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Abstract 

 
 In this paper, we investigated normalized induction factor for adult and child exposed to non-uniform 
magnetic fields. Two anatomical human models (adult and 3-year-old child) were used to calculate induced current 
densities. The normalized induction factors were computed for head and torso separately and were plotted in relation to 
the distance between the magnetic dipole and the human body. The dependence of the normalized induction factors on a 
distance is different between head and torso in the adult case. On the other hand, the normalized induction factors for 
the head of the child are always larger than that of the torso of the child. 

 
1. Introduction 

 
 Electronic article surveillance (EAS) systems are widely used in the world to prevent unjustified making off the 
product in the store. There are several types of systems in EAS; magnetic systems, acousto-magnetic systems, radio-
frequency systems, microwave systems. The magnetic systems which have advantage in cost are more popular among 
them. The magnetic systems are based on time-varying magnetic field at the frequency range from low frequency to 
intermediate frequency. On the other hand, induction heating (IH) hobs which also use time-varying magnetic field for 
heating process has became popular as cooking device. These devices are used in the proximity of human bodies. There 
are growing concerns of general public about possible health effects of time-varying magnetic field of these devices. 
 
 There are several guidelines to limit electromagnetic fields. The guidelines established by ICNIRP [1] and by 
IEEE [2, 3] are well known. In these guidelines, the limitation of the magnetic field at the frequency used by these 
devices mentioned above is induced current density (in ICNIRP) or electric field (in IEEE). Since it is difficult to 
measure the induced current densities or electric fields within human body, the reference levels are also provided as 
incident magnetic or electric fields. 
 

The reference levels in the guidelines are assumed that the exposed magnetic field is uniform. However actual 
magnetic fields from various electrical equipments are not uniform. Therefore it is not easy to compare the magnetic 
field generated by the devices with the reference level. One of simple assessment is to compare the maximum magnetic 
flux density with the reference level. However this way overestimates the level of magnetic field from the devices. In 
order to assess the compliance with the reference level, we have to convert the non-uniform magnetic field into 
equivalent uniform magnetic field. From these backgrounds, the normalized induction factor has been proposed to 
convert the non-uniform magnetic field into the uniform magnetic field in terms of induced current densities [4]. 
Additionally, in the IEC documents, the coupling factor with the same function is described [5]. 

 
2. Normalized Induction Factor 

 
The normalized induction factor is the fraction of the maximum current densities induced by non-uniform 

magnetic field and that induced by uniform magnetic field [4]. Thus the factor JK  can describe as 
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where nonuniformJ −max  is the maximum induced current density obtained from the exposure to the non-uniform magnetic 

field; uniformJ −max  is the maximum induced current density obtained from exposure to the uniform magnetic field. The 
amplitude of the uniform magnetic field is adjusted to the maximum value of non-uniform magnetic field within the 
human body. 
 
 Equation (1) means that, if the exposed magnetic field is close to uniform, the denominator becomes equal to the 
numerator; 1≅JK . 

 
3. Models and Method 

 
 Anatomical human models were used in the calculation to evaluate induced current density inside human bodies. 
We used adult male model and 3-year-old child model. The adult model is based on MRI images of Japanese adult male 
with average height and weight. The 3-year-old child model is developed by transforming adult male model [8, 9]. Both 
models have over 50 tissues and organs with 2 mm cubic voxels. The height and weight of adult male are 172.8 cm and 
65.0 kg, respectively; those of the child model are 88.2 cm and 13.4 kg, respectively. 
 
 Figure 1 shows the location of the magnetic dipole and the human model. The magnetic dipole is located at 800 
mm height from the ground in front of the models. The frequency of the magnetic field is set at 20 kHz. The distance 
between the magnetic dipole and the human models are changed form 10 mm to 30 m. 
 
 Induced current densities within the human models were calculated by the impedance method [6]. In this method, 
the biological tissues or organs are represented by cubic cells, and each edge of the cells is attempted impedance. The 
electrical properties of individual tissues and organs are obtained from parametric model developed by Gabriel [7]. 
Since the frequency of magnetic fields we investigate is 20 kHz, the imaginary part of impedance (ωε) is negligible 
compared with the conductivity (σ). Therefore we took into account only real part of the impedance in the calculation. 
 
 According to the ICNIRP guidelines, current densities should be averaged over a cross-section of 1cm2 
perpendicular to the current direction. The specific procedure for computing the 1 cm2 averaged value is not mentioned 
in the guidelines. In this work, we obtained the averaged value of 1 cm2 by following steps. First, each component of 
current density vector were averaged over 5×5 cells (the area equals to 1cm2) as shown in Fig. 2. Then, the magnitude 
is obtained by root-sum-square of three components calculated with procedure mentioned above. 

 
4. Results 

 
 The dependences of peak current densities on the distance are shown in Fig. 3. Figure 3 (a) is the adult case and 
(b) is 3-year-old child case respectively. Dashed lines indicate peak current densities in the head, and solid lines are 
peak in the torso. Since the magnetic field decays as increase of the distance, the magnitudes of current densities 
decrease in both cases. Both of the peak current densities induced in the head and torso in child case is larger than those 
of the adult case. In the child case, the magnetic dipole is located closer to the head (refer to Fig. 1). Head contains 
cerebral spinal fluid (CSF), which has very high conductivity (2.0 S/m at 20 kHz); thus the peak current density more 
likely to be observed in head. For the adult, in contrast, the magnetic dipole is located close to torso. Thus the high 
conductivity tissue in the region near the magnetic dipole is muscle. The conductivity of muscle (0.34 S/m at 20 kHz) is 
lower than the value of CSF. 
 
 Figure 4 shows normalized induction factors of adult and 3-year-old child. Dashed lines are normalized 
induction factors obtained from peak current densities in the head, and solid lines are obtained from the values of the 
torso. On the calculation of normalized induction factors, the uniform magnetic field incident from the top to bottom 
(TOP) is assumed. 
 
 In the adult case, the normalized induction factors for body of adult are larger than that for torso at the 
approximately of the magnetic dipole (region (Ι)). At the distances between 1 and 10 m (region (ΙΙ)), the normalized 
induction factors for the head are larger. This can be described that the direction of the dominant component of the 
magnetic field vector in the head varies, if the distance between the magnetic dipole and the human body changes. At 
the distance under 1 m and over 10m (region (Ι) and (ΙΙΙ)), the direction of dominant component in head is parallel to 



the TOP. On the other hand, at the distances in the region (ΙΙ), the dominant components in head are TOP and the 
direction from front to back. The component of the uniform magnetic field is only TOP direction; hence the induction 
factors are become larger. 
 
 The normalized induction factors for child of the head are always larger than those of torso at any distance. In 
the child case, the magnetic dipole is located closer to the head than the body. Additionally, the head has higher 
conductivity tissue (CSF) than the torso. Therefore the peak current densities are found in the head. 

 
6. Summary 

 
 This paper presents the characteristics of the induced current density in adult and child exposed to non-uniform 
magnetic field. The peak current densities are observed in different region of the body in adult case depending on the 
distance from the source. In the child case, the peaks in 3-year-old child are observed in head at any distance. These 
differences are caused by the position of the magnetic dipole. From the results, it is found that the coupling 
characteristics for adult and child are different by the distance from the magnetic dipole. 
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Fig. 3 Peak current density in head and torso for adult and 3-year-old child 
 

Fig. 4 Normalized induction factor for maximum current density in head and torso 
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Fig. 1 Location of the magnetic dipole and the human model

 
Fig. 2 Region averaged over the area of the 1 cm2. This is a 
case of averaging area for z-axis direction. 


