugated circular horn antennas, complete with the transition to a coaxial port, all 

attached to an optical rail. The so reduced MCK is then affixed to the CMS, which facilitates 

independent movement through five stages corresponding to a cylindrical coordinate system. These 

stages consist of two concentric rotational stages for azimuthal adjustments, two linear stages aligned 

with different radial axes – one of which is mounted on the inner rotational stage and can thus be 

rotated – and a linear stage in the axial direction. As depicted in Figure 9.2 (b), the two antennas have 

been positioned with a separation gap distance d, facilitating the measurement of the electric [Eρ, Eα, 

Ez]
T
 or magnetic [Hρ, Hα, Hz]

T
 near-field (NF) in cylindrical coordinates. This measurement is conducted 

within distinct regions: Region ① (above the waveguiding region), region ② (above the plane metal 

plates at the antennas faces), and region ③ (outside the MCK). The specific positions for measuring 

the near-field in each region are illustrated in Figure 9.2 (c), where NF-probes are moved accordingly. 

The coordinate system is illustrated in Figure 9.2 (c). 

 

Fig.9.2: (a) Introduction to the compact MCK in a mounted and aligned state on the cylindrical measurement 
system (CMS). (b) Close-up view of the near-field (NF) probe positioned precisely at the center of the gap (z 
= 0) with a width of d between the two corrugated horn antennas. (c) Sketch of the top view of one antenna in 
the z = 0 plane, featuring the coordinate system utilized throughout this document. Regions ①, ②, and ③ 
correspond to areas above the antenna, above the metal sheet at the antenna's front face, and external to the 
MCK, respectively [A3]. 



FSM Research Project «MicroBioEM»  

FSM-Project No. A2019-01 

Final Report / December 2023 

                                                                                                                                                            . 

 

 – 70 – 

For the experimental measurements, we utilized two home-made near-field (NF) probes, as illustrated 

in Figure 9.3 (a). These probes were constructed using a commercially available coaxial cable 

(HUBER+SUHNER SUCOFORM 86) with polytetrafluoroethylene as the dielectric material. The 

inner and outer conductor radii were specified as 0.53 mm and 2.1 mm, respectively, ensuring single-

mode operation within the desired WR28 waveguide band. The first probe, referred to as the E-

probe and magnified in Figure 9.3 (b), is designed to be sensitive to a z'-directed electric field 

[according to the coordinate system in Figure 9.3 (d)]. This sensitivity is achieved by allowing the 

inner conductor to protrude open-ended by approximately 1.6 mm. Conversely, the second probe, 

known as the H-probe and magnified in Figure 9.3 (c), is engineered to be sensitive to a y'-directed 

magnetic field [as shown in Figure 9.3 (d)]. This sensitivity is achieved by bending the protruding 

inner conductor into an approximately semicircular loop with an inner radius of 0.5 mm, effectively 

short-circuiting the inner and outer conductor.  

 

Fig.9.3: (a) Image of the electric and magnetic near-field (NF) probes created in-house; (b) presents a micrograph 
of the lower probe, designed to detect an electric field directed along the z' axis; while (c) showcases a 
micrograph of the upper probe, sensitive to a magnetic field directed along the y' axis; (d) introduces the 
orientation of the coordinate system [A3]. 

Despite the E-probe's superior performance, we chose the H-probe for measuring the field in region 

② due to the presence of the antenna's metal faces in the z = ± d/2 plane. In this plane, a predominant 

z-polarized electric field exists preventing the E-probe from effectively capturing and measuring this 

field. Hence, the H-probe was considered more suitable for this scenario. In Fig. 9.4, the radial 

electric field component (Eρ) magnitude in region ① and the azimuthal magnetic field component 

(Hα) magnitude in region ② are illustrated at the z = 0 plane (center of the gap between antennas). 

These measurements were conducted for a gap width of d = 5 mm [refer to Fig. 9.2 (b)] across the 

WR28 frequency band. In region ①, where the E-probe outperforms the H-probe (as seen in Fig. 9.4), 

the results reveal a y-polarized electric field of the circular horn antennas predominant HE11 mode, 

notably indicated by the vanishing magnitude at α = 0°.  

However, in region ②, the presence of the antenna's metal faces in the z = ± d/2 plane suggests a 

prevailing z-polarized electric field, which cannot be measured with the E-probe. Consequently, a 

vanishing z component of the magnetic field is anticipated in this region. Hence, the H-probe is 

employed to measure the azimuthal magnetic field Hα in region ②. The results reveal a significant 

coupling from the electromagnetic field in the MCK characterization setup's guiding region to a radial 

parallel-plate waveguide represented by the gap region and, subsequently, to free space yielding 

the undesired power leakage. It's evident that this coupling is heavily influenced by the sample 

clamped between the antennas, thereby impacting the obtained results.  

To showcase parasitic radiation from the gap into free space, we simulated the time-averaged 

Poynting vector– a representation of active power flow – outside the MCK. The electric field 

components [Eρ, Eα, Ez]
T
 were measured at ρ ∈ {40mm, 41mm}, z ∈ {−0.5 mm, 0.5 mm}, and α ∈ 

[−80°, 120°] using the E-probe. The time-averaged Poynting vector Re{S} was then calculated from 

these measured values according to 

 Re{b} = 	Re d− ∫

¨Á^Å
[e × (∇ × e)∗]i (9.1) 
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Fig.9.4: Measured near-fields: The normalized radial component of the electric field, Eρ (dB), is depicted in the 
gap at a distance of d = 5 mm. This representation encompasses region ① (within the inner blue circle). 
Additionally, the normalized azimuthal component of the magnetic field, Hα (dB), is shown for region ② (between 
the two blue circles). The color intensity in the figure indicates the magnitude (in dB), and the gray arrows indicate 
the direction of the predominant radial component of the time-averaged Poynting vector Sρ [refer to Fig. 9.5]. It's 
noteworthy that the field in the blue-filled area (region ①) and the hatched area (region ②) could not be 
measured due to the specific mechanical fixture in place [A3].  

 

Fig.9.5: Radiation pattern of the power leakage from measured near-fields (NFs): direction components of the 
time-averaged Poynting vector Re{S} = R{[Sρ, Sα, Sz]T} at ρ ≈ 40 mm and z = 0 calculated from the measured 
electric near-field at ρ ∈ {40 mm, 41 mm}, z ∈ {−0.5 mm, 0.5 mm}, and polar angles α ∈ [−80°, 120°] [A3]. 
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The resulting directional components of the time-averaged Poynting vector are presented in Fig. 9.5, 

highlighting the predominant radial component. This corresponds to radiation emanating from the 

gap between the two corrugated circular horn antennas into free space, as indicated by the gray 

intensity of the arrows in Fig. 9.4. Lastly, the far-field radiation pattern (not shown here) retrieved 

from the measured nearfield components with a subsequent near-to-far-field transform yielded an 

Ez-polarized radiation, further confirming the occurrence of parasitic radiation into free space through 

the gap of the MCK setup.  

 

Fig.9.7: (a) Electrical equivalent circuit (EC) of the MCK setup for material characterization typically comprising 
three waveguide sections. The sections of length ℓ1 and ℓ3 are the accessing waveguides filled with a known 
dielectric, while the section of length ℓ2 represents the material under test (MUT). Zc1, Zc2, and Zc3, along with γ1, 
γ2, and γ3, stand for the characteristic impedances and propagation constants of the respective regions. (b) EC 
model of a comparable setup where the sample is form-fitted into a gap between the two corrugated circular horn 
antennas. The lumped elements Zrad and Yrad offer a simplified model to account for the E-coupling and H-
coupling to the emerging radial parallel-plate waveguide (gap between the antennas), which ultimately radiates 
into free space. [A3]. 

To avoid mistakenly attributing radiation as dielectric loss within the material under test (MUT), it is 

crucial to consider the junction to the radial parallel-plate waveguide in the algorithmic framework of 

the numerical material retrieval procedure. A simplified equivalent circuit (EC) model is depicted in 

Fig. 9.7, where Fig. 9.7 (a) represents the typical, namely idealized waveguide-based transmission 

and reflection measurement setup and Fig. 9.7 (b) models the used antenna-based setup comprising 

the radiating gap region. The latter is modelled by incorporating lumped elements Zrad and Yrad, which 

address E-coupling and H-coupling to the radial parallel-plate waveguide, accounting for the 

resulting radiation losses. Using the described setup, the losses and their EC representations are in 

principle experimentally accessible. However, this basic model adds complexity to the calculation of 

material parameters since Zrad and Yrad may vary with frequency, with the material properties, and 

with both, the shape and placement of the MUT. Particularly for low-loss (and high permittivity) materials, 

neglecting radiation can introduce a significant systematic error. The goal of our current research is 

to incorporate the model shown in Fig. 9.7 (b) into the BJ material retrieval algorithm described in 

[45, 46, 47], which is neither straight-forward nor easy to implement.  
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9.3  A look through artificial human tissues at the Ka- and D-band  

Human skin with its surface of around 1.5-2.0 m
2
 and a weight of approximately 3.3-4.0 kg is the 

largest organ of the human body. Human tissue is difficult to access for experimental purposes such 

as e.g. exposition measurements in the 5G and 6G frequency range (Ka band: 26.4-40 GHz; D band: 

110-170 GHz). In our study [A13] we therefore employ two tissue phantom samples from SynDaver 
Labs (https://syndaver.com), as illustrated in Fig. 9.8. The samples, labeled «2 N» and «4 N» versions 

of skin, have thicknesses of 1 mm and 1.3 mm, respectively, with/without subcutaneous fat layers 

measuring either 3 mm or 5 mm. Designed to mimic different body regions, these samples replicate 

living human tissue properties, including mechanical stiffness, thickness, and penetration forces. 

Composed of salt, water, and fiber, they simulate human tissue conditions. The 2 N and 4 N penetration 

force values represent typical pain thresholds and imitate soft skin areas like the face, groin, or 

forearm. The 4 N sample simulates higher skin toughness, resembling regions like the abdomen or 

back. Thicker samples generally correspond to areas with greater skin toughness. It's crucial to note 

that these artificial tissues lack certain details, such as nerves, blood vessels, or hair follicles.  

 

Fig.9.8: Characterization of artificial human tissue: (left) artificial skin samples from Syndaver Labs delivered 
as 20 × 20 cm patches; (right) the SWISSto12 characterization setup with a test sample using the particular 
MCK kit specified for the D band together with a VNA and two corresponding frequency extenders [A13].  

The VNA integration in the MCK system involves a two-stage calibration process. Initially, the two-

port short calibration method establishes error-correcting reference planes at the ends of the 

waveguides respective corrugated horn antennas by using a metallic shim as a short circuit to 

normalize the reflection coefficient S11 of the S-parameters. Following that, the «thru» calibration 

connects the two waveguides of the VNA with the SWISSto12 MCK to record the normalized 

transmission coefficient S21. It's crucial to acknowledge that, akin to any measurement device, 

uncertainties may be present in the measurement of S-parameters for this MCK setup. These 

uncertainties are contingent on factors such as sample contouring, thickness, roughness, and the 

incident direction of the electro-magnetic wave with respect to the tissue's layer structure.  

In contrast to the direct standard of the MCK kit, the calibration involves two measurement steps 

involving the spectral response S21 of the empty gap, which is then complemented by the measurement 

of the artificial tissue sample that is form-fitted into the same gap (the order of measurements is 

usually the other way round to retrieve the real sample thickness). The penetration loss Tp (i.e. the 

net power loss factor of the proper tissue sample) is achieved according to 

 V0
[7j](u) = !¨r

[7j](u)k
75*	l70

−		!¨r
[7j](u)k

T5ÍÍmn	Í7<0Ωn
 (9.2). 
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The variations in the transmission coefficients is influenced by factors such as wavelength, time 

delay from reflections, sample thickness, and mechanical uncertainties when holding the samples 

accordingly in the MCK setup. In the D-band frequency range, the typical dynamic range for 

measurements is 85 dB, while it is 80 dB for Ka-band measurements. A linear regression curve is 

thus introduced [blue line in Fig. 9.9 (left)] in order to contribute to a reliable representation of the 

peneration loss, which demonstrates a monotonically increasing and frequency-dependent trend for 

all samples in the Ka- as well as in the D-band. Despite the increasing trend, differences in losses for 

the same tissue sample remain relatively constant when comparing start, center, and stop frequencies, 

as indicated in Fig. 9.9 (right).  

 

Fig.9.9: Results  of the transmission measurements through the artificial skin samples: (right) a (representative) 
spectral response of the transmission factor S21 for the empty gap (air) in the MCK kit depicted as black curve 
together with the S21 spectrum for the corresponding tissue layer (4N: 1.3 mm) represented by the purple curve 
for both, the Ka- (top) and the D-band (bottom). The latter includes a fit to a linear penetration loss model indicated 
by the blue line; (left) extracted penetration loss Tp for the two artificial tissue layers at start, center, and stop 
frequencies of the Ka- respective the D-band [A13].  

As mentioned, penetration losses increase with higher frequencies and thicknesses. Specifically, the 

1.0 mm thick skin phantom exhibits a decreasing trend in the D-band. This underscores the challenge of 

detecting penetration losses in thin tissue phantoms, as they demonstrate nearly constant losses, 

especially in the case of artificial skin. Following the interpretation also stated in [A8] the penetration 

loss in the D-band displays lower values compared to the Ka-band, which seemingly contradicts the 

fact that penetration depths tends to get considerably smaller for higher frequencies especially towards 

mm-waves (cf. Part I and in particular [A6], and Part III with [A1, A2, A8]). This may be attributed to 

the following issues when aiming beyond the Ka-band: (i) the skin sample as a whole shows a potential 

decrease in the reflection behavior, (ii) the tissue microstructure of the artificial tissue itself absorbs less 

power. Both are speculative claims that have to be further investigated. Nevertheless, it's worth 

emphasizing, that the artificial tissue phantom involved here, is still far from a natural human skin, 

when higher frequencies come into play. This is valid regarding both, the skin's macrostructure with 

its distinct layers and the underlying cellular microstructure. The artificial skin phantom involved here 

is based on a multi-layer 3D printing or a micro-weaving fabrication process using natural plant fibers 

to mimic mechanical consistency, thermal conductivity, skin color, different ethnicities, and – as claimed 

in the corresponding product description – to reproduce the electrical properties of the corresponding 

skin. As SynDaver Labs discloses any further details concerning the proper manufacturing and in 

particular of their sample's microstructure, artificial skin is therefore not well suited for the EM 

microdosimetry respective its experimental validation. Hence, exposure studies on real tissue samples 

from e.g. pig skin are thus heavily investigated.   
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9.4  Material characterization of pig tissue samples  

9.4.1 Characterization of sausage slices as test scenario 

In order to get e grip to the material characterization of the pig skin samples in the light of the power 

leakage issues mentioned in Section 9.2 with respect to the proper handling of these soft tissue samples 

a first measurement was carried out with two different meat samples, namely Lyonnais sausage slices 

and salami slices. The samples are measured as layer stacks with increasing slice number (i.e. with 

increasing sample thickness) in order to deduce the associated attenuation factors in the framework of 

a well-known cutback measurement scenario. These measurements were carried out virtually at the edge 

frequencies of the Ka band and they involve appropriate time gating to manage residual reflections in the 

waveguide- respective horn antenna-based measurement setup. The results are depicted in Fig.9.10. 

 

Fig.9.10: Cutback measurements with stacked sausage slices: (a) 6-fold stacked Lyonnaise meat sausage 
sample (6.05 mm) in the SWISSto12 MCK setup; (b) 6-fold stacked salami sample (4.20 mm); (c) transmission 
factor S21 at 28 GHz (blue) and 40 GHz (green) as a function of the Lyonnais sausage sample thickness (cutback 
measurement); transmission factor S21 at 28 GHz (blue) and 40 GHz (green) as a function of the salami sample 
thickness (cutback measurement). 

For the Lyonnais sausage we got attenuation factors of 11 dB/mm @ 28 GHz and 14.4 dB/mm @ 

40GHz, whereas the salami sample reveals attenuation factors of 7.6 dB/mm @ 28 GHz and 10 dB/mm 

at 40 GHz. With these figures it is possible to determine the electromagnetic energy uptake in any of the 

samples with a given thickness when using a corresponding propagation model associated to the Beer-
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Lambert law. The results correspond well to the expectations that higher operation frequencies yield 

higher attenuation factors and that the coarsly structured salami with its large fat inclusions seems 

more «transparent» than the fine-structures Lyonnais meat sample.  

9.4.2 Data processing and calibration procedure in conjunction with the MCK system 

In view of the pig skin samples to be measured, we provide a short outline of the calibration and 

measurement process for the MCK transmission/reflection setup, along with postprocessing of 

scattering parameters. This is a refined reiteration of procedure already described in the 2
nd

 project 

report [A18]. Our system's firmware is built upon our customized extension to the BJ algorithm [43]. 

Initially, the calibration involves two reference measurements for S-parameters S11 and S21. A short-

circuit measurement employs a metal plate inserted into the MCK waveguide system gap, while a 

through-connection measurement directly connects open-ended waveguides respective corrugated 

horns without any gap. During measurement, the material under test (MUT) is gently inserted into 

the MCK-system gap (cf. Fig. 9.1). Due to the absence of a torque screw, maintaining low pressure 

is crucial for reproducibility, especially with our soft tissue samples. Excessive pressure may cause 

inaccurate MUT thickness readings and a distorted probe surface. The MUT thickness (tMUT) is 

determined using the system's built-in precision caliper, seen in Figs. 9.1 and Fig. 9.10. Spreading 

thicknesses and non-flat surfaces are excluded from subsequent calculations due to their potential 

impact on measurement accuracy, representing systematic errors.  

The reflection coefficient is normalized by dividing it by the reflection coefficient of the initial short-

circuit measurement. Similarly, the transmission coefficient of the material under test (MUT) is 

normalized to the transmission coefficient of the through-connection. These normalizations set the 

reference plane at the open-ended waveguide respective horn antennas' position. The time domain 

representation shows main reflection and transmission events at t = 0, corresponding to the proper 

MUT's reflection and transmission factors. A Kaiser-Bessel windowing function with a shape factor 

( = 5 (similar to the Hamming window) and a width of 400 ps centered at t = 0 is applied as a time 

gate filter. This ensures that only strong relevant reflections are retained. The resulting normalized 

and time-gated scattering parameters are presented in Fig. 9.10 and Fig. 9.11. The firmware in the 

SWISSto12 MCK system allows for adjusting the spectral margin to manage this influence.  

The measured, now normalized and time-gated reflection and transmission coefficients S11 and S21 

of the MUT are finally applied to the following complex valued equation, given by Baker-Jarvis et. al. 

[43], which is based on an intrinsic transmission line model of the MUT, where one section of length 

tMUT stands for the gap section filled with the MUT: 

The normalized and time-gated reflection (S11) and transmission (S21) coefficients of the material 

under test (MUT) are then used in subsequent complex-valued equation (9.3) following Baker-Jarvis 

et al. [43]. This equation is derived from an intrinsic transmission line model of the MUT, where a 

section of length tMUT represents the gap filled with the MUT. 

 !¨r + o	!rr = 	
S∙qr·r.s	„	t	r∙qr·S.s

r·S.r.
 (9.3) 

where o is a weighting factor that defines the contribution of the transmission and reflection coefficients 

in the analysis for both parameter sets, namely for the measurement and for the transmission line 

model. T stands for the transmission coefficient and u is the reflection coefficient of the modelled 

intrinsic MUT section, which are defined as following 

 V =	e·v∙TwNx  (9.4) 

 u =	 vÅ·v
vÅ„v

 (9.5) 

where the following quantities 
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 _p = 	
∫Á

tÅ
 (9.6) 

 _ =	 ∫Á

tÅ∙y›z{·∫›z{{
 (9.7) 

are the propagation constants of vacuum and of the MUT, respectively. The complex relative 

permittivity, encompassing real part xr' and imaginary part xr", is determined from equation (9.3). This 

equation generates a set of non-linear equations that necessitates numerical solving through a fixed-

point iteration for each frequency point. An initial guess for the complex permittivity is estimated from 

literature data at the center frequency of the spectral range. For stability, each subsequent iteration at 

a given frequency point starts with the solution from the previous point. The algorithm initiates at the 

center frequency and iterates in both directions, towards lower and higher frequencies. The starting 

position is chosen at the center frequency to minimize side-lobe levels, given the spectral window of 

the time gate filter and the confined spectral dataset. The initialization of the fixpoint iteration using a 

reasonable guess of the weighting factor o is the most crucial issues of this retrieval algorithm. A 

pragmatic but knowledge-based approach in this regard is currently under intense investigation.  

9.4.3 Characterization of pig skin samples 

Based on the elucidations made in Section 9.4.2 different sample of pork rind have been analyzed. In 

the following two exemplary samples of pig skin are documented, namely sample A with a thickness 

of 3.90 mm and sample B having a thickness of 3.89 mm as shown in Fig. 9.11. At these thicknesses 

both skin samples cover all the characteristic skin layers (such as SC, E, D, and HYP) representing a 

correspondingly asymmetric inhomogeneity with respect to the propagation direction. This leads to a 

further problem, since (i) the dielectric functions determined are to be understood as effective quantities 

and (ii) the respective reflection coefficients on both sides of the sample are therefore unequal. 

 

Fig.9.11: Transmission and reflection measurements at two different pig skin samples: (top row) top views on 
sample A (thickness 3.90 mm) and sample B (thickness 3.89 mm), and close up of the MCK setup with sample 
A; (bottom row) spectral responses of the reflection and transmission factor showing measured (black, red) 
and modeled (blue, green) curves. 
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The latter is not foreseen in the standard BJ algorithm [45, 46, 47] used here, as the algorithm is 

conceptualized for homogenous material probes. Hence reliable compromises are needed, which 

puts a pragmatic stance on the formal material parameter retrieval procedure. In our setup the skin 

surface facing the SC is accessed by waveguide port 1 (shown at the front in Fig. 9.11, top right) 

whereas the backside of the skin encompassing D or more likely HYP is in contact to waveguide 

port 2, yielding a considerable difference between the S11 and S22 parameter. For the retrieval of the 

dielectric function, namely its real part xr' and imaginary part xr", the choice of S11 ≔ S22 has been made, 

while also modeling the spectral responses of the reflection and transmission factors (in a corresponding 

transmission line model of the sample) for a resulting homogenous skin probe. These quantities, namely 

the measured and modeled S-parameters are used for observation in the framework of the above-

mentioned pragmatism together with the one mentioned in Section 9.4.2 in conjunction to the weighting 

factor o that quantifies the contribution of the reflection spectra in comparison to the transmission spectra 

[cf. eq. (9.3)] for the retrieval of the dielectric function. With the found best value of o = –20 dB, the 

influence of the stated choice of the reflection factors gets virtually negligible. The resulting dielectric 

functions of the two pig skin samples A and B are displayed in Fig. 9.12.  

 

Fig.9.12: Experimentally retrieved dielectric function of the pig skin samples A and B within the Ka-band: (top row) 
real part xr' and imaginary part xr" of the permittivity together with the loss quantities, namely tan} and the 
associated conductivity σ.  

Please note that the earlier spectral responses of the transmission factors S21 in Fig. 9.9 of Section 

9.3 do not directly correspond to the S21 spectra shown here in Fig. 9.11 due to distinctly differences 

in the normalization respective calibration philosophies. On a conceptional level, the current spectra 

of Fig. 9.11 agree better to what has been termed as penetration loss TP in Section 9.3, which translates 

to levels of the transmission factor of around –20 dB (for a thickness of the artificial skin layer of 1.3 mm). 

The material characterization of human tissue respective the estimate of electromagnetic energy uptake 

in the corresponding tissue probe given a predefined exposure power density remains also a central 

part of our ongoing and future bioelectromagnetics research activities.   
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9.5  Conclusion and outlook  

9.5.1 Characterization of skin samples 

As elucidated in the prior Section 9.3 with respect to artificial skin samples and in Section 9.4 on the 

analysis of pig skin tissue, our studies define an important leap towards the characterization and the 

dosimetric analysis of human skin. Hence, we are still one small step too short in in terms of a conclusive 

verification of the proposed virtual model-based microdosimetry. Nevertheless, thanks in part to the FSM 

project, we have been able to carry out various externally funded research projects [N1, N2] that will 

enable us to continue this research. In the framework of the collaborative project 6GEM [N2] we could 

purchase the automatized mm-wave near-field scanner setup consisting of the vectorial EUmmWVx 

probe from SPEAG (cf. Section 9.5.2. and [P3]) which has been recently installed in our lab. In addition we 

also got funding to install our ATE BioEM Center (https://www.uni-due.de/ate-bioemcenter/) [A19] that 

allows us to pool research project activities and experimental resources under this umbrella. We have also 

applied for a DFG Cluster of Excellence in the DFG Excellence Strategy with our large collaborative project 

«insighTHz» [N3, N4], which will be partly dedicated to biomedical sensors [A12, A32] and monitoring of 

plants and insects [A10, A11, A14, A15, A19, A20], where the interaction of EM waves at mm-wave/THz 

frequencies with a variety of biological tissue types will play a key role in these future research efforts.  

9.5.2 Robotized near-field scanner setup with accurate vectorial E-field probe 

The 6GEM [N2] project facilitated the acquisition of an automated millimeter-wave near-field scanner 

setup, comprising the vectorial EUmmWVx field probe from SPEAG in conjunction with a robot arm 

(i.e. the advanced DASY8 MP8B TX2-60L system) [P3]. This configuration enables spatially-resolved 

electric field scans, leading to the derivation of power density scans at respective sample surfaces. 

The scanner system operates at frequencies from 750 MHz to 110 GHz and maintains a positional 

accuracy of 0.1 mm. The mm-wave probe scans the E-field with 2 mm distance from test sample 

(free space) and deduces power density, H-field and far-field analysis using total field reconstruction. 

The system was installed in the last week of November 2023 (see Fig. 9.13) and, with its spatially 

resolved scanning capabilities, represents an important experimental measure for verifying our 

virtual microdosimetry of skin tissue.  

 

Fig.9.13: The DASY8 MP8B TX2-60L system [P3]: (left) front view of the robotized scanner setup; (right) typical 
scene during installation and corresponding instructions by the SPEAG personnel also showing the controller 
unit in the background.  
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9.5.3 Scanning coaxial mm-wave near-field probes 

As discussed in the previous research report [A18] we had also started constructing our own near-

field probes. To achieve a high spatial resolution, compact home-made coaxial probes, approximately 

500 μm in footprint has been developed within the framework of the CRC/TRR 196 MARIE project 

[N5]. Operating as a transmission line, the coaxial line lacks a lower cutoff frequency but has an 

upper cutoff around 500 GHz. The coaxial line terminates in a short respective an open circuit at its 

far end, functioning as a miniature H-field respective E-field probe [A9]. The system employs two WR3 

waveguides (220-330 GHz), with the coaxial probes mounted on a movable precision xyz-stage. This 

setup is an integral part of our in-house (hemi-) spherical millimeter-wave/THz antenna/reflectometry 

measurement system [A28]. We have successfully fabricated reliable waveguide transitions for rectangular 

waveguide-to-coaxial line connections in WR3 waveguides and have upgraded them for the WR28 

(26.5-40 GHz) waveguide system in order to address the lower 5G frequency range together with 

suitable H- and E-field probes, where the latter have been already depicted in Fig. 9.3.  

 

Fig.9.14: On the resolution of the home-made near-field probes: (a) Example of a traveling-wave chip antenna 
array; (b) scanner setup with H-probe on antenna chip; 3D-FDTD simulations of the current density distribution 
in the antenna structure; (d) 2D-scanned Hy-field component just few μm above the surface [A9]. 

An exemplary near-field measurement of a traveling-wave antenna array realized onto a SiGe chip 

has been carried out at 290 GHz [A9]. Fig. 9.14 documents the overall measurement scenario with the 

resulting 2D-near-field scan of the emergent H-field in Fig. 9.14 (d).  

The presented experiment is exemplary for an inherent resolution issue, where the latter is also 

effective in the corresponding 5G frequency range (e.g. into the Ka-band): The «footprint» of the 

coaxial near-field probe is still too large to get a correspondingly resolved near-field scan, given the 

lateral extent of the underlying coaxial cable. Currently we are working on deconvolution procedures 

applied to the 2D image data looking for suitable point spread functions given associated to the 

coaxial probe's fields. This is mandatory in order to achieve a sufficient spatial resolution in the near-

field scans of correspondingly illuminated tissue probes, which is now part of our current activities. 
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Part III:  A numerical 5G/6G exposition study  

10  Gender-specific electromagnetic power absorption in human skin tissue  

This investigation involved the uniform modeling of human skin across six distinct body regions 

(abdomen, back, breast, dorsum of foot, dorsum of hand, and scalp) for both male and female 

subjects within a homogeneous ethnic population. The work relies on a turkish dermatological study, 

where the thicknesses of the epidermis, dermis, and total skin from the assigned body regions have 

been measured (cf. Fig. 10.1) with a new ethical histometric technique [48]. Hence, the skin models 

were structured into the following 4 layers: stratum corneum (SC), epidermis/dermis (E+D), hypodermis 

(HYP), and muscle (MUSC) tissue involving in total 180 human skin tissue probes from 15 male and 

15 female body donors. Subsequently, the twelve deduced skin models underwent exposure to 

electromagnetic (EM) waves within the 5G respective 6G frequency ranges. The study focused on 

the simulation of gender-specific power absorption and penetration depths in the skin tissue layers 

for each assigned body region [A1, A2, A8]. The operating frequency in our study include the standard 

5G bands, namely the ranges 5G NR/FR1 (≤ 7.125 GHz) and 5G NR/FR2 (24.25-71 GHz), as well as 

the range up to 100 GHz.  

 

Fig.10.1: Layer thicknesses from skin samples according to a Turkish dermatological study [48], which are 
retrieved from the 6 different indicated body parts of 15 female and 15 male body donors [A2, A8]. 

The resulting 4-layer skin model is numerically analyzed as a 2D computational electromagnetics 

problem using the COMSOL Multiphysics simulation software [3], which is based on the Finite 

Element Method (FEM). The skin model is exposed to a plane wave with a power flux equivalent to 

1 W/m
2
 within the frequency range of 1-100 GHz. The subsequent analysis focuses on examining 

the integrated absorbed power within each layer and evaluating the penetration depths. The 

corresponding results for the penetration depths are given in Figs. 10.2 and 10.3, where Fig. 10.2 

displays the electric field profiles from which the penetration depths were retrieved. The 

corresponding values at the given frequencies amount to: ≫ 8 mm @ 1 GHz; 7.61 mm @ 6GHz; 

1.10 mm @ 24 GHz; 0.42 mm @ 71 GHz; 0.35 mm @ 100 GHz. The comprehensive results are shown 

in Fig. 10.3 for all female and male skin probes at the same distinct frequencies. This figure clearly 

indicates that in the 5G NR/FR2 range irrespective type of skin probe (≥ 24 GHz) the power is absorbed 

within the epidermis/dermis layer. As stated in Part I on the microdosimetric investigation of the human 

skin, the most vital layer is the stratum basale (SB) in the epidermis (E) where the keratinozytes are 

generated and proliferate towards the skin surface within roughly 30 days. This is the reason why 

future research should focus on the epidermis (E) and in particular to its sub-structure comprising 

the stratum spinosum (SS), stratum granulosum (SG) and the outmost stratum corneum (SC). The 

absorbed power integrated across the respective skin layers is depicted in Fig. 10.4, revealing a 

noticeable gender-specific distinction.   
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Fig.10.2: Simulated skin penetration at a male dorsum of hand; (top) the color scale uses a relative calibration for 
each of the electrical field data at its corresponding frequency; (bottom) the electrical field profiles of the penetration 
scenario where the skin surface is at the outmost left. The associated retrieved penetration depths are given in the 
text [A1, A8]. 

 

Fig.10.3: Simulated skin penetration depths at 5 distinct frequencies in the 5G/6G range according to the skin 
models of the 6 different body regions [A2, A8]. For operating frequencies of 24 GHz and above, only the SC 
and E+D skin layers are permeated.   
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Fig.10.4: Simulated power absorption in the 4 specific skin layers, namely stratum corneum (SC), Epidermis 
and Dermis (E+D), Hypodermis (HYP), and muscle tissue (MUSC) for the male/female skin tissue samples at 
the 6 different body locations (i.e. abdomen, back, dorsum of foot, dorsum of hand, and scalp). The power 
absorption is explicitly displayed only for the male tissue probes but together with the differences of the power 
absorption to the one in the corresponding female tissue probes. The spectral responses of the differences in 
power absorption may be interpreted as the following: Negative curve sections (ranging into the purple region) 
indicate a dominant absorption in the corresponding layer of the female tissue probe, whereas a positive curve 
sections (ranging into the light blue region) stands for a dominant absorption in the corresponding layer of the 
male tissue probe. [A1, A2, A8].  

The differences in the power absorption are defined as the female data subtracted from the male 

data yielding positive values for a dominant absorption in the corresponding layer of the male tissue, 

whereas vice versa negative values stand for a dominant absorption in the corresponding layer of 

the female tissue. This is conceptualized in Fig. 10.4 using light blue (male) respective purple (female) 

color shading to visualize the dominant gender specific power absorption. While inspecting Fig. 10.4 on 

the simulated power absorption within the 4 specific skin layers in the different skin probes the 

following becomes evident. The most significant gender-specific differences occur in a distinct frequency 

band between 3-25 GHz. Hence, only the 5G NR/FR1 range is therefore affected. The stratum 

corneum (SC) shows on average an indifferent gender specificity, which seems comprehensible as the 

electromagnetic field has to transfer through the SC first before interacting with any subsequent gender-

specific layer structure. Looking now at the E+D layers reveals that the male samples absorb more 

radiation power on average, which is due to the larger thicknesses of the E+D layers in the male 

tissue probes (an exception is the dorsum of foot, where the situation is reversed, namely the female 

tissue probes undergo a larger power absorption in the E+D layer). It is therefore not surprising, that 

there is a dominance of power absorption in the subsequent layers HYP and MUSC of the female 

tissue probes, as their E+D layer seems more «transparent» with respect to EM power transfer.  

Our future studies are currently scrutinizing the gender-specific analysis with a loser look to the detailed 

skin layer structure. This includes the distinction between the epidermis (E) and the dermis (D) layer as 

well as their distinct sub-layers in the epidermis (E) and the stratum corneum (SC). We shall also carry 

out comparative gender- and ethno-specific exposure studies based on our tissue model including the 

comprehensive data sets on the skin thicknesses of Korean [49] and Chinese [50] adults.   
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11.  Conclusions and outlook 

With reference to the envisaged tasks (cf. Fig.11.1) as described in the project proposal [A30] the following 

conclusions can be drawn:  

n Task 1 – Setup of simulation workbench with hierarchical multi-scale EM skin model 

§ T1.1 – Setup of the comprehensive hierarchical multi-scale EM model of the skin: The simulation 

workbench is operational with respect to the bottom up multiscale EM skin modeling. This 

includes also the microscopic model of idealized keratinocytes with their subcellular structure 

as well as their differentiation in sub-layers with regard to the stratum basale (SB), stratum 

spinosum (SS), stratum granulosum (SG) and stratum corneum (SC) [A17]. The associated macro-
scopic material model for the specific skin tissue layers are available from (i) bottom-up multiscale 

modeling, and (ii) from corresponding literature. The model now allows also the differentiation 

of field exposure and power absorption including micro-SAR with respect to the modeled cell 

compartments. 

§ T1.2 – Setup of the overall simulation workbench of the exposure scenario: The simulation work-

bench regarding its link to the exposure scenarios is operational including for the relevant skin 

layers and their inner differentiation (i.e. epidermis with sub-layers).  

§ T1.3 – Definition of volumetric boundary conditions (based on mean field quantities): This essential 

task within the scale-back projection from the exposure scenario into the skin's microstructure 

is operational using (i) stochastic measures such as the expectation value of the E-field (mean 

field) within the cell under different polarizations as quantity to be rescaled/fitted to the E-field 

of the corresponding EM simulation of the macroscopic multilayer skin model. As an alternative 

(ii) the potential difference/voltage across the unit cell in the quasi-static microscopic model is 

retrieved from the power that is absorbed within a corresponding unit cell volume of a 

keratinocyte (i.e. in the vital basal layer), where this power absorption is determined from the 

corresponding exposure simulation of the macroscopic multi-layered skin model. These 

averaged values are thus used as calibration quantity between the microscopic cell model and 

the macroscopic multi-layer skin model.  

§ T1.4 – Model validation: A reliable validation of the simulation workbench based on corresponding 

experiments such as e.g. transmission measurements in the 5G frequency range using corre-

sponding skin samples have been carried out. Reference simulations with sim4life were carried 

out supported by the bachelor thesis [T11] and are be complemented by the research activities 

envisaged in the 6GEM project [N2]. Nevertheless, we are still one step too short in in terms 

of a conclusive verification of the proposed virtual model-based microdosimetry. This will be in 

the focus of our further experimental investigations, where our near-field scanners may play a 

crucial role.  

n Task 2 – Setup of numerical microdosimetry in the microstructure/at the cell level 

§ T2.1 – Parametrized cell model: The cornerstone to this task lies in the (sub-) cellular model 

of the keratinocyte as described in T1.1. The histochemical parametrization allows of different 

derivatives of this cell's shape and structure according to the layer-wise differentiation of the 

epidermis according to the stratum basale (SB), stratum spinosum (SS), stratum granulosum 

(SG) and stratum corneum (SC). This includes in particular keratinocytes in the epidermis (E) 

with its division in 10 sub-layers and corneocytes in the stratum corneum (SC) with its 14 sub-

layers. The corresponding compartmentalization of the cell allows for the separation of the 

various contributions to the energy intake in the (sub-) cellular structure and facilitates to study 

the influence of relevant cellular domains on the macroscopic material properties of the 

corresponding tissue layer [A17].  
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§ T2.2 – Scale-back projection: The scale-back projection, namely the linkage of the data from 

the macroscopic exposure scenarios to the modelled quantities in the microstructure (respective 

vice versa) has been carried out in the framework the virtual microdosimetry (i.e. numerical 

microscopic exposure analysis of keratinocytes in the epidermis). This model scenario is now 

apt to be linked to experimental exposure settings as foreseen in Task 3. This has not yet been 

carried out, but is foreseen in our further research activities.  

n Task 3 – Microdosimetric assessment of mm-wave/5G exposure levels 

§ T3.1 – Critical assessment of homogeneous multilayer skin models: Various reference simulations 

of EM exposure in multilayer skin models have been carried out in order to provide reference 

data to be compared to those from the virtual microdosimetry as well as to insect exposure, which 

is investigated in the framework of our joint project terahertz.NRW [N1]. A critical assessment of 

homogeneous multilayer skin models [32, 33] which are widespread in current EM skin dosimetry 

at 5G/mm-wave frequencies with respect of the inherent tissue inhomogeneities has been started 

using precise transmission and reflection measurements at various tissue samples. The used 

MCK kit was be further analyzed and calibrated in order to get reliable material parameters (i,e, 

dielectric functions) due to an inherent systematic power leakage out of the sample volume. The 

assessment of the macroscopic skin model is now going on is planned to be part of a further 

research collaboration with activities carried out by the group of Dr. Jürg Fröhlich.  

§ T3.2 – Exposure overview study of the tissue's microstructure: A first stochastic analysis of EM 

exposure within the parametrized cellular structure of keratinocytes has been performed using 

the model as described in Task 2. This model was linked to illumination scenarios with 

measures such as the power density. The systematic variations in the exposure limits based 

on the inhomogeneities given by the tissue's and corresponding cellular microstructure have 

been estimated within a stochastic analysis of the first two skin layers (E) and (SC). This has 

been carried out in the framework of a systematic numerical exposure study for the frequency 

range 1-300 GHz with a detailed look into the ranges of 1-6 GHz and 24-54 GHz.  Subsequently, 

quantified the variations of the micro-SAR originating from the cellular microstructure of the skin 

and assessed how they potentially influence the SAR exposure limits set by ICNIRP [3] for 5G 

frequencies. As an example, the CV of the micro-SAR within the basal layer turned out to amount 

to 58 % at 3.5 GHz, which is in the 5G NR/FR1 band.  

n Task 4 – Experimental validation 

§ T4.1: Setup of the transmission and reflection measurement system with tailored sample holders: 

Measurements on various meat tissue samples (chicken, beef) have been carried out in the D 

band in order to accurately assess the inherent problem of power leakage in the gap of the 

SWISSto12 MCK transmission/reflection measurement setup. This has been scrutinized within 

further, more realistic experimental studies, which encompassed precise transmission/reflection 

measurements with the MCK test kit in both, the Ka- and D-band, using tissue samples like 

Lyonnais sausage slices, salami slices, artificial skin and pig skin. A rotary azimuthal near-field 

scan of the MCK kits gap region (where the material sample is usually form-fitted into) in the 

Ka-band confirmed a significant power leakage out of the characterization setup, which will 

give rise to a systematic overestimation of the dissipative part of the retrieved dielectric function 

[A3]. A model-based implementation of this dissipative contribution into the BJ algorithm for a 

correspondingly corrected retrieval of the dielectric function is currently being investigated. It's 

worth mentioning that this is far from trivial as the correction has always to cope with very large 

bandwidths. 

§ T4.2: Experimental validation of the multiscale tissue simulation workbench (in transmission): 

A first step on the experimental validation of the simulation workbench in the framework of a 

frequency-scaled, tailored randomized water-air composite layer made of water-filled straws 

was already reported in the 1. Status Report [A25]. This activity is complemented by further research 
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on the full-wave analysis of large sets of randomized scatterers. Here we developed one of 

the currently fastest full-wave electromagnetic (EM) simulators based on the Recursive 
Aggregated Centered T-Matrix Algorithm (RACTMA) for the ultra-efficient analysis of large 

random aggregates of arbitrary cylindrical scatterers (more than 3000) at speeds of 250 (up to 

several thousand) different excitations per second [A7, A10]. This allows to tackle realistic surface 

systems consisting of large aggregates of randomized scatterers/unit cells. As mentioned in 

T3.1 the critical assessment of the homogeneous multilayer skin models at 5G/mm-wave 

frequencies implemented in the simulation workbench based on corresponding experiments is 

currently under investigation.  

§ T4.3: Exposure experiment series on tissue samples at 5G/mm-wave frequencies: Preparatory 

work for spatially resolved exposure experiments have earlier been carried out by designing 3 

different near-field probes for 2D surface scans of the skin tissue surface, which will be 

illuminated from the back side. These approaches included a dielectric near-field probe based 

on 3D-printed rectangular dielectric waveguides, coaxial H-respective E-field probes for the 

220-330 GHz frequency band (upper cutoff at 500 GHz) and the Ka-band (26.5-40 GHz), 

together with a microstrip line-based two-wire mm-wave H-field probe. All home-made near-

field probes have resolution issues (in particular the dielectric ones). The footprints of the 

coaxial probe's near fields are considerably large and compromises the resolution of the near-

field scans. Further investigations on a refined spatial resolution using deconvolution schemes 

with associated corresponding point-spread functions are currently under investigation. An 

promising solution to this problem is given by our new near-field scanner from SPEAG with its 

corresponding firmware, which will improve our near-field capabilities considerably. The recently 

installed robotized near-field scanner system DASY8 MP8B TX2-60L carries the vectorial field 

probe EUmmWVx operating in the D-band (110-170 GHz). Prospective measurement campaigns 

with spatially-resolved exposure experiment at 5G and higher frequencies will be carried out in 

the framework of 6GEM [N2].  

  Numerical study on 5G exposure: A comprehensive numerical exposure study based on a Turkish 

dermatological data set of skin layer structures from 15 male and 15 female body donors unveiled 

a gender-specific electromagnetic power absorption in human skin tissue in particular in the 

distinct frequency band between 3-25 GHz [A1, A2].  

§ T4.4: Prospective dosimetric THz measurements: These experimental campaigns at THz fre-

quencies have not yet been carried out but are officially foreseen in two of our large joint research 

projects, namely 6GEM [N2] and terahertz.NRW [N1].  

 

Fig.11.1: Time table of the project [A30] indicating the corresponding project tasks and their timeline.  
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A. Appendix – Quasi-static electromagnetic cell models 

The parametric cell models of the keratinocytes (or corneocytes) displayed in Fig. A.1(a)-(f) were 

placed in a virtual parallel plate capacitor setup to conduct a quasi-static EM analysis between 1 GHz 

and 100 GHz. This capacitor setup was implemented in the FEM-based software package COMSOL 

Multiphysics [30]. 

 

Fig. A.1: Overview of the virtual capacitor experiment used for the quasi-static EM analysis of the computational 
domain: (a) Computational domain containing the cell model of a basal keratinocyte as an illustrative example 
showing the assignment of the dispersive material properties introduced in Sec. 5.3.1 to the individual cell 
compartments. (b) Cross-section through the computational domain. The voltage, {p = ?r − ?p, was applied to 
two opposing sides of the virtual capacitor set up which were designed to function as electrodes. Periodic 
boundary conditions (PBC) were applied to the remaining sides of the computational domain. This set up can 
be interpreted as a spatially periodic (computational) unit cell. (c) Numerical homogenization summarizing the 
computational domain as an overall shunt impedance allowing the calculation of its effective macroscopic 
material parameters as outlined in Sec. 5.3.1. 

The computational domain containing the cells is shown as an illustrative example in Fig. A.1(a). 

This figure also shows the assignment of the dispersive material properties to the individual cell 

compartments. In the cross-section through the computational domain as shown in Fig. A.1(b), a 

time-harmonic voltage with constant amplitude, {p = ?r − ?p, was applied between two opposing 

outer boundaries of the domain that were designed to function as electrodes (i.e Dirichlet boundary 

conditions). {p was arbitrarily set to 1 V. The four remaining boundaries were defined with periodic 

boundary conditions (PBC) in order to suppress fringing fields and to reduce the memory resources 

of the subsequent quasi-static EM simulation. Due to this setup, the (computational) unit cell is 

effectively periodically extended in each direction indicated by the PBC. This approach was used in 

the past to investigate the effective material parameters of randomized (bio-)composites [A32, A33, 

A34, 39], and single cells [A6, 28]. In order to cope with the anisotropy of the (ellipsoidal) cells under 

investigation, the voltage {p is then applied in the other (orthogonal) directions by swapping the 

electrodes with the PBCs (and vice versa). In order to avoid high aspect ratios in the modeling mesh, 

the plasma membrane and the membranes of the cell organelles are modeled by a set of equations 

taking into account the conduction and the displacement current  
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 a-⃗ ⋅ Ä⃗Å» =
r

TÇ
(1û + juxpxK,û)(?Å» − ?á∆GÜ) (A.1) 

 a-⃗ ⋅ Ä⃗á∆GÜ =
r

TÇ
(1û + juxpxK,û)(?á∆GÜ − ?Å») (A.2) 

where ?Å»/á∆GÜ and a-⃗ ⋅ Ä⃗Å»/á∆GÜ denote the membrane potentials and current densities normal to 

the upper and lower surfaces of the membrane. Wû represents the thickness of the membrane while 

1û and xK,û represent the conductivity and the relative permittivity of the membrane respectively. xp 

denotes the vacuum permittivity. Referring to Eqs. A.1 and A.2, thin membranes can now be 

represented by these tailored boundary conditions yielding a highly economic treatment as already 

proposed in [A34].  

The effective material parameters of the cell layers were determined using the virtual capacitor 

experiment as depicted in Fig. A.1(c). The time-harmonic quasi-static EM analysis in the form of the 

capacitor setup leads to an effective admittance that is represented by an equivalent electrical 

parallel circuit consisting of the elements @0(u) and Q9(u). This is given by  

 $0(u) = ˜(Á)

ÉÅ
= @0(u) + juQ9(u) (A.3) 

where the applied voltage, {p, and the resulting current, Ñ(u), are directly accessible via COMSOL 

Multiphysics for an angular frequency u = 2πn. The dispersive effective material properties, xK̃(u) 
and 1(u), are thus easily deduced according to 

 $0(u) ⋅ 7
^
=

˜(Á)

ÉÅ
⋅
7

^
= 1'(u) + juxpxK(u) = 1'(u) (A.4) 

where ô is the parallel plate distance and " is the area of the electrode. In Eq. A.4, the right-hand 

term can be interpreted as the complex effective conductivity of the homogenized effective material, 

1'(u), from which the required material parameters directly follow: 

 1'(u) = Re{1'(u)} (A.5) 

 1'(u) = 	 Ûà{)A(Á)}
Á›Å

 (A.6) 

In order to consider anisotropies in the effective material, the quasi-static capacitor analysis is 

performed with excitation in the x, y and z directions yielding corresponding frequency-dependent 

second-rank tensors for the effective conductivity, 

 1'⃡�Ñ/ÉÑ(u) = á

1'ñ,�Ñ/ÉÑ(u) 0 0

0 1'ó,�Ñ/ÉÑ(u) 0

0 0 1'à,�Ñ/ÉÑ(u)
â (A.7) 

and 

 x̃⃡K,�Ñ/ÉÑ(u) = á

xK̃,ñ,�Ñ/ÉÑ(u) 0 0

0 xK̃,ó,�Ñ/ÉÑ(u) 0

0 0 xK̃,ò,�Ñ/ÉÑ(u)

â (A.8) 

To emphasize an important aspect of macroscopic exposure studies, it should be noted that they focus 

exclusively on the perpendicular direction of propagation of incident electromagnetic waves. This 

reduces the simulation effort required to determine the effective material properties of each cell layer, as 
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xK,ò,�å/ÉÑ becomes irrelevant. By exploiting the x and y axis symmetry of the parametric cell models, an 

important observation appears in the equations xK̃,ñ,�Ñ/ÉÑ(u) = xK̃,ó,�Ñ/ÉÑ(u) =	 xK̃,�Ñ/ÉÑ(u)  and 

1'ñ,�Ñ/ÉÑ(u) = 1'ó,�Ñ/ÉÑ(u) = 1'�Ñ/ÉÑ(u). Thus, xK̃,�Ñ/ÉÑ(u) and 1'�Ñ/ÉÑ(u) terms serve as representations 

for the effective macroscopic material properties of the individual epidermal cell layers. 

B. Appendix – Modeling shapes of keratinozytes during their life cycle 

Cross-sections through the YZ plane of the cell models ≠r&¨, ≠≥, ≠¥, Qr and Qrµ are illustrated in 

Fig. B.1. The cross-sections of the keratinocytes are each shown in the correct proportions to one 

another, and those of the corneocytes are also correct with respect to each other. Due to the large 

aspect ratio of the corneocyte model, it is not possible to show the two types of model in the correct 

size ratio to each other. 

 

Fig. B.1: Overview of the cross-sections through the YZ plane of the cell models ≠r&¨, ≠≥, ≠¥, Qr and 
Qrµ. The cross-sections of the keratinocytes and those of the corneocytes are each shown in the 
correct proportions to one another. 
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C. Appendix – Power distribution in the stratum corneum 

Analysis of the power distribution over the epidermal cell layers, Q∞ , according to Eq. 6.6. 

 

Fig. C.1: Analysis of the power distribution over the epidermal cell layers, Q∞ , according to Eq. 6.6: 
(a)-(b) Power absorbed by the epidermal cell layers, Q∞ , in the reference and hybrid models, denoted 
by ",/,çÑ and "9,/,çÑ, respectively. (c) Relative deviation of v",/,çÑ between the two skin models. 
The plots corresponding to each of the investigated cell layers are represented by solid, dashed, 
dotted and dashed-dotted lines. They are colored in magenta (Qr through Qµ), green (Q≥ through Q¥), 
blue (Q◊ through Qr¨) and gray (QrP through Qrµ) as indicated in the legend.  

Fig. C.1(a) shows that in the reference model, the power distribution within the SC is primarily 

determined by the distance of the individual cell layers from the skin surface. The power distribution 

within the hybird model in Fig. C.1(b) shows that the level of hydration has a strong influence on the 

power distribution within the epidermis, as evidenced by the significantly higher difference between 

the absorption in cell layer Qr and Qrµ. The relative deviation depicted in Fig. C.1(c) shows that the 

absorption of the SC is overestimated by up to 70 % across the entire spectrum in all cell layers (with 

the exception of Qr). 
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D. Appendix – Modeling of micro-SAR levels in the epidermis' cellular scale  

In this appendix, illustrations are provided to showcase the variability of SAR values. These are 

captured across the cell models of keratinocytes, as depicted in Fig. D.1 through Fig. D.10 (i.e., ≠r 
through ≠rp ), and also across the cell models of corneocytes, as shown in Fig. D.11 through 

Fig. D.24 (i.e., Qr through Qrµ). Within these figures, !"#àÖ,�å/ÉÑ(u) is illustrated on semi-logarithmic 

scales in subplots (a) and (b) for frequency intervals >r and >̈ , respectively. The mean, |4JZ,àÖ,�å/ÉÑ, 

is marked by a solid black line. A dark-gray area around this mean encompasses values within one 

standard deviation, specifically |4JZ,àÖ,�å/ÉÑ ± Ú4JZ,àÖ,�å/ÉÑ , with dashed-dotted lines signify the 

bounds of this range. A light-gray area around |4JZ,àÖ,�å/ÉÑ ± Ú4JZ,àÖ,�å/ÉÑ  reveals the full value 

range within the computational domains, bounded by !"#àHñ,àÖ,�å/ÉÑ(u) and !"#àÖÜ,àÖ,�å/ÉÑ(u). 

Additionally, a red dotted line denotes the local SAR exposure threshold, !"#rpc, limiting induced 

power in limbs to below 4 W/kg according to the basic restrictions (see Tab. 4.1).  

D.1  Parametrized cell models of the keratinocytes äg through ägh 

 

Fig D.1: !"#<5,ãÄ(u)  for cell model ≠r : (a) Semi-logarithmic representation of SAR values for frequency 
interval >r . The solid black line indicates the mean, |[^` ,<5,ãÄ . A dark-gray area surrounds this mean, 
encompassing values within one standard deviation, |[^`,<5,ãÄ ± Ú[^` ,<5,ãÄ , demarcated by dashed-dotted 
lines. The light-gray area illustrates the full range of observed values within the computational domain, 
bounded by !"#<7a ,<5,ãÄ(u) and !"#<5],<5,ãÄ(u). A red dotted line marks the SAR exposure threshold for the 
public, !"#rpl, set below 4 W/kg. (b) Plot analogous to (a) for frequency >̈ . 

 

Fig D.2: !"#<5,ã.(u)  for cell model ≠¨ : (a) Semi-logarithmic representation of SAR values for frequency 
interval >r . The solid black line indicates the mean, |[^` ,<5,ã. . A dark-gray area surrounds this mean, 
encompassing values within one standard deviation, |[^`,<5,ã. ± Ú[^` ,<5,ã. , demarcated by dashed-dotted 
lines. The light-gray area illustrates the full range of observed values within the computational domain, 
bounded by !"#<7a ,<5,ã.(u) and !"#<5],<5,ã.(u). A red dotted line marks the SAR exposure threshold for the 
public, !"#rpl, set below 4 W/kg. (b) Plot analogous to (a) for frequency >̈ . 
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Fig D.3: !"#<5,ãÒ(u) for cell model ≠P: (a) Semi-logarithmic representation of SAR values for frequency interval >r. 
The solid black line indicates the mean, |[^`,<5,ãÒ . A dark-gray area surrounds this mean, encompassing values 
within one standard deviation, |[^`,<5,ãÒ ± Ú[^` ,<5,ãÒ , demarcated by dashed-dotted lines. The light-gray area 
illustrates the full range of observed values within the computational domain, bounded by !"#<7a,<5,ãÒ(u) and 
!"#<5],<5,ãÒ(u). A red dotted line marks the SAR exposure threshold for the public, !"#rpl, set below 4 W/kg. (b) 
Plot analogous to (a) for frequency >̈ . 

 
Fig D.4: !"#<5,ã±(u) for cell model ≠µ: (a) Semi-logarithmic representation of SAR values for frequency interval >r. 
The solid black line indicates the mean, |[^`,<5,ã± . A dark-gray area surrounds this mean, encompassing values 
within one standard deviation, |[^`,<5,ã± ± Ú[^` ,<5,ã± , demarcated by dashed-dotted lines. The light-gray area 
illustrates the full range of observed values within the computational domain, bounded by !"#<7a,<5,ã±(u) and 
!"#<5],<5,ã±(u). A red dotted line marks the SAR exposure threshold for the public, !"#rpl, set below 4 W/kg. (b) 
Plot analogous to (a) for frequency >̈ . 

 
Fig D.5: !"#<5,ãã(u)  for cell model ≠≥ : (a) Semi-logarithmic representation of SAR values for frequency 
interval >r . The solid black line indicates the mean, |[^` ,<5,ãã . A dark-gray area surrounds this mean, 
encompassing values within one standard deviation, |[^`,<5,ãã ± Ú[^` ,<5,ãã , demarcated by dashed-dotted 
lines. The light-gray area illustrates the full range of observed values within the computational domain, 
bounded by !"#<7a ,<5,ãã(u) and !"#<5],<5,ãã(u). A red dotted line marks the SAR exposure threshold for the 
public, !"#rpl, set below 4 W/kg. (b) Plot analogous to (a) for frequency >̈ . 
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Fig D.6: !"#<5,ãå(u) for cell model ≠ç: (a) Semi-logarithmic representation of SAR values for frequency interval >r. 
The solid black line indicates the mean, |[^`,<5,ãå . A dark-gray area surrounds this mean, encompassing values 
within one standard deviation, |[^`,<5,ãå ± Ú[^` ,<5,ãå , demarcated by dashed-dotted lines. The light-gray area 
illustrates the full range of observed values within the computational domain, bounded by !"#<7a,<5,ãå(u) and 
!"#<5],<5,ãå(u). A red dotted line marks the SAR exposure threshold for the public, !"#rpl, set below 4 W/kg. (b) 
Plot analogous to (a) for frequency >̈ . 

 
Fig D.7: !"#<5,ãé(u) for cell model ≠s: (a) Semi-logarithmic representation of SAR values for frequency interval >r. 
The solid black line indicates the mean, |[^`,<5,ãé . A dark-gray area surrounds this mean, encompassing values 
within one standard deviation, |[^`,<5,ãé ± Ú[^` ,<5,ãé , demarcated by dashed-dotted lines. The light-gray area 
illustrates the full range of observed values within the computational domain, bounded by !"#<7a,<5,ãé(u) and 
!"#<5],<5,ãé(u). A red dotted line marks the SAR exposure threshold for the public, !"#rpl, set below 4 W/kg. (b) 
Plot analogous to (a) for frequency >̈ . 

 
Fig D.8: !"#<5,ãŸ(u) for cell model ≠¥: (a) Semi-logarithmic representation of SAR values for frequency interval >r. 
The solid black line indicates the mean, |[^`,<5,ãŸ . A dark-gray area surrounds this mean, encompassing values 
within one standard deviation, |[^`,<5,ãŸ ± Ú[^` ,<5,ãŸ , demarcated by dashed-dotted lines. The light-gray area 
illustrates the full range of observed values within the computational domain, bounded by !"#<7a,<5,ãŸ(u) and 
!"#<5],<5,ãŸ(u). A red dotted line marks the SAR exposure threshold for the public, !"#rpl, set below 4 W/kg. (b) 
Plot analogous to (a) for frequency >̈ . 



FSM Research Project «MicroBioEM»  

FSM-Project No. A2019-01 

Final Report / December 2023 

                                                                                                                                                            . 

 

 – 100 – 

 

Fig D.9: !"#<5,ãÿ(u)  for cell model ≠◊ : (a) Semi-logarithmic representation of SAR values for frequency 
interval >r . The solid black line indicates the mean, |[^` ,<5,ãÿ . A dark-gray area surrounds this mean, 
encompassing values within one standard deviation, |[^`,<5,ãÿ ± Ú[^` ,<5,ãÿ , demarcated by dashed-dotted 
lines. The light-gray area illustrates the full range of observed values within the computational domain, 
bounded by !"#<7a ,<5,ãÿ(u) and !"#<5],<5,ãÿ(u). A red dotted line marks the SAR exposure threshold for the 
public, !"#rpl, set below 4 W/kg. (b) Plot analogous to (a) for frequency >̈ . 

 

Fig D.10: !"#<5,ãÄÅ(u) for cell model ≠rp: (a) Semi-logarithmic representation of SAR values for frequency interval 
>r. The solid black line indicates the mean, |[^`,<5,ãÄÅ. A dark-gray area surrounds this mean, encompassing values 
within one standard deviation, |[^`,<5,ãÄÅ ± Ú[^` ,<5,ãÄÅ , demarcated by dashed-dotted lines. The light-gray area 
illustrates the full range of observed values within the computational domain, bounded by !"#<7a,<5,ãÄÅ(u) and 
!"#<5],<5,ãÄÅ(u). A red dotted line marks the SAR exposure threshold for the public, !"#rpl, set below 4 W/kg. (b) 
Plot analogous to (a) for frequency >̈ . 
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D.2  Parametrized cell models of the corneocytes èg through ègê 

 
Fig. D.11: !"#<5,çÄ(u) for cell model Qr: (a) Semi-logarithmic representation of SAR values for frequency interval 
>r. The solid black line indicates the mean, |[^`,<5,çÄ. A dark-gray area surrounds this mean, encompassing values 
within one standard deviation, |[^`,<5,çÄ ± Ú[^`,<5,çÄ , demarcated by dashed-dotted lines. The light-gray area 
illustrates the full range of observed values within the computational domain, bounded by !"#<7a,<5,çÄ(u) and 
!"#<5],<5,çÄ(u). A red dotted line marks the SAR exposure threshold for the public, !"#rpl, set below 4 W/kg. (b) 
Plot analogous to (a) for frequency >̈ . 

 
Fig. D.12: !"#<5,ç.(u) for cell model Q¨: (a) Semi-logarithmic representation of SAR values for frequency interval 
>r. The solid black line indicates the mean, |[^`,<5,ç.. A dark-gray area surrounds this mean, encompassing values 
within one standard deviation, |[^`,<5,ç. ± Ú[^`,<5,ç. , demarcated by dashed-dotted lines. The light-gray area 
illustrates the full range of observed values within the computational domain, bounded by !"#<7a,<5,ç.(u) and 
!"#<5],<5,ç.(u). A red dotted line marks the SAR exposure threshold for the public, !"#rpl, set below 4 W/kg. (b) 
Plot analogous to (a) for frequency >̈ . 

 
Fig. D.13: !"#<5,çÒ(u) for cell model QP: (a) Semi-logarithmic representation of SAR values for frequency interval 
>r. The solid black line indicates the mean, |[^`,<5,çÒ. A dark-gray area surrounds this mean, encompassing values 
within one standard deviation, |[^`,<5,çÒ ± Ú[^`,<5,çÒ , demarcated by dashed-dotted lines. The light-gray area 
illustrates the full range of observed values within the computational domain, bounded by !"#<7a,<5,çÒ(u) and 
!"#<5],<5,çÒ(u). A red dotted line marks the SAR exposure threshold for the public, !"#rpl, set below 4 W/kg. (b) 
Plot analogous to (a) for frequency >̈ . 
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Fig. D.14: !"#<5,ç±(u) for cell model Qµ: (a) Semi-logarithmic representation of SAR values for frequency interval 
>r. The solid black line indicates the mean, |[^`,<5,ç±. A dark-gray area surrounds this mean, encompassing values 
within one standard deviation, |[^`,<5,ç± ± Ú[^`,<5,ç± , demarcated by dashed-dotted lines. The light-gray area 
illustrates the full range of observed values within the computational domain, bounded by !"#<7a,<5,ç±(u) and 
!"#<5],<5,ç±(u). A red dotted line marks the SAR exposure threshold for the public, !"#rpl, set below 4 W/kg. (b) 
Plot analogous to (a) for frequency >̈ . 

 
Fig. D.15: !"#<5,çã(u) for cell model Q≥: (a) Semi-logarithmic representation of SAR values for frequency interval 
>r. The solid black line indicates the mean, |[^`,<5,çã. A dark-gray area surrounds this mean, encompassing values 
within one standard deviation, |[^`,<5,çã ± Ú[^`,<5,çã , demarcated by dashed-dotted lines. The light-gray area 
illustrates the full range of observed values within the computational domain, bounded by !"#<7a,<5,çã(u) and 
!"#<5],<5,çã(u). A red dotted line marks the SAR exposure threshold for the public, !"#rpl, set below 4 W/kg. (b) 
Plot analogous to (a) for frequency >̈ . 

 
Fig. D.16: !"#<5,çå(u) for cell model Qç: (a) Semi-logarithmic representation of SAR values for frequency interval 
>r. The solid black line indicates the mean, |[^`,<5,çå. A dark-gray area surrounds this mean, encompassing values 
within one standard deviation, |[^`,<5,çå ± Ú[^`,<5,çå , demarcated by dashed-dotted lines. The light-gray area 
illustrates the full range of observed values within the computational domain, bounded by !"#<7a,<5,çå(u) and 
!"#<5],<5,çå(u). A red dotted line marks the SAR exposure threshold for the public, !"#rpl, set below 4 W/kg. (b) 
Plot analogous to (a) for frequency >̈ . 
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Fig. D.17: !"#<5,çé(u) for cell model Qs: (a) Semi-logarithmic representation of SAR values for frequency interval 
>r. The solid black line indicates the mean, |[^`,<5,çé. A dark-gray area surrounds this mean, encompassing values 
within one standard deviation, |[^`,<5,çé ± Ú[^`,<5,çé , demarcated by dashed-dotted lines. The light-gray area 
illustrates the full range of observed values within the computational domain, bounded by !"#<7a,<5,çé(u) and 
!"#<5],<5,çé(u). A red dotted line marks the SAR exposure threshold for the public, !"#rpl, set below 4 W/kg. (b) 
Plot analogous to (a) for frequency >̈ . 

 
Fig. D.18: !"#<5,çŸ(u) for cell model Q¥: (a) Semi-logarithmic representation of SAR values for frequency interval 
>r. The solid black line indicates the mean, |[^`,<5,çŸ. A dark-gray area surrounds this mean, encompassing values 
within one standard deviation, |[^`,<5,çŸ ± Ú[^`,<5,çŸ , demarcated by dashed-dotted lines. The light-gray area 
illustrates the full range of observed values within the computational domain, bounded by !"#<7a,<5,çŸ(u) and 
!"#<5],<5,çŸ(u). A red dotted line marks the SAR exposure threshold for the public, !"#rpl, set below 4 W/kg. (b) 
Plot analogous to (a) for frequency >̈ . 

 
Fig. D.19: !"#<5,çÿ(u) for cell model Q◊: (a) Semi-logarithmic representation of SAR values for frequency interval 
>r. The solid black line indicates the mean, |[^`,<5,çÿ. A dark-gray area surrounds this mean, encompassing values 
within one standard deviation, |[^`,<5,çÿ ± Ú[^`,<5,çÿ , demarcated by dashed-dotted lines. The light-gray area 
illustrates the full range of observed values within the computational domain, bounded by !"#<7a,<5,çÿ(u) and 
!"#<5],<5,çÿ(u). A red dotted line marks the SAR exposure threshold for the public, !"#rpl, set below 4 W/kg. (b) 
Plot analogous to (a) for frequency >̈ .  
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Fig. D.20: !"#<5,çÄÅ(u) for cell model Qrp: (a) Semi-logarithmic representation of SAR values for frequency interval 
>r. The solid black line indicates the mean, |[^`,<5,çÄÅ. A dark-gray area surrounds this mean, encompassing values 
within one standard deviation, |[^`,<5,çÄÅ ± Ú[^` ,<5,çÄÅ, demarcated by dashed-dotted lines. The light-gray area 
illustrates the full range of observed values within the computational domain, bounded by !"#<7a,<5,çÄÅ(u) and 
!"#<5],<5,çÄÅ(u). A red dotted line marks the SAR exposure threshold for the public, !"#rpl, set below 4 W/kg. (b) 
Plot analogous to (a) for frequency >̈ . 

 
Fig. D.21: !"#<5,çÄÄ(u) for cell model Qrr: (a) Semi-logarithmic representation of SAR values for frequency interval 
>r. The solid black line indicates the mean, |[^`,<5,çÄÄ. A dark-gray area surrounds this mean, encompassing values 
within one standard deviation, |[^`,<5,çÄÄ ± Ú[^` ,<5,çÄÄ, demarcated by dashed-dotted lines. The light-gray area 
illustrates the full range of observed values within the computational domain, bounded by !"#<7a,<5,çÄÄ(u) and 
!"#<5],<5,çÄÄ(u). A red dotted line marks the SAR exposure threshold for the public, !"#rpl, set below 4 W/kg. (b) 
Plot analogous to (a) for frequency >̈ . 

 
Fig. D.22: !"#<5,çÄ.(u) for cell model Qr¨: (a) Semi-logarithmic representation of SAR values for frequency interval 
>r. The solid black line indicates the mean, |[^`,<5,çÄ.. A dark-gray area surrounds this mean, encompassing values 
within one standard deviation, |[^`,<5,çÄ. ± Ú[^` ,<5,çÄ., demarcated by dashed-dotted lines. The light-gray area 
illustrates the full range of observed values within the computational domain, bounded by !"#<7a,<5,çÄ.(u) and 
!"#<5],<5,çÄ.(u). A red dotted line marks the SAR exposure threshold for the public, !"#rpl, set below 4 W/kg. (b) 
Plot analogous to (a) for frequency >̈ . 
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Fig. D.23: !"#<5,çÄÒ(u) for cell model QrP: (a) Semi-logarithmic representation of SAR values for frequency interval 
>r. The solid black line indicates the mean, |[^`,<5,çÄÒ. A dark-gray area surrounds this mean, encompassing values 
within one standard deviation, |[^`,<5,çÄÒ ± Ú[^` ,<5,çÄÒ, demarcated by dashed-dotted lines. The light-gray area 
illustrates the full range of observed values within the computational domain, bounded by !"#<7a,<5,çÄÒ(u) and 
!"#<5],<5,çÄÒ(u). A red dotted line marks the SAR exposure threshold for the public, !"#rpl, set below 4 W/kg. (b) 
Plot analogous to (a) for frequency >̈ .  

 

Fig. D.24: !"#<5,çÄ±(u) for cell model Qrµ: (a) Semi-logarithmic representation of SAR values for frequency interval 
>r. The solid black line indicates the mean, |[^`,<5,çÄ±. A dark-gray area surrounds this mean, encompassing values 
within one standard deviation, |[^`,<5,çÄ± ± Ú[^` ,<5,çÄ±, demarcated by dashed-dotted lines. The light-gray area 
illustrates the full range of observed values within the computational domain, bounded by !"#<7a,<5,çÄ±(u) and 
!"#<5],<5,çÄ±(u). A red dotted line marks the SAR exposure threshold for the public, !"#rpl, set below 4 W/kg. (b) 
Plot analogous to (a) for frequency >̈ .  


