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Abstract

:

Biological tissues, including insect tissues, are among lossy dielectric materials. The permittivity properties of these materials are described by loss factor    ε  ″     and loss tangent tgδ. The dielectric properties of the worker honeybee body homogenate are tested in the range of high frequencies from 1 MHz to 6 GHz. The homogenate is produced by mixing whole worker honeybees and tested with an epsilometer from Compass Technology and a Copper Mountain Technologies vector circuit analyser VNA. Due to their consistency, the homogenate samples are placed inside polyurethane sachets. The measured permittivity relates to two components of a sample: homogenate and polyurethane. For five samples, two extremes were specified for the permittivity, loss factor    ε  ″    , and the loss tangent tgδ, for the frequency range 20 ÷ 80 MHz and 3 GHz. Four techniques of testing permittivity in biological tissues were used to determine the dielectric properties of the homogenate. A calculation model was developed featuring a minimum measurement error of the loss factor    ε  ″     and the loss tangent tgδ. The power absorbed per unit volume is described for the whole frequency range.
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1. Introduction


The negative effects on the health of living organisms caused by intensive electromagnetic radiation have been scientifically established and are undisputed. The need to test the effects of electromagnetic field (EMF) results from the continually rising amount of equipment producing the so-called electromagnetic smog [1]. Some examples of EMF equipment generating variable electromagnetic field are listed in Table 1.



Insects and birds are extremely sensitive to electromagnetic fields [2]. Particularly, adverse effects on their behaviour and navigation can be observed. The risk of species-wide reproduction and, in some cases, a growing mortality rate are present. Changes in the habitats of insects and birds are possible. The knowledge of ecosystem changes due to technological progress is important to species conservation.



A dramatic fall in the insect number has been observed. This is caused by the anthropogenic electromagnetic field and its synergies with pesticides, invasive species, and climate changes [3]. The field’s impact on pollinators is especially poignant [4]. Behaviour, cognition, abundance, pollen transport, and seed or fruit set have been impaired. Pollinators provide many benefits for nature and humankind. Their deficits and the consequent threat to natural biodiversity may produce adverse social effects and contribute to economic losses in agriculture. The issue of bee families dying out or their deteriorating condition applies in particular to the developed countries, where the honeybee is the dominant pollinator [5,6]. The abundance and composition of wild pollinators are ambiguous at the time of electromagnetic radiation from mobile antennas. Positive effects can be observed for undergrounding wild bees, and bee flies, while the negative effects have been reported for beetles, wasps, and hoverflies [7].



The influence of the electromagnetic field on bees has been tested in the following frequency ranges:




	1.

	
Low-frequency 50 Hz electric fields [8,9,10,11,12,13,14,15,16];




	2.

	
Electromagnetic fields generated by mobile phone networks [17,18,19,20,21,22,23];




	3.

	
High-frequency (microwave) electric fields in the (2 ÷ 240) GHz range [24,25,26,27,28,29].









The impact of the electromagnetic field on bees causes some changes in their behaviour, physiology, and body temperature. In the hemolymph of workers exposed to a high intensity electric field of 5 ÷ 35 kV/m at the frequency of 50 Hz, the level of protease activity and the total antioxidant potential are higher for experimental groups than for control groups [8,9]. The activity of the enzymatic biochemical markers AST, ALT, and ALP in the hemolymph of bees in the control groups are not different but the same activity in experimental groups is lower [10,11].



Exposure to a low frequency (LF) electric field impairs learning ability and flight dynamics, reducing the success of foraging and feeding [12]. It can also continuously reduce cognitive abilities with regard to both aversive and appetitive learning [13]. The substantially increased wingbeat frequency during the flight [12] has no significant effect on the honeybee worker survival [14], but dramatically increases walking, grooming, flight, stillness, contacts between individuals, and wing movement [15,16].



The other group of the frequencies for which the EMF impact was analysed is the mobile phone range. The average weight of the exposed honeycombs is smaller than of non-exposed bees by approximately 20% [17] and mortality rises by several percent [18]. The significant reduction in flight activity, returning ability, pollen foraging efficiency, brood, prolificacy (egg laying rate in days), honey stores, and pollen store are observed [19,20,21]. The brood area is lower for colonies kept near mobile towers [22]. The glutamine S-transferase activity decreases significantly for the honeybee larvae in their wax comb [23].



The development of telecommunication technologies contributes to an expansion of mobile phone frequencies up to 5 GHz. However, due to the increased demand for the band, the general expectation is that the next generation of mobile phone systems operate at the so-called millimetre wavelengths of 30 ÷ 300 GHz [24,25]. The absorbed energy in a homogenous insect model obtained by micro-CT imaging in the 2–120 GHz band was presented in [26]. In the near field of EMF, the absorbed power increases seven times. Simulation testing showed a particular insect sensitivity to temperature increments for frequencies 12 and 24 GHz [27].



Bees are sensitive to electric fields of varied frequencies at the same instant. The superposition of impacts causes the accumulation of the absorbed energy transmitted in various bands. Determining the effective value of absorbed power at a location of bee colonies allows for a realistic assessment of the insect temperature increment including the frequencies up to 240 GHz deployed in the future [28,29].



Energy absorbed by bees is due to the so-called thermal effect. The amount of absorbed energy depends, among other things, on the loss factor of the dielectric. Some of the bee tissues contain water to a varying degree, which influences the loss factor distribution as a function of frequency. There are frequency ranges at which the loss factor peaks. In the case of water for the frequency f = 2.45 GHz, there is such an area related to exciting intense vibrations of water particles. At this frequency, one would expect a local increase in temperature in the bee tissue, which might increase insect mortality compared with other frequencies. Results for rice weevil demonstrate, however, higher death rates upon exposure to a 39 MHz field than for 2.45 GHz [30,31]. This implies that the calculated absorbed power for the known dielectric parameters of insects is only one of the factors contributing to mortality [32].



Greater insect body temperatures are a direct result of thermal effect. Certain electric field exposures additionally cause changes to behaviour and physiology as result no thermal effect. The effects of such impacts relate directly to the dielectric properties of the bee organism, defined with the loss factor and the loss tangent tgδ. The literature fails to provide such information; therefore, its determination is the primary object of this paper. This study is aimed at developing the method of studying the bee dielectric properties. The acquired knowledge should help to establish electric field parameters when heating of bees produces lethal temperatures. The next step involves obtaining information whether there are a frequency and intensity of the electric field applied to a honeybee hive that may boost the state of bees’ health, their immunity to parasites, and the honey harvesting capacity. Such effects can contribute to the preservation of biodiversity among pollinating insects. Dielectric heating can be a step towards this purpose.




2. The Electric Permittivity of Biological Tissues


The testing of the effects of electromagnetic fields on live organisms is a complex process. The difficulty with an overall assessment of the effects lies in the ignorance of interdependences between the behaviour, physiology, and thermal phenomena. The thermal impact is a result of absorption of electromagnetic field energy by the dielectric parts of insect bodies. There is a relation between the quantity of absorbed energy and the permittivity of dielectrics. A bee is composed of about 46 diverse tissues of varied dielectric properties and water content [33]. Such a structure has the properties of a heterogeneous dielectric material. An electric field acts on each tissue in different ways. This is why the dielectric properties are sensitive to small variations in fractional component volumes, because the permittivity of water normally differs from that of other components [34]. The complexity of a dielectric structure interferes with determinations of an effective permittivity. The effective medium parameter approximations allow for computation of the physical properties of a heterogeneous sample from its constituents.



The determination of the effective permittivity is quite complicated. It requires a precise separation of the particular tissues extracted from a great numbers of bees. The procedure is labour-consuming and requires an appropriate preparation of tissues so that they preserve their dielectric properties. At the current stage of research, the dielectric parameters of bees, namely, the loss factor and loss tangent tgδ, are unknown. Preliminary studies were undertaken to establish the dielectric properties of bees in qualitative, not quantitative terms. The question one needs to answer is whether there is a frequency range for which the permittivity values show a marked deviation. These assumptions are inspired by the results of permittivity studies for the wheat weevil [31]. The loss factor was proven to reach its maximum at 39 MHz. The mortality of the wheat weevil exposed to an electric field turns out to be greater at 39 MHz than at 2.45 GHz, for which water particles are excited to intense vibrations.



This stage of research was designed to determine the value of the loss factor as an imaginary part of effective permittivity    ε r  ″     and the loss tangent tgδ for a homogenate of worker bee bodies produced by mixing dead insects at field frequencies ranging from 1 MHz to 6 GHz. The bees were killed at −18 °C, then the homogenate was made. The samples have an instable structure and flexible form. It is assumed that a band of radio frequencies exists where the loss factor    ε r  ″     becomes extreme.



Many techniques and principles of testing permittivity in biological tissues are similar to those applied to traditional engineering materials. A two-layer sample of a multiphase dielectric can be expressed in a simplified composition [35]. The Bottcher–Bordewijk model suggests a very good feasibility of predicting the permittivity of complex mixtures [36]:


    3  ε 1    2  ε  e f f 1   +  ε 1     φ 1  +   3  ε 2    2  ε  e f f 1   +  ε 2     φ 2  = 1  



(1)




where    ε i    is the permittivity of pure components,    φ i    is the volume of each component, and    ε  e f f 1     is the effective permittivity.



For a two-phase composition, the volume fraction is as follows:



   φ 2  = 1 −  φ 1    and    φ 1  = φ  .



The Skipetrov model can be used to describe the constituent materials; the two-phase system equation is [37]:


   ε  e f f 2   =  ε 1    1 +   3 φ    ε 2  −  ε 1       ε 1    2 + φ   +  ε 2    1 − φ        



(2)







Skipetrov explored the effective permittivity of a random medium. The particle volume fraction  φ  is assumed to be much smaller than unity. Another model the Maxwell-Gannet, where the two-phase multisystem of spherical particles is as follows [38]:


   ε  e f f 3   =  ε 1  − 3 φ  ε 1     ε 1  −  ε 2     ε 2  + 2  ε 1     



(3)







Maxwell-Gannet offered a permittivity model for complex biological tissues, which can be regarded as a small ball distributed in a continuum.



The problem of heterogeneity of a two-layer antenna medium can be reduced to a homogeneous dielectric system and effective permittivity can be expressed as follows [39]:


   ε  e f f 4   =       ∑  n = 1  N      t n     ε n          − 1   ·   ∑  n = 1  N    t n     



(4)




where    ε n    is the permittivity of the nth layer, and tn is the thickness of the nth layer.



It is additionally assumed at the present stage that the magnetic permeability of dielectric biological materials is the same as of vacuum, namely, µ = µ0. The knowledge of electromagnetic properties of biological tissues is virtually identical with the knowledge of their electric properties.




3. Methodology


The method of testing the dielectric properties of the bee homogenate involves the selection of the measurement device, that is, an epsilometer from Compass Technology (Compass, Inc., New York, NY, USA) integrated with Copper Mountain R60 1-Port Vector Network Analyzer (Copper Mountain Technologies, Indianapolis, IN, USA). Several criteria of equipment selection were taken into account:




	
The quantity of the test material should be minimal to avoid killing an excessive number of bees. The minimal sample thickness of 0.3 mm and the surface area of epsilometer capacitor electrodes A = 2.12 cm2 meet this condition;



	
The method of double-layer permittivity measurement can be applied by placing the gelatinous medium inside polyurethane sachets;



	
Placing the medium in the sachets allows for the air to be sucked off in order to limit interference with the measurement results;



	
The epsilometer manufacturer guarantees the accurate measurements of permittivity up to the relative value of 25 and, with a lower accuracy, up to 40;



	
The possible frequency range of epsilometer testing of the material under test (MUT) is 1 MHz ÷ 6 GHz, which meets the requirements of the study.








State-of-the-art equipment featuring analytical corrections of parasitic impedances and fringing fields is used for the study of bee homogenate and its dielectric properties—Compass Technology Epsilometer with an integrated Copper Mountain R60 1-Port Vector Network Analyzer. The epsilometer is a device that measures dielectric substrate materials to determine complex permittivity from 1 MHz to up to 6 GHz. It represents a new measurement method based on the parallel plate capacitor concept. Unlike the conventional capacitive measurement devices, this new method uses a greatly simplified calibration procedure and is capable of measuring at frequencies from 1 MHz to 3 GHz, and in some cases even up to 6 GHz. It overcomes the parasitic impedance limitations in conventional capacitor methods by explicitly modelling the fixture with a full-wave computational electromagnetic code. Specifically, a finite difference time domain (FDTD) code is used to not only design the fixture, but to create a database-based inversion algorithm as well. The inversion algorithm converts measured fixture reflection (S11) into dielectric properties of a material under test MUT.



An advantage of the analyser is the possibility of establishing complex permittivity and dielectric loss factor across a broad frequency band by means of a simple and non-destructive method. Material samples are placed in the meter between the capacitor electrodes and scanned to generate a microwave response as a function of frequency. The bottom electrode is connected directly to the integrated vector network analyser R60. The absence of a wire to connect both the elements enhances the accuracy of measurement. The testing is highly simple, without requiring extra reagents, the measurement process is brief.



The epsilometer is a device dedicated to measure permittivity up to 25, although the manufacturer allows for reading its values of up to 40. Given the water content, the permittivity of insect tissue may reach above 40 for frequencies over 100 MHz [40]. Some initial testing was therefore undertaken to verify whether the epsilometer can serve the testing of bee homogenate. The maximum values of the real part of complex permittivity were below 40 and did not exceed 39 across the frequency range.



3.1. Equivalent Circuit Models of Capacitors


At the current stage of testing, the properties of effective permittivity of the bees are tested using the homogenate of mixed worker bee bodies. The physical and chemical properties may change, affecting the final results. This is particularly true for hemolymph. Promptly on mixing, the samples are placed inside polyurethan sachets to keep the water content constant. Such a sample is a kind of homogenate whose dielectric properties are close to the effective permittivity of a bee. It is one of the elements serving to determine the quantity of electric field energy absorbed by the dielectric material [31,41,42].



For dielectric materials, impedance analysis typically uses two parallel electrodes on either side of the sample, which is equivalent to a capacitor. A time-varying electric field is applied to the electrodes to interact with the material under test (MUT). The measured impedance (including resistance and capacitance) can be analytically related to dielectric permittivity with additional knowledge of the capacitor geometry. The impedance analysis method is often described as a cluster technique. Usually, the effects of parasitic impedances and edge fields are assumed to be small enough to be empirically corrected. Without parasitic effects, the dielectric permittivity    ε ∗    is a function of the surface A of the electrodes, the distance d between them, and the measured impedance Z and can be expressed [43] as:


   1 Z  = G + j ω  C p  = j ω  C o   ε ∗   



(5)




for:



   ε ∗  =    C p     C o    − j  G  ω  C o     —complex permittivity, where Cp is the capacitance of MUT [F], and G is the conductance of MUT, the measured value as dissipation factor.



Permittivity    ε ∗    describes the interaction of a material with an electric field. Complex relative permittivity    ε r ∗    is equivalent to the complex permittivity    ε ∗    relative to the permittivity of free space    ε o   :


   ε r ∗  =    ε ∗     ε o    =  ε r ′  − j  ε r  ″    



(6)




where ε0 = 8.854 × 10−12 F/m—the permittivity of free space.



The real part of the complex relative permittivity    ε r  ′     is a measure of how much energy from an external field is stored in a material. The imaginary part of complex relative permittivity    ε r  ″     is called the loss factor and is a measure of how dissipative or lossy a material is to an external field. The real    ε r  ′     and imaginary    ε r  ″     parts of permittivity are:


   ε r ′  =   d  C p    A  ε o     



(7)






   ε r  ″   =   d G   ω A  ε o     



(8)




where    ε r ′    is the real part of complex relative permittivity,    ε r  ″    —the imaginary part of complex relative permittivity, d is the distance between the capacitor electrodes [m], and A is the guarded electrode’s surface area [m2].



The sum vector    ε r ∗    represents complex permittivity and makes an angle δ with the real relative permittivity vector    ε r ′   . The losses in the dielectric can be described by the loss tangent   t g δ   (for   μ =  μ 0   ):


  t g δ =    ε r  ″      ε r ′     



(9)







On the basis of (6) and (9), the following is correct:


   ε ∗  =  ε 0   ε r ′    1 − j tg δ    



(10)







Loss tangent tgδ is a determinant of loss, expressed with the energy of the electric field absorbed by the dielectric. The power absorbed by a dielectric material subjected to an electric field is given by the following relationship [31,41]:


  P =  E 2  σ =  E 2  ω  ε r  ″    ε 0  = 55.63 f  E 2   ε r  ″   ⋅   10   − 12     [    W / m   3  ]  



(11)




where P is the power density per unit volume [W/m3], E is the electric field strength [V/m], and f is the frequency [Hz].



Even with the above techniques, the capacitance method is typically limited to the frequencies below 100 MHz. The frequency range can be extended up to 1 GHz by careful electrode design. In these cases, parasitic impedance must be further minimized and accuracy at the upper frequency of the measurement range is limited. High frequency capacitance methods require a complicated calibration process that uses a series of calibration measurements for both the high frequency analyser and separately for the capacitance fixturing.



The dielectric permittivity is achieved by measuring the capacitance of the electrodes directly in contact with the MUT. When the MUT is in direct contact with the electrodes, an airgap is formed between the MUT and the electrodes. No matter how flat and parallel both sides of the MUT are, an air gap forms. This air gap is the cause of measurement error because the measured capacitance is the series connection of the capacitance of the dielectric material and the airgap. Measurement error δε is a function of the relative permittivity    ε r ∗    of the MUT, thickness of the MUT dm, and the air gap thickness da. The relationship between the air gap thickness da and measurement error δε is determined by the equation:


  δ ε =    ε x  −  ε r ∗     ε x    =    ε r ∗  − 1      d m     d a    +  ε r ∗     



(12)




where    C o  =  ε o   A   d a      is the capacitance of air gap,    C x  =  ε x   ε o   A   d m      is the capacitance of measured material, and    C  e r r   =    C x   C o     C x  +  C o    =  ε  e r r    ε o   A   d m  +  d a      is the measured capacitance.



Figure 1 presents the influence of the air gap thickness da of the tested sample on the error value   δ ε   of the measured permittivity    ε x   .The effect is greater with thin materials and a high permittivity εx of materials. This air gap effect can be eliminated by applying thin film electrodes to the surfaces of the dielectric material.



In most cases, the edge field cannot be ignored and there are various strategies for either minimizing it or correcting for it, e.g.,:




	
Designing the electrode spacing to be much smaller than the lateral dimensions reduces the importance of these edge fields;



	
Fixing the guard ring into one of the electrodes;



	
Analytical corrections can be applied to the data.








The Copper Mountain Epsilometer was refined by taking into account analytical corrections of the complex calibration procedures and the high frequency limitations of traditional impedance analysis techniques. It includes a fixture that resembles the geometry of a parallel-plate capacitor and has the advantages of the conventional method, including a non-destructive and simple measurement procedure. More importantly, the method enables higher frequency measurement by implementing a new inversion technique based on a full-wave, finite difference time domain (FDTD) solver. The FDTD solver is used to exactly model the measurement geometry, accounting for all edge fields as well as parasitic capacitances and inductances that plague conventional impedance analysis methods. In addition, the FDTD solver is used in a way that allows:




	4.

	
An inversion of frequency dependent dielectric properties in seconds and;




	5.

	
Avoiding the need to bring the full-wave computational electromagnetic CEM modelling expertise to the measurement laboratory [44].










3.2. The Preparation of the Materials under Test MUT


Five samples of biological material, placed in hermetically sealed (by sucking off the air) polyurethan sachets, were prepared for the testing of bee dielectric properties. The biological material has the properties of a quasi-homogenate. The bees were withdrawn from a family living in the upper part of a frame. The samples were prepared by killing the bees at −18 °C. A reasonable (about 100) number of bees necessary to meet the epsilometer measurement requirements was adopted. The bees originated from three different families. Prior to the measurements, they were defrosted and mixed at the room temperature to produce a homogenous structure. A weighted quantity of the material (circa 15 cm3) was then placed inside the bags, the air was sucked off, and all the edges were heat-sealed. The sample had a gelatinous (elastic) consistency and did not dry, its humidity remained constant during the measurements. The sacheted samples were numbered #1 through #5.



The dielectric properties of tissues are affected by many factors, including frequency, temperature, and moisture content. Our tests were designed for the room temperature (19 °C) only. The bee homogenate moisture content is identical in the entire sample volume. A certain moisture heterogeneity in the sample is caused by chitin, which does not absorb water. The water content in the particular tissues of a live bee highly varies. Chitin contains no water, the moisture content in body fat is around 16%, in muscular tissue it is 65%, and in hemolymph it is 90%. A greater amount of water increases permittivity [45]. For the tested homogenate samples, permittivity is below 39 all across the frequency range.



The measurement uncertainty of bee homogenate permittivity is also due to shape changes in the bee biological tissue cells caused by the pressure force of the measurement device [46,47]. The cell damage in the process of preparation for testing, crushing, and the changes in physical and chemical properties of the hemolymph of a killed bee additionally affect measurement errors. Therefore, the test results fail to reflect the permittivity of a living bee. The end results are also influenced by other objective factors such as bee species and age, environmental conditions in connection with ambient temperature and humidity, and the nature of work bees carry out in their hive. Given the complex conditions of establishing permittivity of live bees, the changes relating to this uncertainty are assumed to be acceptable for the purpose of determining the insects dielectric properties at the present stage of research.



Following the theoretical part of this paper, the sample thickness must be specified for a correct determination of the dielectric parameters of the biological bee material, that is, the bee body homogenate. Both the sachet surfaces need to be flat so that they adhere to the epsilometer capacitor electrodes without forming empty spaces (with the air alone). For instance, the measurement error is below 10% for the air gap    d a  < 0.04   mm   in the case of the expected    ε r  ″   < 30   and a sample thickness of 4 mm (Figure 1). This example nonetheless shows that testing needs to be carried out conscientiously and with particular attention.



The thickness of the samples is established with a Checkline J-40-T digital thickness gauge (Figure 2). The gauge measurement marks conform to EN ISO 5084 [48]. The device measurement range is (0–10) mm, its resolution 0.01 mm, the flat measurement foot has a diameter of 50.42 mm, and the maximum pressure is 1 kPa. The samples in question have a delicate, dissolving structure whose thickness is affected by even a minor pressure. The same force of pressure is applied to every sample in order to maintain the reproducibility of measurements. The results of thickness measurements for the individual samples of the biological materials are listed in Table 2.



The method of preparing the test samples inside the polyurethane sachets causes the measured permittivity to include two loss factor components, for the polyurethane and for the bee homogenate. The thickness of the sachet walls is d = 0.2 mm. Using (1) ÷ (4), the dependences specifying the real value for the homogenate are shown below.



The loss factor    ε   2 _ 1      dependence is based on (1):


   ε  2 _ 1   = 2  ε  e f f 1     2  ε  e f f 1   +   1 − 3 φ    ε 1    3   1 − φ     2  ε  e f f 1   +  ε 1    −   1 − 3 φ    ε 1  − 2  ε  e f f 1      



(13)







The loss factor    ε   2 _ 2      results from (2):


   ε  2 _ 2   = 2  ε 1      2 + φ      ε  e f f 2   −  ε 1    + 3 φ  ε 1    3 φ  ε 1  +   1 − φ      ε 1  −  ε  e f f 2        



(14)







The loss factor    ε   2 _ 3      is derived from (3):


   ε  2 _ 3   =  ε 1    2  ε  e f f 3   −   2 − 3 φ    ε 1      1 + 3 φ    ε 1  −  ε  e f f 3      



(15)







The loss factor    ε   2 _ 4      is based on (4):


   ε  2 _ 4   =    ε  e f f 4    ε 1   t 2     ε 1     t 1  +  t 2    −  ε  e f f 4    t 1     



(16)







These calculated values of the loss factors differ from the measured values. The error inherent in the determination of the real homogenate loss factor is defined by:


  δ  ε 2  =      ε  r _ i   ″   −  ε  2 _ i      ε  r _ i   ″       · 100 %  



(17)




where    ε  r _ i   ″     is the measured value of the loss factor for ith sample,   i = 1 … 5  ; and    ε  2 _ i   ″    —the calculated value (13) ÷ (16) of the loss factor for ith sample,   i = 1 … 5  .




3.3. The Analysis of Measurement Results


3.3.1. Stand Calibration


Determining the imaginary part of complex relative permittivity (loss factor)    ε r  ″     and loss tangent tgδ of the bee homogenate material samples is the final part of experimental testing. The measurements use the epsilometer system consisting of the Compass Technology measurement device, the Copper Mountain R60 Vector Network Analyzer (VNA), and a software package dedicated to the establishment of dielectric material parameters within the band 1 MHz to 6 GHz (Figure 3b) [49].



The measurement process begins with calibrating the stand (Figure 3b) by means of a dedicated Teflon calibrator (Compass Technology, Teflon Calibration Standard, CAL-TEF-3X3-39-002). The process generates the amplitude and phase curves which become the points of reference for the Compass Technology measurement device (Figure 4a,b).




3.3.2. Measurement Results


Results for the thickness of individual samples (Table 2) are the starting point for a determination of the parameters of complex permittivity. The measurement results for the particular samples #1 ÷ #5 are shown in Figure 5, Figure 6 and Figure 7. The graphs including the designations    ε r  ″   _ 1 ÷ 5   present the loss factor. The figures including the designations tgδ_1 ÷ 5 show the loss tangent tgδ. The measurement results serve the calculation of power density P per unit volume (11), which determines the quantity of absorbed power. The results of these calculations are depicted in the Figures designated ‘P_1 ÷ 5’. The numbering 1 to 5 denotes the number of a test sample.



All the characteristics of the test samples properties are shown as logarithmic curves. For the purpose of a more detailed interpretation of the samples’ dielectric properties, the parameters are presented for two frequency ranges: 1 MHz–6 GHz (Figure 5a, Figure 6a and Figure 7a) and 1 MHz–1 GHz (Figure 5b, Figure 6b and Figure 7b). The results suggest the loss factor    ε r  ″     has two extremes (Figure 5). The first maximum is in the frequency range of 20 MHz–60 MHz. The loss factor    ε r  ″     varies for the individual samples and is within the 10.5 ÷ 18.5 range. This denotes a measurement error of approximately 40%. One can assume the error is a consequence of an inadequate preparation of samples due to the air presence in the sachets. With reference to Figure 1, depicting the impact of air gap on permittivity measurements, the ratio of the air gap thickness to the thickness of the MUT tested material, for loss factor    ε x  ≈ 20  , can be assumed to be around      d a     d m    = 0.03  . This means the width of the air gap reached    d a  ≈ 0.1   mm  .



The losses are expressed as the loss tangent tgδ (Figure 6). The results prove that tgδ also becomes extreme at the frequencies close to those of imaginary part of permittivity    ε r  ″     extremes and is in the 20 ÷ 80 MHz range. tgδ varies in the 0.3 ÷ 0.46 range. These values show a tendency of power absorbed variations, yet without representing their values.



Power density per volume unit P [kW/m3] (11) is determined to this end (Figure 7). The results fail to show a significant impact of the loss factor    ε r  ″     on the power density P. This means the quantity of absorbed electric field energy, and thus the temperature increment, are more dependent on the frequency.



The Compass Technology Epsilometer can test samples up to 6 GHz. The effects of the electric field frequency on permittivity properties of the bee homogenate were tested in the same frequency range. Substantial result discrepancies are generated for frequencies above 3 GHz, in particular with regard to the samples #1 and #5. The results above 3 GHz were not analysed; therefore, the probable uncertainty of measurements in that range is reported in [44].




3.3.3. The Calculation of Homogenate Dielectric Properties


The homogenate samples for the testing of dielectric properties generate results in the form of effective permittivity. In order to compute the loss factor for the homogenate only, Equations (13)–(16) were used. The initial analysis results are part of Table 3. For the samples #1÷#5 and the maximum imaginary part of permittivity, the loss factor    ε  2 . i   ″     is calculated (for i = 1 ÷ 5) and the measurement error δε2.i is determined (for i = 1 ÷ 5) in line with (17). Preliminary calculations showed    ε  2.2   ″     and    ε  2.3   ″     produce wrong results beyond the domain of permittivity values. They are of no use to the continuing analysis.



The values of bee homogenate loss factor    ε  2.1   ″     calculated as per (13) are illustrated in Figure 8a. The error δε2.1 shown with the differences between the measured and calculated values is presented in Figure 8b. The parallel changes in the loss factor    ε  2.2   ″     and the error δε2.2 are depicted in Figure 9. A comparison of the changes shown in Figure 8a and Figure 9a points to the substantially greater values of the loss factor determined by the method expressed by (16). The errors are considerable as well, in excess of 10% in the frequency range 10 MHz ÷ 100 MHz. The calculation error according to the method expressed by (13) is below 7% across the frequency range.



The foregoing analysis implies that the method of calculating the loss factor developed by Bottcher–Bordewijk (13) is useful to the test method adopted in this paper. This conclusion seems disputable since (16) is based on the assumption that the two sample components form the parallel planes of the antenna structures with n layers. Equation (13) assumes a cell structure of a random nature with some predictable average properties such as cell size and density. It can be modelled with randomly distributed spherical shells. This is a generalised model of a dielectric material. This implies that a spherical approach to the proposed model of calculations is more reasonable. It is supported by the cellular properties of the homogenate, other than those characteristic for the antenna structures. The correct results of Bottcher–Bordewijk method (13) also relate to the volume fraction of polyurethane, which fulfils the condition and is in the range:   φ ∈   0.04 ÷ 0.06    .





3.4. A statistical Review of the Results


A statistical analysis is applied to the results for loss factor    ε r  ″     and loss tangent tgδ and Pearson’s coefficient is determined for the samples of bee origin biological materials in the limited frequency band 1 MHz–3 GHz (Table 4 and Table 5).



The variations in    ε r  ″     and tgδ across the samples are caused by the difficulties of determining the sample thickness. The biological material homogenate in the sachets exhibits gelatinous properties and is of an elastic structure. As the samples are inserted between the capacitor electrodes, it is technically impossible to control the pressure force of the head of the Compass Technology measurement device. The force should correspond to that in the Checkline J-40-T digital thickness gauge that measures a sample thickness and be specified to the level of 1 kPa. Nonetheless, within the defined frequency band the statistical analysis results are strongly correlated among the samples of honeybee worker homogenate (Table 4 and Table 5). This allows for the acceptance of the uncertainty arising from the method of determining the parameters of the media materials.




3.5. Measurement Uncertainties


Measurement uncertainty for the epsilometer may arise from a number of error sources. Systematic errors can be caused by computational modelling errors, fixture manufacturing variations, and VNA nonlinearities. The calibration procedure with a known material is designed to minimize these systematic errors (Figure 3b). The estimated uncertainty of imaginary permittivity for the 2.3 mm Teflon was applied. In addition, VNA drift and noise, electrode pressure variation, and sample thickness uncertainty can influence measurement uncertainty. In this case, the variation is generally less than 2% starting from 10 MHz. For other cases, the measurement uncertainty may vary from 0.5% to 5% depending on thickness and permittivity [50].



The above uncertainty example does not account for the thickness error (Figure 1). There may be an additional uncertainty component proportional to the MUT thickness accuracy. A micrometre rather than callipers should be used to measure thickness to minimize this uncertainty [44]. The digital thickness gauge Checkline J-40-T is used to measure the thickness of the honeybee worker homogenate.



Another significant uncertainty can occur with homogeneous samples of gelatinous (elastic) properties that are not exactly flat. The material subject to MUT testing is placed in a polyurethan sachet in order to suck out the air and then seal the edges. In this scenario, the sample humidity remains steady and the MUT can be positioned between the electrodes. Any air gap between the MUT and the electrodes results in a significant measurement error. The error is especially pronounced at higher permittivity (Figure 1). The test samples are expected to suffer from an additional, systematic error associated with the sachet material, different to that of the bee homogenate. The material has a certain thickness too, which affects the final measurement result.





4. Discussion


The dielectric properties of a honeybee worker homogenate packaged into polyurethan sachets were analysed in this paper. The variations in the loss factor    ε r  ″    , the loss tangent tgδ, and the power density per unit volume P as a function of the frequency in the range 1 MHz to 6 GHz were studied. The results in a graphic form determined two areas of extreme values of the loss factor and loss tangent tgδ: the first for frequencies around 20 ÷ 60 MHz and the other, above 3 GHz. Due to high uncertainty of measurements above 3 GHz, these results were ignored in the discussion. The obtained variations in the dielectric properties of the bee homogenate fill the literature gap. The extremes of the two dielectric variables point to a frequency area of a more intense impact of the electric field. The calculated power density per unit volume P fails to display any particular variations such as extremes in this area. Such an interpretation would indicate a more intense growth of the absorbed energy with rising. This would mean the absorbed energy would produce greater temperature increments for frequencies outside the area of the extreme imaginary part of permittivity. A temperature rise above 50 °C may result in death of the insects [51].



A methodology of measuring the dielectric properties of the bee homogenate is an important result of this study. It helps to reduce the killing of bees to a minimum. The gelatinous sample in the sachets, from which the air was sucked out, preserves its homogenous structure. The sample is subject to simple measurement procedures in the epsilometer from Compass Technology, integrated with a Copper Mountain R60 1-port Vector Network Analyzer. The measurement technique assures an accurate reading of the loss factor and loss tangent tgδ within the frequency range of 1MHz ÷ 3GHz. The thin wall of the polyurethane sachet interferes with the measurement. Based on the method of determining effective permittivity developed by Bottcher–Bordewijk, a correction was introduced to eliminate the impact of the polyurethane permittivity. The method of correcting for the permittivity relies on the assumption of a spherical cell structure, which is the case of the test homogenate.



These conclusions apply to a bee homogenate which is pure matter. Beside purely electro-thermal phenomena in nature, bee behaviour and physiology that may modify the final effect of the electric field are important as well. The honeybee, as a social insect, has developed a range of specific behaviours, including those responsible for maintaining the constant temperature of the brood chamber. The results for the impact of electric field on the other insect as rice weevil can serve as an example [30,31]. Contrary to expectations, the rice weevil has been shown to die faster at the field frequency of 39 MHz than at 2.45 GHz. For the weevil, the loss factor is extreme near the frequencies of 39 MHz. It should be concluded that the test results of the bee homogenate are reliable and close to those reported in [30,31]. The results seem to imply preliminarily the bee mortality rate may even be greater for frequencies in the range 20 ÷ 60 MHz than for higher frequencies and greater values of absorbed energy.



The research should continue to verify the results for frequencies above 3 GHz. The impact of temperature and humidity on the results of sample testing in the full frequency area is unknown. The dielectric values for the bee body homogenate should be verified by examining live bees, whose structure is heterogeneous; in addition, they may respond to experimental conditions by changing their behaviour and the intensity of their physiological processes.



A precise understanding of relationships between dielectric, behavioural, and physiological properties should, in the future, help to assess the threat to the species, and its development or adaptation to the existing environmental conditions of the so-called electromagnetic smog. Conclusions will be of particular importance to assessing the response of bee families to radio frequency (RF) magnetic fields. Further studies will need to assess the field effect on bee behaviour: disorientation, over-excitation, etc. Defining a correlation between permittivity, the absorbed power, and the impact of insect temperature growth on their mortality will be important too.




5. Conclusions


Testing the dielectric properties of a bee homogenate with the Copper Mountain Technologies epsilometer is a cognitive nature and allows to fill the gaps in the literature. The loss factor and the loss tangent tgδ show a tendency similar to that shown by the results of studies of analogous parameters in the case of tissues of other insects. This confirms the correctness of the adopted research method. In the frequency range 20 ÷ 60 MHz, the loss factor and the loss tangent tgδ become extreme. The obtained results were presented using the four techniques of testing permittivity in biological tissues. The Skipetrov and Maxwell-Gannet methods of determining effective permittivity were not used in the conducted research. The smallest error in computing the honeybee homogenate permittivity was for the Bottcher–Bordewijk method. Further studies of the dielectric properties of bees should be continued, taking into account the influence of temperature, electric field strength, exposure time, and frequency on the obtained results.
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Figure 1. Measurement error   δ ε   as a relationship of      d a     d m      for MUT permittivity: (a)    ε x  = 2  , (b)    ε x  = 10  , (c)    ε x  = 30  , (d)    ε x  = 60  . 
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Figure 2. Checkline J-40-T digital gauge measuring the thickness of bee origin biological material samples. 
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Figure 3. Permittivity measurement stand: (a) the set of equipment for the determination of dielectric parameters of bee homogenate samples, (b) the calibration set for the measurement stand. 
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Figure 4. The calibration results of the measurement system: (a) amplitude curve, (b) phase curve of the Compass Technology measurement device. 
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Figure 5. The imaginary part    ε r  ″     of permittivity for samples #1 ÷ #5 and the following ranges of f: (a) 1 MHz ÷ 6 GHz, (b) 1 MHz ÷ 1 GHz. 
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Figure 6. Dissipation factor tgδ for samples #1 ÷ #5 and the following ranges of f: (a) 1 MHz ÷ 6 GHz, (b) 1 MHz ÷ 1 GHz. 
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Figure 7. Power density per unit volume P [KW/m3] for samples #1 ÷ #5 and the following ranges of f: (a) 1 MHz ÷ 6 GHz, (b) 1 MHz ÷ 1 GHz. 
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Figure 8. (a) The loss factor    ε  2.1   ″     calculated as per (13); (b) the error of δε2.1 calculations for the loss factor    ε  2.1   ″    . 
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Figure 9. (a) The loss factor    ε  2.4   ″     calculated from Equation (16), (b) the error of δε2.4 calculations for the loss factor    ε  2.4   ″    . 
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Table 1. EMF sources and operating frequencies [1].
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	EMF Source
	Operating Frequency
	Transmission





	AM/FM Tower
	540 kHz ÷ 108 MHz
	1 kW ÷ 30 kW



	TV Tower
	48 MHz ÷ 814 MHz
	10 kW ÷ 500 kW



	Wi-Fi
	2.4 GHz ÷ 5 GHz
	10 mW ÷ 100 mW



	Cell Tower
	900 MHz, 1800 MHz, 2300 MHz, 5000 MHz
	20 W



	Mobile Phones
	1800 MHz, 2300 MHz, 5000 MHz
	1 W, 2 W
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Table 2. Measurement results of worker bee body homogenate thickness.
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	Sample Number
	Thickness, [mm]





	1
	3.7



	2
	3.2



	3
	5.5



	4
	4.7



	5
	4.5
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Table 3. The initial results of permittivity calculations.
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Sample Number






	

	
#1

	
#2

	
#3

	
#4

	
#5




	
    ε r  ″     

	
13

	
10.5

	
18.5

	
12

	
15




	
    ε  2.1     

	
13.78

	
11.17

	
19.32

	
12.54

	
15.77




	
    ε  2.2     

	
−7.03

	
−7.43

	
−6.54

	
−6.83

	
−6.75




	
    ε  2.3     

	
−6.46

	
−6.73

	
−6.19

	
−6.4

	
−6.31




	
    ε  2.4     

	
16.06

	
12.06

	
22.98

	
13.85

	
18.43




	

	
[%]

	
[%]

	
[%]

	
[%]

	
[%]




	
   δ  ε  2.1     

	
6.03

	
6.38

	
4.45

	
4.51

	
5.16




	
   δ  ε  2.2     

	
154

	
170

	
135

	
156

	
145




	
   δ  ε  2.3     

	
149

	
164

	
133

	
153

	
142




	
   δ  ε  2.4     

	
23.52

	
20

	
24.21

	
15.38

	
22.86
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Table 4. Pearson’s coefficient for    ε r  ″     measurements in the 1 MHz to 3 GHz band.
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Sample Number

	
     ε r  ″      




	
#1

	
#2

	
#3

	
#4

	
#5






	
#1

	
1

	
0.993

	
0.968

	
0.999

	
0.990




	
#2

	
0.993

	
1

	
0.940

	
0.988

	
0.970




	
#3

	
0.968

	
0.940

	
1

	
0.976

	
0.991




	
#4

	
0.999

	
0.988

	
0.976

	
1

	
0.994




	
#5

	
0.990

	
0.970

	
0.991

	
0.994

	
1
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Table 5. Pearson’s coefficient for tgδ in the 1 MHz to 3 GHz band.
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Sample Number

	
tgδ




	
#1

	
#2

	
#3

	
#4

	
#5






	
#1

	
1

	
0.989

	
0.987

	
0.971

	
0.962




	
#2

	
0.989

	
1

	
0.983

	
0.990

	
0.983




	
#3

	
0.987

	
0.983

	
1

	
0.954

	
0.993




	
#4

	
0.971

	
0.990

	
0.954

	
1

	
0.993




	
#5

	
0.962

	
0.983

	
0.947

	
0.993

	
1
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