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INTRODUCTION  

Electric currents and voltages produce 
electromagnetic fields (EMF).  

The majority of population are subject to 
simultaneous exposure to EMF from broadcasting 
and power distribution installations, as well as 
various electrical appliances. The characteristics of 
EMF in the workplace is often very specific in 
comparison with the fields in the general public 
environment: 
• in the workplace the locations of the EMF 

source against the worker's body can change 
significantly 

• distance between the source and the human 
body can be very short 

• the worker’s body can even touch EMF source 
• geometry of the source, frequency and level of 

EMF produced by it can also be unstable 
• exposure level of an operator can vary 

significantly also as a result of his physical 
activity in the vicinity of the source 

• the worker’s exposure level can be high, even 
exceeding international safety guidelines. 

EMF exposure assessment adequate to the physical 
characteristics of exposure and real exposure level 
is the crucial step towards appropriate: 
• risk assessment for occupational safety and 

health (OSH) engineering 
• testing the compliance of exposure conditions 

with safety guidelines or requirements from 
legislation 

• design or re-design of devices emitting EMF 
and work environment containing such sources 

• epidemiological studies of EMF-exposed 
groups 

• environmental monitoring.  

The strongest demands for the use of detailed EMF 
exposure assessment protocol come from the 
regulations concerning mandatory control of 
occupational or environmental EMF exposure, e.g. 
European Directive on workers EMF exposure 
limitation or national legislation on occupational 
safety and health.  
 

ENVIRONMENTAL EMF OF 
INTERMEDIATE FREQUENCY RANGE (IF) 

EMFs of frequency from the range of 300 MHz – 
300 GHz are called microwaves (MW). 
Wavelength of MW is sufficiently short for the 
practical use of waveguides to transmit or receive 
it. EMF of any frequency, which is useful for 
telecommunication, is called radiofrequency (RF) 
EMF. It is possible to find various definitions of 
RF, e.g. 300 Hz – 300 GHz (according to IEEE). 

EMFs of the frequency below 300 Hz are called 
extremely low frequency (ELF) fields. Power 
frequency means the frequency of currents used for 
electrical power transmitting and of EMFs it 
produces (50 Hz in Europe, 60 Hz in North 
America).  

The Intermediate Frequency (IF) range of EMF 
spectrum is specified as the band between the 
extremely low frequency (ELF) and radio 
frequency (RF) ranges. The limits of IF range is not 
defined univocally (e.g. according to WHO fact 
sheet it is the range from 300 Hz to 10 MHz) (see 
Figure 1). The basic parameters of IF EMF are 
presented in Table 3. 

 
        

        

50Hz        

10Hz 100Hz 1kHz 10kHz 100kHz 1MHz 10MHz 100MHz

Figure 1. Example of definition for IF EMF 

 

The basic properties of EMF are related to the 
wavelength and field polarisation, characterised by 
the so-called near- or far-field condition of 
exposure (see Table 1). 

IF EMF which exists in the work environment is 
usually near field.  

Electric field strength, E, and magnetic field 
strength, H, should be considered for the 
assessment of IF EMF. 

 

WHO 300 Hz - 10 MHz 
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Table. 1. Basic parameters of IF EMF 

Fr
eq

ue
nc

y,
 f 

W
av

el
en

gt
h,

 λ
, m

 

N
ea

r f
ie

ld
 

ap
pr

ox
im

at
io

n–
 

di
st

an
ce

 fr
om

 
fie

ld
 so

ur
ce

 
- u

p 
to

 λ
, m

 

Fa
r f

ie
ld

 
ap

pr
ox

im
at

io
n 

– 
di

st
an

ce
 fr

om
 

fie
ld

 so
ur

ce
 

- e
xc

ee
di

ng
 3
λ,

 m
 

50 Hz 6000000 6000000 18000000 
300 Hz 1000000 1000000 3000000 
1 kHz 300000 300000 900000 
10 kHz 30000 30000 90000 

100 kHz 3000 3000 3000 
1 MHz 300 300 900 

10 MHz 30 30 90 
27 MHz 11 11 33 
100 MHz 3 3 9 

 

HAZARDS CAUSED BY IF EMF 

Within IF EMF, three basic mechanisms related to 
direct adverse effects in the living matter were 
established: 
• effects of exposure to time-varying electric 

fields - a flow of electric current, polarisation 
and reorientation of electric dipoles already 
present in the tissue (dominating up to 100 
kHz, but under consideration up to 5-20 MHz)  

• effects of exposure to time-varying magnetic 
fields - induced electric fields and circulating 
electric currents, the so-called eddy currents in 
the body (dominating - up to 100 kHz, but 
those under consideration - up to 5-20 MHz) 

• effects of absorption of energy from EMF - 
temperature increase inside the exposed body 
(under consideration - above 100 kHz, but the 
dominant - above 10 MHz). 

Except direct effects of EMF exposure and 
interaction of EMF with the human body, indirect 
effects can be a significant source of hazards such 
as: 
• contact currents  
• coupling of EMF to medical devices  
• transient discharges (sparks). 

EXPOSURE ASSESSMENT CRITERIA 
APPLICABLE FOR IF EMF 

Exposure assessment regarding IF EMF is 
extremely complex – almost all estimators of EMF 
can be used in this case: 

Internal measures: 
• SAR 
• induced currents 
• in situ electric field 

External measures 
• electric field strength (E) 
• magnetic field strength (H) 
• magnetic flux density (B) 

• contact and induced currents flowing through 
the limbs (I). 

Various estimators can be necessary for the 
assessment of EMF of different patterns: 
• RMS value 
• peak value 
• time derivative dB/dt 
• exposure factor 
• time-averaged exposure level 
• spatially-averaged field strength 
• spatially-averaged squared field strength, etc. 

All estimators (except SAR) have been established 
as frequency-dependent exposure limitations and 
they refer to various frequency ranges. 

 

MEASUREMENTS OF IF EMF 

The assessment of IF EMF can be based on the 
results of the series of spot measurements of RMS 
value of unperturbed electric and magnetic field 
strength.  

The first step of the assessment procedure can be 
based on searching for maximum over the worker’s 
body position. If the results are above the limit of 
exposure then the next step could be time 
averaging, if relevant time-averaged exposure 
limitation is available, e.g. 6-minutes averaging of 
E and H-fields of the frequency above 100 kHz.  

For the case when the worker's body is in contact 
with electric field sources, the above mentioned 
level of exposure should be established 
significantly below environmental limit for 
unperturbed field (like action values from EMF 
directive) because spatial distribution of exposure is 
heterogeneous and there is a risk of exceeding the 
local thermal effect. The details should be discussed 
with the use of the results of numerical calculations 
and contact/induced currents measurements. The 
use of commercial broadband RMS electric and 
magnetic field strength meters should be very 
carefully considered in the case of highly 
modulated fields. Laboratory tests indicate that 
correction factors for modulated fields can be 
established for typical waveforms, but uncertainty 
of such procedure will significantly rise in 
comparison with measurements of sinusoidal 
waves.  

In the case of hand operating sources of strong 
electric field or contact of the worker's body with 
their elements, the assessment of induced current 
resulting from coupling between workers body and 
element with high electric potential (e.g. active 
electrode or cable of electrosurgery unit) is 
problematic. The EMF directive criteria for induced 
current in limbs are not given for frequency below 
10 MHz, however local thermal effect in the limbs 
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(local SAR) was limited for frequencies exceeding 
100 kHz. The assessment of these quantities may be 
carried out following the permissible values as 
specified in the directive for contact current or 
permissible values for induced current in the feet 
specified in IEEE standard. Very few instruments 
measuring current flowing through limbs (clamp-on 
meter or stand-on meter) are currently available. 

The following basic problems with EMF 
measurements and assessment of workers exposure 
were specified: 

• heterogeneous distribution of EMF cause 
measurement error as a result of field averaging 
over the EMF sensor 

• measurements in direct proximity of the 
powered cables or other elements of EMF 
sources at high electric potential are connected 
with strong coupling between the meter probe 
and EMF source what can influence on the 
meter sensitivity and lead to additional 
measurement error not covered by calibration 
of the device 

• according to general rules, the assessment of 
the worker’s exposure should be based on 
unperturbed field. In many cases, e.g. of 
electrosurgical devices, measurement of this 
field is not possible for technical reasons. 
Exposure assessment performed during 
simulated work of EMF sources does not take 
into account the results of capacitive coupling 
and induced or contact current flowing through 
the worker’s body 

• EMF measurements over the position of trunk 
not cover the hands' exposure, usually the most 
exposed part of body. 

• use of meters calibrated in harmonic reference 
field for measurements of pulse modulated 
field may be a source of additional significant 
measurement error. 

 

NUMERICAL CALCULATIONS 

According to the provisions of European Directive 
2004/40/EC,  in the case of environmental exposure 
conditions exceeding limits given for exposure 
action values, workers' exposure assessment should 
be performed on numerical calculations of physical 
quantities inside numerical phantom of exposed 
body, i.e. exposure limit values, such as current 
density (J) and specific energy absorption rate 
(SAR). The conclusive assessment of workers 
exposure to EMF needs the use of the worker’s 
body models (numerical phantoms) and an adequate 
representation of the workplace.  

 

The basic problems for calculations are:  
• representation of the realistic posture of the 

worker's body 
• adequate representation of the electrical 

grounding conditions at the workplace 
• adequate representation of realistic impedance 

of near-field produced by devices being use 
• adequate representation of dynamic changes of 

EMF level in the course of working activity. 

 

 

 

 

 

 

 

 

 

Fig. 2. Numerical model of exposure conditions, realistic 
for surgeon's exposure from electrosurgery device 

 

Adequate calculations for assessment of particular 
exposure situations need high professional skills, 
specialised software and can be very time-
consuming and expensive. 

 

OCCUPATIONAL EXPOSURE TO IF EMF 

Significant occupational exposure to EMF from the 
IF range is caused by various: 

- industrial appliances: 

o induction heaters, operating usually from 
1 kHz to low MHz 

o welding devices, common sources of ELF 
EMF but can be also a source of EMF of 
tens/hundreds kHz frequency 

- medical devices (electrosurgery units, usually 
sources of 300 kHz - 1.5 MHz) 

- anti-theft devices and many others. 

Usually, impedance of EMF in the workplace is 
high or low in comparison with Z0=377Ω and in 
consequence, exposure assessment can be executed 
on the basis of testing only one dominating 
component, e.g. magnetic in the case of induction 
heaters or electric in the case of electrosurgery. 
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Figure 3. Internal and external measure applicable for the assessment of IF EMF 
 
Comments: 
According to the European Directive, the worker’s exposure assessment should be performed on the results of measurements of 
RMS value of unperturbed (existing in the workplace during the absence of workers) electric and magnetic field strength averaged 
over the workers body position and averaged for particular time, which depends on the frequency of assessed fields (e.g. for the 
EMF of the frequency 100 kHz - 10 GHz, E and H should be averaged within any 6 minutes of worker's exposure and E2 and H2 
should be averaged over the worker's body position.  
Worker’s exposure assessment can be performed on the results of a spatial averaging RMS value in the straight line in the center of 
the projected area – equal to worker’s position (according to IEEE standard) or on results of the spot measurements of RMS value 
(the maximum result of measurements over the worker’s body position in the workplace). 
According to Directive 2004/40/EC in the cases of non-sinusoidal EMF exposure peak “action values” for the field strengths are 
calculated by multiplying the relevant RMS values by coefficient (i.e. multiplied by approx. 1.5 for 100 kHz, 4.4 for 500 kHz, 6.9 
for 1 MHz). 
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ELECTROSURGERY DEVICES 

Electrosurgery means the use of electric currents to 
cut or to coagulate a patient’s tissues for various 
medical treatments. The sources of occupational 
exposure to electromagnetic fields (EMF) include: 

• an active electrode at a high electric potential 

• cables connecting the generator (output power 
of up to 500 W, usually during surgical 
treatment of 50-150 W) with the active 
electrode, held in the hand by a surgeon, and 
with the passive electrode (grounded plate), 
mounted to the patient’s body (Fig. 1) 

• a generator in case of not leak-proof housing 
(generator with insufficient electromagnetic 
shield) 

• metallic objects located in the vicinity of cables 
(e.g. surgical or instrumentation tables), which 
can become secondary sources of EMF. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. Electrosurgery device 

 

OCCUPATIONAL EMF EXPOSURE 

Electrodes and supplying cables are sources of 
electric field (E-field) of high level because of the 
application of supplying intermediate frequency 
(IF) high voltage, of frequency exceeding 300 kHz 
(up to ∼1 MHz). 

The waveforms of EMF produced in the vicinity of 
cables depend on a type of a device and its mode of 
operation (Fig. 2). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 2. EMF of electrosurgery device - E-field v. time 

 

The exposure to EMF of a surgeon and health care 
staff (attending physicians and nurses) depends on: 

• mode of device operation 

• type of active electrode in use 

• location of cables connecting electrodes with 
generator.  

The surgeon, who holds an active electrode in the 
hand, is usually the most exposed person from the 
team.  

a) cut „pure”, 0.97 μs/div 

b) coagulation „soft", 0.66 μs/div 

passive 
electrode 

active 
electrodes 

cables supplying 
electrodes 

generator 
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The hand exposure always exists, but other areas of 
the body can be also exposed as a result of a contact 
with cables, e.g. head or torso EMF exposure. 

The surgeon is usually exposed to non-homogenous 
E-field. Metallic objects, which are in the operating 
theatre influence the spatial distribution of E-field. 
The level of exposure of health care staff can 
change 2 or 3 fold, as a consequence of changes in 
the location of these objects. 

In the worst case (use of a monopolar electrode and 
non-shielded cables, approx. 100-150 W output 
power), the surgeon’s hand can be exposed to 
E-field exceeding 1000 V/m, but head and torso 
- up to a few tens of V/m only. When cables touch 
the surgeon’s body then torso exposure is stronger, 
up to the level of the exposure of the hand holding 
the electrode. Magnetic field (H-field) is usually 
below 1 A/m in the distance of 5-10 cm from 
electrodes and cables. If cables create loops, an 
increased magnetic field exists also in their vicinity.  

Level and waveform of EMF depend on the mode 
of electrosurgery devices operation (Fig. 3, Tab. 1).  

 

 

 

 

 

 

 

 

 

Fig. 3. Examples of variability of E-field produced in 
various modes of electrosurgery devices - comparison of 
relative E-field (mean RMS for "pure" cut = 1), 
registered by wide-band E-field meter 

 

Table 1.  
Example of relation of peak value (Ep) to mean RMS 
values (ERMS) of E-field strength, registered by 
oscilloscopic method in the vicinity of cables of 
electrosurgery devices 
Operation Mode - 
output power 

Ratio, 
Ep/ERMS 

Waveform of EMF 

cut „pure” - 150 W 1,4 sinusoidal 400 kHz 
coagulation „spray” 
- 100 W 4,1 

sinusoidal 400 kHz + pulse 
modulation 25-40 kHz 

cut „blend” with 
argon - 100 W 1,8 

sinusoidal 400 kHz + 
amplitude modulation 27 kHz 

coagulation „spray” 
with argon - 100 W 3,8 sinusoidal 400 kHz + pulse 

modulation 40 kHz  

 

The execution of electrosurgical treatment with an 
electric arc burned under an active electrode leads 

to a significant increase of E-field affecting on 
medical staff. The level of exposure during electric 
arc-surgery can be 4-fold higher in comparison to 
the operation without visible arc. 

As a result of exposure to E-field and capacitive 
coupling between elements of electrosurgery device 
and the worker’s body, induced electric current is 
flowing through the worker’s body, similarly to 
currents penetrating the patient’s tissues (Fig. 4). 

 

 

 

 

 

 

 

 

Fig. 4. Induced current measured at surgeon’s hand, 
keeping an active electrode, and E-field measured over a 
surface of this hand (for various modes of operation and 
cable location, 5-minutes registration) 

 

OCCUPATIONAL EMF EXPOSURE 
ASSESSMENT 

Measurements 

The level of EMF exposure of health care staff can 
be assessed with the use of three parameter, which 
can be measured in the workplace: 

• electric field strength, E, in V/m  

• magnetic field strength, H, in A/m 

• induced current, I, in mA. 

The measurements of EMF have to be executed by 
broadband meters. The frequency response of 
equipment used for measurements has to be 
adequate to the frequency of EMF produced by 
electrosurgery devices.  

EMF exposure of health care staff should be 
measured following the procedures established by 
requirements of national regulations and standards, 
or in the case of the lack of such documents, 
following the internationally published standards 
(e.g. CENELEC or IEEE standard). The use of the 
results of laboratory measurements of EMF 
emission from electrosurgery devices is very 
limited because spatial distribution of E-field can 
be highly modified by the metallic structures and 
humans present in the vicinity of the field source. 

The results of measurements of exposure 
parameters have to be analysed following the 
national regulations and standards, or in case of the 

0
1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18

cut "pure" coagulation "spray" cut "blended" with
argon

coagulation "spray"
with argon

peak RMS value

mean RMS value

0,1

1

10

100

1000
E field
induced current

⎯   E-field, V/m 
⎯   induced current, mA 



 3

lack of such document, following the 
internationally published limitations and standards 
(e.g. European Directive 2004/40/EC, ICNIRP's 
guidelines or IEEE standard – see table 2). It should 
be considered that the permissible level of 
exposure, applicable for assessment of exposure 
from various modes of operation of electrosurgery 
devices, can be different as a result of the use of 
frequency-dependent exposure limitations. 

Methods of measurements should be harmonised 
with assessment criteria (see Table 2 and 3). 

Analysis of results of RMS measurements of E, H, I 
should take into account the waveforms of the 
investigated EMF - the most universal method for 
its identification is oscilloscopic registration. In 
case of modulated fields, the broadband meters 
calibrated for RMS value of sinusoidal fields can 
produce a significant error (exceeding 50 %) and 
correction factors harmonized with the waveforms 
of the assessed field should be considered before 
performing the worker's exposure assessment. As a 
consequence, for measurements of modulated EMF 
it is necessary to identify the waveform of EMF 
time-variability, as well as information on detailed 
technical parameters of the meter being used 
concerning the sensitivity of readings of this meter 
to various parameters of modulated fields. 
Exposure assessment criteria can also be modified 
in case of modulated fields (see Table 2 and 3). 

Measurements can be performed during a simulated 
operation only, with phantom equivalent to the 
patient’s body (e.g. absorbent cotton with saline, 
fresh fruit, vegetable, meat, etc.).  

Assessment of surgeons exposure can be performed 
on the basis the measurements of RMS value of 
current flowing through the surgeon’s hand holding 
an active electrode and through his feet, performed 
with the use of clamp-on meter (Fig. 5). 

Criteria for induced current in limbs, given in the 
Directive 2004/40/EC, do not cover frequency 
below 10 MHz. Limitation of induced current of the 
frequency from the range typical for EMF produced 
by electrosurgery devices were published by IEEE 
standard (Table 3). 

 

 

 

 

 

 

 

Fig. 5. The clamp-on meter for measurements of the 
current in the surgeon's hand 
 

Numerical calculations 

According to the provisions of European Directive 
2004/40/EC in case of environmental exposure 
conditions exceeding limits given for exposure 
action values, the workers' exposure assessment 
should be performed using numerical calculations 
of physical quantities inside the numerical phantom 
of exposed body, i.e. exposure limit values, such as 
current density (J) and specific energy absorption 
rate (SAR). The conclusive assessment of the 
surgeon’s exposure to EMF needs the use of the 
worker’s body models (numerical phantoms) and an 
adequate representation of the workplace (Fig. 6).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. Numerical simulations of the surgeon's exposure 
to EMF (numerical model and SAR distribution) 

 

The basic problems for calculations are as follows:  

• representation of the realistic posture of the 
worker's body 

• adequate representation of the electrical 
grounding conditions at the workplace 

• adequate representation of realistic impedance 
of near-field produced by electrosurgery 
devices 

• adequate representation of dynamic changes of 
EMF level in the course of surgery treatment. 

For the surgeon's EMF exposure, adequate 
calculations for assessment of particular exposure 
situations need high professional skills, specialised 
software and can be very time-consuming and 
expensive. 
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EMF EXPOSURE REDUCTION 

In consideration of a necessity to hold an active 
electrode in the hand, complete elimination of the 
surgeon's exposure is not possible. The exposure 
level of other persons from medical staff is 
relatively weak if they do not have contact with 
cables. The reduction of the workers exposure can 
be obtained when the location of cables supplying a 
monopolar electrode is proper (e.g. when cables are 

kept between a generator and surgeon’s hand 
without contact with the body of any worker).  

A radical reduction of EMF exposure level is 
rendered possible by the use of the bipolar electrode 
if it can by applied for a particular surgical 
treatment.  
 

 

Table 2.  
Electric and magnetic field strength – exposure limitation by Directive 2004/40/EC and by IEEE Standard 

Directive 2004/40/EC IEEE Std C95.1, 
Frequency range Electric field strength 

E , V/m 
Magnetic field strength 

H , A/m 
Electric field strength 

E , V/m 
Magnetic field strength 

H , A/m 
0.1 MHz < f ≤ 1 MHz  610 1.6/f 1842 16.3/f 
1 MHz < f ≤ 10 MHz 610/f 1.6/f 1842/f 16.3/f 

f  -  frequency in MHz 
 
Table 3.  
Induced current – exposure limitation by European Directive 20004/40/EC and by IEEE Standard 

Directive 2004/40/EC  IEEE  
Induced current in feet, IL , mA Frequency range Limb induced current 

IL , mA each foot  both feet 
0.1 MHz  < f ≤ 10 MHz not specified 100 200 
10 MHz < f ≤ 110 MHz  100 100 200 

 
Comments: 
According to the provisions of European Directive, workers' exposure assessment should be performed on the results of 
measurements of RMS value of unperturbed (existing in the workplace during the absence of workers) electric and magnetic field 
strength averaged over the workers body position and averaged in particular time, which depends on the frequency of investigated 
fields (e.g. for the EMF of the frequency 100 kHz - 10 GHz, E and H should be averaged within any 6 minutes of worker's exposure 
and E2 and H2 should be averaged over the worker's body position.  
Worker’s exposure assessment can be performed on the results of a spatial averaging of RMS value, performed in relation to the 
straight line in the center of the projected area – equal to worker’s position (according to IEEE standard) or on results of the spot 
measurements of RMS value (the maximum result of measurements over the worker’s body position in the workplace). 
According to Directive 2004/40/EC, in cases of exposure to non-sinusoidal EMF, as produced by electrosurgery devices, peak 
“action values” for the field strengths are calculated by multiplying the relevant RMS values by coefficient (i.e. multiplied by 
approx. 1.5 for 100 kHz, 4.4 for 500 kHz, 6.9 for 1 MHz). 
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Occupational exposure fact sheet

Occupational EMF Exposure
Database

http://www.occupemf.info/

The Occupemf-database is a unique
repository for scientific articles related
to occupational exposure to
electromagnetic fields (EMF). It is
designed to be a tool in searching for
information on health risk evaluations
of EMF exposure associated with
various occupations. The database
gives references to relevant scientific
papers and reports, and in particular,
the Occupemf-database contains the
products of EMF-NET MT2 project
(including the Fact Sheets) in
downloadable format, aimed to be
freely used by all parties interested in
occupational EMF aspects.

The articles can be searched according
to article titles, authors, publication
year and free text search. The searches
can be made conveniently with one
search questionary field. In addition to
conventional targets, the articles can
also be searched using occupation or
EMF sources as a search parameter.
The database search function enables
also finding of articles focusing on
different frequencies (single frequencies
or frequency ranges). Furthermore, the
articles are sorted according to the
exposure assessment method
(measurements, calculations, epidemio-
logical study).

http://www.occupemf.info/


25 

 

Result processing 
 
Waveforms and harmonics 

 

The figures 1 to 7 show how waveforms and 
harmonics of three different spot welding machines 
look like. For the AWL and ARO machine the 
measured fundamental frequency agreed with the 
nominal. The waveform of the Matuschek was too 
unstable for taking the waveform and the harmonics  

 

 

of the field. Therefore the nominal 20 kHz 
frequency will be used for calculating the action 
value for comparing the measured fields.  

 

AWL 65 kVA ARO 180 kVA MFDC 1kHz Matuschek 32 kVA HFDC 20 kHz 
Stroommeting AWL 63 kVA 50 Hz 
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Figure 1: Current waveform 
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Figure 4: Current plot 

Stroommeting Matuschek 32 kVA 20 kHz HFDC 
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Figure 7: Current plot 

 

 

 

 

 

Figure 2: Waveform of B-field  

 

 

 

 
 

Figure 5: Waveform of B-field 

 

 
Waveform too unstable to take 
picture 

 

 

 

 

 

 
Figure 3: Harmonics  

 

 

 

 

 
Figure 6: Harmonics  

 
 

Waveform too unstable to take 
picture 

 

 

(source Belgium EMF welding report 2008) 
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Measured fields ? 

 
In the next two tables an example is given of the 
results measured on different heights and different 
radial distances from the electrode of a 50 Hz spot 
welding machine (P = 45% and I = 7.9 kA). The 

tables summarises the results  made at the 3 heights 
in the 3 axis plane (0°, 45°, 90°)  

The measurement height of 109 cm corresponds to 
the vertical position of the electrode of the machine.  

 
Table 1: Measurements made in the percentage of the action value mode 

Measurement 
Position  Percentage of action value  

Angle of measurement axe 
[°]  0 45 90 

Distance to 
electrode 

[cm 
Measurment height [cm]  20 109 175 109 109 

5 0,69 1766 110 overload overload 
10 0,6 670 91 overload 1867 
20 0,44 192 58 1197 544 
40 0,32 82 38 341 222 
60 / 44 / 145 / 
80 

 

/ 27 / 79 / 
 (source Belgian EMF welding report 2008) 
 

Table 2: Measurements made in the wide band mode 
Measurement 

Position  Wide band B-field [µT] 

Angle of measurement axe 
[°]  0° 45° 90° 

Distance 
to 

electrode 
[cm] Measurement height [cm] 

 20 109 175 109 109 

5 42 2371 / overload overload 
10 39 1211 58 1827 3151 
20 33 450 50 785 1277 
40 24 119 33 237 331 
60 17 49 22 111 126 
80 / 25 / 48 / 

100 

Action value is 500 µT 

/ 15 / / / 
(source Belgian EMF welding report 2008) 

 

The results of the tables show that the B-field 
strength is different at different heights and axes 
respectively. Therefore it is recommended to 
perform the measurements at different heights and 
in different axes. 

If we consider the percentage of the action value 
mode (table 1) at a height of 109 cm of the 45° axis 
we see that the B-field strength is not compliant 
within a distance of 60 cm from the electrode.  

 

However if we consider the same measurement in 
the wide band mode this distance corresponds only 
to 20 cm. This agrees with the contradiction 
between both measurement modes we already 
observed with  arc welding. In this respect the 
recommendations for the spot welding are the same 
of these made for arc welding. 
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Portable spot welding  
Portable spot welding (PSW) is a type of resistance 
welding where high currents are used and 
consequently strong magnetic fields may be 
produced. PSW is mainly used in SME’s and in a 
less extend in big industries for welding metal 
sheets. 

 
PSW and ELT 4000 

 
Measurement methods 
The measurements the guidance is dealing with 
were made on a TECNA model (max 11 kVA and 
7.4 kA) with a welding duration of 1.3 seconds.  
 

It is recommended to measure the waveform, the 
harmonics and the B-field for PSW with the same 
equipment as done for the spot welding machines 
discussed in the chapter above. Moreover it is also 
advised to measure the B-field in a three axis’ plan 
and since it is a portable system also on the body of 
the operator. 

 

 

 

Result processing 
The PSW generates a pure 50 Hz sinusoidal field without harmonics so that the measured wide band B-field can 
simply be compared with the action value for compliance testing.  

 

 

 

 

The next table shows the results where the approach 
was focused on reproducibility of the results within 
the same PSW-device. Notice that for the present 
guidance we only are interested to know the 
measurement variability within one  

 

PSW device but that we don’t want to know 
variability within and between different PSW 
devices for interferences and decisions about the B-
field of the PSW population.  

 

M1 M2 M3 Distance 
to 

electrode 
(cm) 

Mean 
B-field (µT) 

 
Stdev 

 

 
N 
 

Mean 
B-field (µT) 

Stdev 
 

N 
 

Mean 
B-field (µT) 

Stdev 
 

N 
 

1 1045 54 6 921 61 6 1531 43 6 
10 216 6 6 213 13 6 230 21 6 
20 66 5 6 73 3 6 74 2 6 
30 31 1 6 31 1 6 32 1 6 
40 16 0 6 16 0 6 16 0 6 
50 10 0,3 6 10 0,4 6 9 0,5 6 

- M1: measurement in horizontal direction in front of contact point during spot welding 
- M2: measurement in vertical direction above contact point during spot welding 
- M3: measurement in vertical direction under contact point during spot welding   
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It shows that for testing reproducibility N repetitive 
measurements have to be made per measurement 
point in M planes. The results show that one has to 
be very close to the electrode to exceed the action 
value of 500 µT. However the most interesting and 
most important observation from the table is that 
the closer to the electrode the measurements are 
made the bigger the variability in terms of standard 
deviations from the mean B-fields. Though 
uncertainty is different from variability this 
observation implies that the uncertainty about a 
single point measurement made near to the 
electrode is much bigger than the one made at a 
point farther away from the electrode. Hence it is 
advised that compliance should not be tested on 
base of a single point measurement but that it 
should be based on representative location and 
dispersion statistic.  
 
 

What can we tell about the B-field distribution 
on the body?  
 
Since the next figure shows that the B-field on the 
different parts of the body agrees with the action 
value of 500 µT it is advised that operators of PSW 
devices choose the best welding position available 
by respecting more or less the distances indicated in 
the picture.   
 

 
Distribution of the B-field over the body of the PSW 

operator 
 

As for avoiding a possible indirect effect by 
interference with pacemakers and/or  other 
electronic implants it is recommended that carriers 
of such implants do not use PSW devices  since at a 
distance of 30 cm from the chest the 100 µT 
threshold for interference with old pacemakers is 
exceeded. 
 
 
What can we recommend about 
welding in general? 
Throughout the data we’ve shown that EMF 
compliance testing and exposure assessment of arc 
welding as well as spot welding are complex  tasks. 
Therefore it is first of all recommended that an 
experienced staff is involved in the job. The staff 
must at least consist of : 

- a welding engineer, knowing the great 
diversity of welding processes and related 
electrical welding parameters 

- an EMF expert, knowing the physics, the 
measurement and exposure assessment 
techniques and the interpretation of 
guidelines and standards in terms of 
reproducibility, uncertainty and variability 

- last but not least, an experienced technical 
staff with a perfect know how of the 
measurement equipment and how to deal 
with measurement artefacts or aberrations 

Good communication between all members of 
the crew in every step of the measurement and 
reporting process is indispensable in order to 
get a qualitative and reliable final product. 
Although there is a tendency to put exposure 
assessment or compliance testing into the 
plants’ own safety staff’s hands we have to be 
aware that the complexity of this task is that 
great that the results delivered by an un-
experienced person or group will be unreliable 
and has to be repeated by an experienced staff.   

Because the measurements showed that 
welders are exposed to magnetic induction 
fields which exceed the action value by cable 
contact during arc welding and at operator’s 
distance during spot welding on the one hand 
and the lack of modelling data and data on 
protection possibilities in the welding sector on 
the other hand it is recommended that: 

1. reliable calculations/models for checking 
compliance of the body induced current 
with the exposure limit value/basic 
restriction will be applied to or developed 
for the welding sector 

2. advanced research on active and passive 
mitigation possibilities which have 
certainly to be efficient for arc welding has 
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to be stimulated. Since the Biot-Savart rule 
for field attenuation with distance is hard if 
not possible to apply for arc welding 
developing  LF magnetic field reducing 
protective clothing (that doesn’t limit 
working comfort or welding efficiency)  is 
perhaps the best solution here.  

3. operators of spot welding machines could 
enlarge their distance to the electrode to at 
least 60 cm therefore research on  efficient 
remote control systems for starting the 
spot welding machine measurement should 
be encouraged. 

As for sensitive groups such as carriers of 
pacemakers and/or other electronic implants, 
pregnant women and youngsters in welding 
education we have the following advice.  

Because of the risk on interference, carriers of 
pacemakers and/or other electronic implants do not 
weld with any system. 

Since more and more women start to work as a 
welder in the industry or weld in art schools it is 
recommended on base of the precautionary 
principle that they don’t weld when they are 
pregnant. 

As for youngsters between 14 and 18 year who are 
in their welding education we roughly calculated 
that a youngster who is welding about 18 h a week 
receives the same amount of B-field in 12 days than 
a child that is permanently exposed to 0.4 µT by 
living under a power line. If there is an 
epidemiological relation between the 0.4 µT 
exposure by power lines for children between 0 and 
15 years old and childhood leukaemia why should 
we not be prudent with youngsters who are, though 
not continuously, exposed to far higher B-field 
strengths when they are welding.  
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Occupational exposure fact sheet 

Hand held Magnetic Reactivator  
 
 
 
 

There are different kinds of RF- and ELF tag 
reactivation and deactivation systems for 
library purposes. The one this fact sheet is 
dealing with is a popular ELF hand held 
reactivator for activating the book tags in 
libraries.  

 

The fundamental operating frequency of the 
device is 50/60 Hz and the power ouput 125 W.  

This kind of reactivators allows the library staff 
to activate book tags in a fast and simple way 

by taking the books on one arm while gliding 
the reactivator over the tag side of the books.  

 

Though this method seems to be the fastest and 
most convenient for the operator, the 
disadvantage of it is that the chest of the 
operator may be exposed locally to strong 
magnetic induction fields, certainly when the 



reactivator touches the operator’s chest while 
activating the tags of the books.  

In order to investigate the possible exposure the 
magnitude of the magnetic induction field (B-
field) has to be measured at the four sides of 
the reactivator.  

B-field at 5 cm from each side of the activator

DIALOC ID

D
I
A
L
O
C
 I
D

Distance

5 cm

Fe plate

EPH50A

PMM 8053A

DIALOC  ID

1968 µT

403 µT

293 µT

277 µT

 

The B-field is especially high at the bottom 
side (±21 mT on the bottom and 2 mT at 5 cm) 
of the device and moreover it generates a 
substantial amount of harmonics  

 

Because of the harmonic content, compliance 
with the reference limits has to be concluded on 

base of the summation formula. Though no 
health effects have been associated with the 
activators, operators can however protect 
themselves against the high B-field exposure at 
chest’s level by gliding the reactivator over the 
tag after the books are placed on the tabletop.. 

 

Passive mitigation for protecting the hand that 
holds the reactivator is not obvious and should 
if necessary be investigated on base of efficient 
shielding materials. 
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Practical guidance for occupational EMF 
exposure assessment  
Numerical dosimetry 

 
 
 
 

 
 
 

What is dosimetry of EMF? 
Electromagnetic dosimetry treats the quantitative 
evaluation of the interaction between an 
electromagnetic field and an exposed subject. 
Since biological matter is characterized by the 
presence of electrical charges and currents, the 
action of the exposure results in induced currents 
and energy absorption. 

Dosimetry is addressed to the study of such 
physical phenomena and to their quantitative 
evaluation by means of physical parameters, 
named dosimetric quantities, that are directly 
related to the biological effects. Such parameters 
are the induced current density - (frequencies up 
to 10 MHz), and the Specific Absorption Rate - 
6$5 (frequency from 100 kHz to 10 GHz). 

Induced current density - [A/m2] is the current 
flowing per unit cross-sectional area inside an 
exposed body. Due to the inhomogeneity of the 
body, current density should be averaged over a 
cross-section of 1 cm2 .  

SAR [W/kg] is the EMF energy that is absorbed 
in the body tissues for unity of time and mass.  
SAR values are to be averaged over any 6-minutes 
period.  

 
 
&XUUHQW�GHQVLW\.�The current flowing through a 

unit cross section perpendicular to its direction in 
a volume conductor such as the human body or 
part of it, expressed in ampere per square meter 
(A⋅m-2). Current density is the dosimetric quantity 
used in the frequency range up to 10 MHz. 
�

6SHFLILF� HQHUJ\� DEVRUSWLRQ� UDWH� �6$5�. The 
rate at which energy is absorbed in body tissues, 
expressed in watt per kilogram (W⋅kg-1). SAR is 
the dosimetric quantity that has been widely 
adopted at frequency above about 100 kHz. 

 
The frequency of the field and the dielectric 

properties of the exposed subject are the 
parameters that mainly influence the physics of 
coupling mechanisms, and dielectric properties of 
biological systems, including human tissues, are 
described by two parameters, the electrical 
conductivity σ [S/m] and the relative electrical 
permittivity εr.  

The protection from established effects of 
electromagnetic fields is based on the definition of 
basic exposure limits expressed in terms of 
dosimetric quantities. Such limit values, that  
cannot be exceeded in any condition of exposure, 
are provided by the ICNIRP Guidelines (ICNIRP,  
1998), and enforced in the Council 
Recommendation 1999/519/EC on the limitation 
of exposure of the general public to EMF, and in 
the Directive 2004/40/EC on the protection of 
workers from exposure to EMF. Dosimetric 
quantities are set on the basis of the thresholds of 
biological effects, applying proper safety margins. 

In the following table the ICNIRP basic 
restrictions for general public and occupational 
exposure are presented. In accordance with the 
ICNIRP philosophy, the safety margin for the 
workers is 10, being 50 for general public taking 
into account the presence of individuals 
particularly susceptible in the population.   

 



 
 

7DEOH����%DVLF�UHVWULFWLRQV�IRU�IUHTXHQFLHV�XS�WR����*+]��2FFXSDWLRQDO�H[SRVXUH�
)UHTXHQF\�UDQJH�

&XUUHQW�GHQVLW\�IRU�
KHDG�DQG�WUXQN��
�P$�P � � ���UPV��

:KROH�ERG\�
DYHUDJH�6$5��

�:�NJ � � ��
/RFDOL]HG�6$5�
�KHDG�DQG�WUXQN��

�:�NJ � � ��
/RFDOL]HG�6$5�

�OLPEV���
�:�NJ � � ��

up to 1 Hz 40 - - - 
1 – 4 Hz 40/f - - - 
4 Hz – 1 kHz 10 - - - 
1 – 100 kHz f/100 - - - 
100 kHz – 10 MHz f/100 0.4 10 20 
10 MHz – 10 GHz - 0.4 10 20 

 
 

7DEOH����%DVLF�UHVWULFWLRQV�IRU�IUHTXHQFLHV�XS�WR����*+]��*HQHUDO�SXEOLF�H[SRVXUH�
)UHTXHQF\�UDQJH�

&XUUHQW�GHQVLW\�IRU�
KHDG�DQG�WUXQN��
�P$�P � � ���UPV��

:KROH�ERG\�
DYHUDJH�6$5��

�:�NJ � � ��
/RFDOL]HG�6$5�
�KHDG�DQG�WUXQN��

�:�NJ � � ��
/RFDOL]HG�6$5�

�OLPEV���
�:�NJ � � ��

up to 1 Hz 8 - - - 
1 – 4 Hz 8/f - - - 
4 Hz – 1 kHz 2 - - - 
1 – 100 kHz f/500 - - - 
100 kHz – 10 MHz f/500 0.08 2 4 
10 MHz – 10 GHz - 0.08 2 4 

 
 

Dosimetry plays an important role in the risk 
assessment process, but its function is of great 
concern also in laboratory studies addressed to 
investigate the effects of EMF on biological 
systems. In fact, as required by WHO, biological 
experiment must be carried out under known and 
controlled exposure conditions in order to ensure 
their repeatability. This implies, both for ³LQ�
YLYR´ and ³LQ� YLWUR´ studies, the need of 
dosimetric characterization, strictly related to 
EMF energy absorbed by the  biological target.  

Dosimetric evaluation can be based on 
experimental, analytical and numerical methods.  
 
 
8VH�RI�H[SHULPHQWDO�GRVLPHWU\��
Experimental dosimetry is commonly used to 
evaluate SAR in the head produced by mobile 
phones, and for dosimetric characterization of 
biological material during in ³LQ� YLWUR´� and� ³LQ�
YLYR´�studies. 

It is based on measurement inside phantoms of 
current density and SAR by means of 
miniaturized electric field or temperature meters. 
Phantoms are made of biological-equivalent 
material able to simulate, at the frequency of 
interest, dielectric properties of the exposed 
biological material.  

Even if the accuracy of such methods will be 
improved in the future, the use of experimental 
dosimetry is primarily addressed to the validation 
of numerical methods. 

 ([DPSOH�RI�H[SHULPHQWDO�GRVLPHWU\�VHW�XS�
�KWWS���ZZZ�HWV�OLQGJUHQ�FRP���

�
8VH�RI�DQDO\WLFDO�GRVLPHWU\ 
Analytical dosimetry is based on the direct 
mathematical solution of the exposure problem as 
described by Maxwell’s equations, taking into 
account the exposure conditions (sources and 
environment) and the properties of the exposed 
subject.  

Due to the complexity of Maxwell’s equations, 
analytical dosimetry is applicable only to simple 
exposure scenario, and when the exposed subject 
can be represented by means of a simple 
geometrical solid (like a sphere, cylinder or 
ellipsoid), homogeneous from the point of view of 
dielectric properties, in free space or over an 
infinite, perfectly conducting ground plane. 



Complex exposure scenarios, including realistic 
anatomical human models, cannot be solved by 
means of analytical dosimetry. In spite of these 
limitations, analytical dosimetry is useful for 
qualitative consideration and basic understanding 
of coupling phenomena. Analytical methods can 
be employed as a check for numerical techniques 
as well as experimental dosimetry. 
 
8VH�RI�QXPHULFDO�GRVLPHWU\�
Numerical approach consists of solving 
Maxwell’ s equations by means of computational 
methods, employing accurate models of dielectric 
properties of tissues. This approach is at the 
moment the most commonly used, due to its 
capability to simulate complex exposure scenarios 
and to evaluate induced current and SAR, as well 
as the internal electric field, in the exposed 
subject.   

Numerical techniques adopt the following 
general approach: 

• development of a set of differential or 
integral equations in order to model the 
electromagnetic problem (Maxwell’ s 
equations); 

• representation of the exposure scenario, by 
means of a discrete model of the exposed 
subject, field source, and surrounding 
environment, made of small homogeneous 
elements (pixels in 2D problems, voxels in 
3D problems); 

• assignment of dielectric properties 
(frequency dependent) to each element; 

• transformation of differential or integral 
equations into a set of algebraic ones; 

• resolution by means of standard 
computational algorithms. 

 

 �
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There are several different calculation methods, 
many of which are described in the CENELEC 
standards, e.g. EN 50392: 2004� �� *HQHULF�
VWDQGDUG� WR� GHPRQVWUDWH� WKH� FRPSOLDQFH� RI�
HOHFWURQLF�DQG�HOHFWULFDO�DSSDUDWXV�ZLWK�WKH�EDVLV�
UHVWULFWLRQV� UHODWHG� WR� KXPDQ� H[SRVXUH� WR�
HOHFWURPDJQHWLF�ILHOGV�����+]�±�����*+]�: 

• boundary element method (BEM); 
• finite difference frequency domain (FDFD); 
• finite difference time domain (FDTD); 
• finite element method (FEM); 
• finite integration technique (FIT), 
• method of moments (MoM). 

 
How can numerical methods be 
implemented? 
Many of numerical methods are implemented on 
commercial SW packages, mostly developed by 
research teams, provided with anatomical human 
body models and CAD tools able to represent 
sources and environment. 

The best choice of the computational method 
suitable to the case on study depends on several 
factors, mainly the frequency of interest and the 
exposure condition (near or far field). Other 
factors to be taken into account are the 
geometrical characteristics of exposure scenario, 
and the computational time that is related to the 
method and to the memory present on hardware 
resources available.   

Computational time is also related to the 
resolution of  the anatomical model (voxel 
dimension). 
 
How are human body models obtained? 
Human body models are based on CAT 
(Computerized Axial Tomography) and MRI 
(Magnetic Resonance Imaging) medical data, 
processed in order to recognize different types of 
tissues.  

Dielectric properties (that are strongly frequency 
dependent) are assigned according to scientific 
data based on direct experimental evaluation or 
fitting of experimental results. 

  
 
 
 
 
 
 
 
 
 
 
 



Once the exposed subject has been segmented, 
values for conductivity� �DQG�relative permittivity� �
have to be assigned. This is usually accomplished 
through preliminary assessment of the type of 
tissue of each segment, and subsequent 
application of a parametric model able to 
represent the dielectric properties of biological 
tissues in the frequency range from 10 Hz to 100 
GHz. 

Internet applications are currently available and 
allow to professionals the on-line calculation and 
download of the values of dielectric properties of 
about fifty different human tissues in the above 
frequency range. In particular: 
• the web page of the Federal Communications 

Commission (USA): "Tissue Dielectric 
Properties", http://www.fcc.gov/cgi-
bin/dielec.sh; 

• the web page of the Institute for Applied 
Physics "Nello Carrara" (IFAC) of the Italian 
National Research Council (CNR): "Dielectric 
Properties of Body Tissues", 
http://niremf.ifac.cnr.it/tissprop/. 

  
An alternative approach is aimed at directly 

determine the dielectric properties of each voxel, 
bypassing the tissue recognition process. This 
approach is based on the evaluation of the tissue 
water content by means of automatic processing 
of the MRI images. Its applicability is limited to  
frequencies above 100 MHz and the information 
on tissue type is not available. 

 
The most common examples of body model are 

the MEET Man and HUGO, based on data from 
the Visible Human Project (VHP) of the National 
Library of Medicine, Bethesda, Maryland, USA. 
Such models are categorized into 40 different 
types of tissue. 

   
 
 

 
 
 
 
 
([DPSOH�RI�9+3�PRGHO��FRURQDO�VHFWLRQ�YLHZ�VKRZLQJ�
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Norman (NORmalized MAN) is another useful 
dataset based on medical imaging data, where 37 
different tissues are recognized, scaled to match 
with the ICRP Standard Man. 
 

The International Commission for Radiological 
Protection (ICRP) has defined a "Standard Man" 
who is 1.76 m tall with a mass of 73 kg. The 
reference adult female is 1.63 m tall with a mass 
of 60 kg. 

Anatomical models are commonly scaled to 
Standard Man, and should fulfil the following 
requirements: 
• representative of human shape; 
• representative of the inhomogeneous 

structure of the human body; 
• realistic dielectric properties of tissues; 
• data resolution better than or equal to 10 mm 

steps.  
Some available examples are mentioned. 
The�9LVLEOH�0DQ data set is the first result of the 

Visible Human Project of the National Library of 
Medicine, Bethesda, Maryland, USA. It is a 
complete digital image data set of a human male, 
and it consists of CAT and MRI scans as well as 
criosection images. 

The� �0((7�0DQ��� developed at the Institute of 
Biomedical Engineering, University of Karlsruhe 
Germany, is a processed version of the Visible 
Man data set which has been segmented and 
classified into 40 different tissue types. 
³+XJR´��from�ViewTec, Zürich, Switzerland, is an 

anatomical 3D volume and surface data set, 
based on Visible Man information. Data are 
categorised into 40 types of tissue.  �
�1250$1� model, developed at the National 

Radiological Protection Board (NRPB) UK, is a 3D 
array of voxels, each of which contains 
information on discrete tissue type. It is based on 
medical imaging data and has been categorised 
into 37 different tissue types and scaled to match 
the standard man.  

“1$20,´� �D1$W20,FDO� PRGHO��was designed at 
NPRB to be representative of an adult female. It 
has 41 tissues types, and is based on high-
resolution MRI scan of a female subject, rescaled 
to ICRP standard reference. 

The model from 8QLYHUVLW\�RI�8WDK��USA, was 
obtained from MRI scans of a male volunteer. It is 
categorised into 31 tissue types and is scaled to 
match the standard man. 

The model from 8QLYHUVLW\�RI�9LFWRULD, Canada, 
is a voxel-based model, categorised with up to 
128 different tissues.  

The�=XEDO�SKDQWRP, from Yale University, New 
Haven, USA, is based on the segmentation of 
CAT head and trunk, and MRI head slices of two 
living human males. Each voxel is designated as 
belonging to a given organ or internal structure; 
68 index numbers are assigned. 
 
  �



Can simplified human body models be 
used? 
In some cases numerical evaluation can be 
performed by means of simple homogeneous body 
models, like sphere or prolate spheroid. The 
dielectric properties can be assigned according to 
the whole body average at the frequency of 
interest, or be representative of a particular tissue.  
 
� � �      
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How can SAR evaluation be performed in 
the high frequency range?�
Most of the available methods implemented on 
commercial software packages concerns high 
frequency range, and in the latest years a great 
effort was addressed to apply numerical methods 
to the case of mobile phones (head exposure), as 
well to base stations and broadcasting (whole 
body exposure).  

Numerical methods commonly adopted are: 
• multipole technique (MMP); 
• finite difference in time domain (FDTD); 
• finite element method (FEM); 
• finite integration technique (FIT); 

• method of moments (MoM); 
• hybrid technique. 
 
FDTD is considered to be the most suitable SAR 

calculation technique, even though very powerful 
computers are needed for accurate calculation 
purposes, and several commercial packages are 
available.  

In appendix 1 some examples of commercial 
software are listed, with their main characteristics. 
Costs may range approximately from few to 
several tens of thousands Euro, also depending on 
the features implemented and on the legal nature 
of the buyer (scientifical institutions commonly 
take advantage of discounts).  

In Appendix 2 an example is shown of 
implementation of FDTD method in the case of 
exposure to RF fields emitted by a radio 
frequency antenna.�
  
How can induced current density 
evaluation be performed in the low 
frequency range? 
Several computational methods are employed in 
the low frequency range, such as:  

• method of moments (MoM); 
• impedance network method; 
• scalar potential finite difference method 

(SPFD); 
• the current vector potential (CVP) (usually 

limited to two dimensional problems); 
• finite element method (FEM). 
Low frequency applications take advantage of 

quasi-static approximation (QSA). QSA approach 
is applicable when the linear dimensions of the 
involved objects and their mutual distances  are 
small relative to the wavelength. In this case the 
effect of propagation of the fields inside the body 
can be considered negligible, and the electric and 
magnetic field problems can be solved separately, 
using the methods of electrostatics and 
magnetostatics. QSA should be applied up to few 
hundreds of kHz. 

Among the available numerical methods for 
quasi-static applications, the SPFD approach 
appears to be the most suitable to study complex 
3D problems, like those met in occupational 
exposures.  

Some commercial packages implement typical 
high frequency methods, and adopt a frequency 
scaling PHWKRG� to solve Maxwell’ s equations at 
RF range (f ������0+]��DQG�VFDOH�UHVXOWV�DW�ORZHU�
frequencies. The number of software packages 
commercially available dedicated to low 
frequencies is however to date very limited, as 



they are mostly employed for specific research 
purposes (see again Appendix 1). 

In appendix 3 an example of application in the 
low frequency range is reported. 

  
Are technical standards concerning 
dosimetry available? 
Several standards dealing with dosimetry have 
been issued by CENELEC and by the 
International Electrotechnical Commission (IEC). 
Most of them are addressed to the emission of 
specific products (e.g. EAS devices or mobile 
phones) in order to verify the compliance with 
Council Recommendation 1999/519/EC.  

The most standards deals with experimental 
dosimetry and indicates accurate procedures to 
measure dosimetric quantities.  

Some of current CENELEC standards dealing 
with numerical dosimetry are EN 50357, EN 
50364, EN 50392, EN 50366/A1� EN 62226-2-1, 
EN 50383, see references. 

Application to occupational exposure has not 
been carried out yet, and CENELEC started 
working at this aim after the publication of 
Directive 2004/40/EC, under the specific mandate 
M/351. 

 
Accuracy of numerical dosimetry in 
occupational exposure assessment 
Despite the possibility to represent complex 
exposure problems, dosimetric computational 
results are affected by some intrinsic limitations. 

A basic factor of uncertainty is the lack of 
detailed knowledge of dielectric properties of 
human tissues at the lowest frequencies. 

Moreover, other than LQ�VLWX field measurements, 
any numerical result actually refers to the 
representation of the exposure scenario, and not to 
the real problem. To get accurate results on real 
situations, very high resolution models of human 
body for different ages, dimensions and 
phenotypes should be implemented.  

Such models should also be able to represent 
typical occupational complex postures, as the 
available ones refer to the posture of the body 
during MRI or CAT scan.  �

Methods have been introduced for processing 
anatomical models in order to get different body 
postures.  

Some of such methods are implemented on 
commercial packages, but the accuracy of results 
need to be carefully validated in a wide number of 
conditions. Many research centres are working at 
the problem and good results are expected in the 
next years. 

 

�([DPSOH�RI�DUWLFXODWLRQ�RI�KXPDQ�PRGHO��
��)URP�$QGUHXFFHWWL�DQG�=RSSHWWL��������

 
Other problems affecting the accuracy of results 
are related to the numerical modelling of the EMF 
source. The information on the operation of the 
source of exposure can be poor in terms of 
physical or geometrical characteristics. For 
instance, modern welding machines have digitally 
controlled power electronic circuits that produce 
complicated current pulses, very difficult to be 
detected with common measurements. As other 
example, mobile phone base station antennas are 
inside weather proof welded plastic casing, that 
cannot be opened for visual inspection to observe 
the structure and type of radiating parts.  

Such kind of information is often not easily 
available from the manufacturer and, in worst 
cases, even regarded as a trade secret. In these 
cases it is important to be able to assemble a 
model of the exposure scenario that safely 
overestimates the exposure, which requires good 
understanding of the physics and the technology 
used in the device. The role of the manufacturers 
of equipment could be however more active in 
this area.�
It should also be remarked that the 

methods implemented in commercial packages are 
not fully standardized or validated each other, 
especially in the low frequency range. At the same 
time, the algorithms used to obtain dosimetric 
quantities from raw EM results (e.g. internal 
electric field) are not harmonized, and sometimes 
they are not even knowable by the user of the 
package. 

At the state of art, a detailed knowledge for the 
evaluation of uncertainty in numerical dosimetry 
has not entirely been achieved, and the accuracy 
of results can be very poor, especially for complex 
exposure scenarios.�
 
+RZ�WR�GHDO�ZLWK�XQFHUWDLQW\"�
Uncertainty always affects the results of 
measurements and numerical calculations, and 
plays an important role in risk assessment. 



In the European Directive 2004/40/EC the 
problem on how to deal with uncertainties in the 
compliance judgment is not discussed. At the 
moment only standards applicable to emission of 
specific products give practical advice on how to 
treat uncertainty. Few standards require the 
uncertainty to be quantitatively included in the 
comparison with the limit of exposure (e.g. EN 
50366).  

The prevailing indication is however that 
uncertainty must be assessed and reported, but 
measurements or calculation results shall be 
directly compared with the limits, provided that 
the uncertainty is lower than a recommended 
value �VKDUHG�XQFHUWDLQW\�EXGJHW�DSSURDFK�.  

Typical permissible uncertainties defined in 
relevant CENELEC standards range from ±3 dB 
(+41 %, -30 %) up to ±6 dB (+100 %, -50 %) for 
field measurements, and are of the order of ±50 % 
for numerical calculation.     

The shared uncertainty budget approach, like 
explained in CENELEC standard EN 50364, 
implies that the measured or calculated values 
shall be used for comparison with exposure 
guidelines, provided that the total uncertainty is 
less than or equal to permissible or reasonable 
pre-defined values, or if the assessment is proven 
to always overestimate the exposure. Uncertainty 
shall be always assessed and reported, but results 
shall be directly compared with the limits. �

There's however a deep difference between 
product and exposure standards. From the 
philosophical point of view, the shared risk 
approach could be applicable when the end user, 
or the authority responsible for control, makes a 
judgement of compliance and takes some of the 
risk that the product may not meet the 
specification. Such approach is reliable for 
product emissions, but in the case of exposure risk 
assessment the adoption of too large permissible 
uncertainties could in fact relax the limits of 
exposure and reduce level of protection. 
�
In which situations there is a need for 
numerical dosimetry in occupational 
exposure assessment? 
The provisions deriving from directive 
2004/40/EC imply the necessity to identify the 
situations when  numerical calculations in EMF 
occupational risk assessment are required.  

A general need for computational EMF exposure 
assessment occurs when action values established 
by the directive are exceeded and no mitigation 
measure is possible. Such a case may occur in the 
case of RF fields strictly confined close to the 
source, similarly to head exposure from a mobile 
phone. Numerical calculations represent a useful 

tools for analysing near-field conditions, taking 
into account the inhomogeneity of the exposure 
and the influence of parameter variations (e.g. 
distance from the source, part of body exposed, 
etc.).  

A second case deals with compliance with local 
basic restrictions. Guidelines of ICNIRP states 
that: �WKH� UHIHUHQFH� OHYHOV� DUH� LQWHQGHG� WR� EH�
VSDWLDOO\�DYHUDJHG�YDOXHV�RYHU� WKH�HQWLUH�ERG\�RI�
WKH� H[SRVHG� LQGLYLGXDO�� EXW� ZLWK� WKH� LPSRUWDQW�
SURYLVR� WKDW� WKH� EDVLF� UHVWULFWLRQV� RQ� ORFDOL]HG�
H[SRVXUH�DUH�QRW�H[FHHGHG�.  

In other words, reference levels (action levels in 
the EU directive) are able to guarantee 
compliance with whole body averaged SAR, but 
they don't assure compliance with restrictions on 
local SAR, which is however crucial when the 
source is very close to the worker and directly 
coupled to the body.  

In the frequency range 10 MHz - 110 MHz, 
where the electromagnetic energy is mostly 
absorbed inside limbs, ICNIRP Guidelines and 
EU directive provide a reference/action level for 
limbs current that is helpful in order to verify 
compliance with local SAR limits in the limbs.  
On the other hand, in the "hot spot" frequency 
range (400 MHz - 3 GHz) localized peaks of 
energy absorption may concern internal organs, 
even in condition of respect of whole body SAR 
limit. In such situation, according to the criteria 
given by Jokela (Jokela, 2007), the assessment of 
local SAR by means of numerical calculation 
should be recommended even in a condition 
where body averaged reference levels are not 
exceeded, in the case that, considering the 
exposure level in terms of power density, the 
peak-to-average ratio over the body is more 
than 6 dB (a factor of 2 in terms of fields 
values). 
  It must be finally remarked that numerical 
calculation will be required in product 
standardization of some work equipment (or 
families of equipment) able to generate 
electromagnetic fields, in order to automatically 
guarantee their compliance with the EU directive 
before they are put into the market, like it 
currently happens for mobile phones and other 
devices referred to EU recommendation of July 
1999. 
 In this frame CENELEC is working at product 
standards on welding equipment (arc, resistance 
and allied processes). 
   
Is today numerical dosimetry practically 
applicable in occupational exposure 
assessment? 



As a matter of fact, the application of numerical 
methods to occupational exposure assessment is a 
very complicated task requiring high skilled 
expertise, to-date available only in research 
centres or institutes. 

For technical and economical reasons, the 
possibility of practical use of numerical modelling 
by employers in real work environment seems to 
be very limited at the moment, especially for 
small and medium enterprises. 

On the other side, numerical techniques could 
have effective use for large scale manufacturing in 
standard and traceable condition.  

 �
What is the information for policy makers? 
While the fundamental aspects of EM numerical 
dosimetry methods have been widely investigated 
in the latest decades, it must be recognized that 
currently available software packages are still at a 
research stage. Commercial products are too 
“general purpose” tools, expensive, and probably 
too complex to be used by standard occupational 
safety technicians, not being specifically designed 
for their routine tasks.  

In the aim of creating an effective system able to 
promote safety from electromagnetic fields at 
work, there is the opportunity for a twofold 
development action: a short/medium term and a 
long term action. 

 
6KRUW�PHGLXP�WHUP�DFWLRQ�
In the short term, there is the need to create 
practical tools, able to make risk assessment on 
EMF (including numerical calculation) a feasible 

and sustainable process even by small employers 
and enterprises. 

Cooperation among employers and their 
associations with academic and research 
institutions should be promoted and supported at 
financial level by authorities and governments.  

In this frame research institutions could provide 
dosimetric calculations for situations of general 
interest. All information and results on specific 
sources of exposure should be gathered in special 
data-bases, to be made accessible to employers, 
safety technicians, institutions on safety at work 
and control authorities.  
 This network should allow small employers to 
produce reliable risk assessments at reasonable 
costs.  
 
/RQJ�WHUP�DFWLRQ�
Academic and research institutions, including 
private software companies, should develop 
software applications specifically designed for 
assessing compliance with limit values in 
occupational exposures to EMF.  

This activity should be performed in cooperation 
with national institutions on occupational safety 
and health, which will have the role of 
establishing general specifications and usability 
requirements.  

This activity should also have the result of 
stimulating and driving private software 
companies to implement specific software 
packages, giving rise to a competition which will 
lead to better products at lower prices. 
�

 



Appendix 1: Examples and characteristics of commercial software�
�
�$QWHQQHVVD��(http://www.antennessa.com)�
(Plouzané – FRANCE) 
• )UHTXHQF\�UDQJH� RF, MW 
• EMF Visual tool is a 3D prediction and modelling software for the assessment of human exposure to 

electromagnetic field in a real environment 
• )DFLOLWLHV� analysis of the EM fields emitted by the base station antennas 
• $QDWRPLFDO�PRGHOV��TWIN Specific Anthropomorphic Mannequin (SAM) phantom, upright phantom, 

Custom flat phantom 
• 2XWSXW��SAR calculation 
 
&67�(0�678',2��(http://www.cst.com) 
(Darmstadt – GERMANY) 
• )UHTXHQF\�UDQJH��low frequencies (ELF, LF)  
• based on the Finite Integration Technique (FIT) 
• )DFLOLWLHV� connectors, transmission lines, filters, antennas 
• $QDWRPLFDO�PRGHOV� compatible with voxel models 
• 2XWSXW��electric fields, magnetic fields, surface currents, current densities 
�
&67�0LFUR:DYH�678',2��(http://www.cst.com)�
(Darmstadt – GERMANY) 
• )UHTXHQF\�UDQJH��high frequencies (RF, MW)  
• based on the Finite Integration Technique (FIT) 
• )DFLOLWLHV� connectors, transmission lines, filters, antennas 
• $QDWRPLFDO�PRGHOV� database Hugo 3D, Specific Anthropomorphic Mannequin (SAM) phantom 
• 2XWSXW� electric fields, magnetic fields, surface currents, power flows, current densities, power loss 

densities, electric energy densities, magnetic energy densities 
�
&67�0LFUR�6WULSHV��(http://www.microstripes.com) 
(Darmstadt – GERMANY) 
• )UHTXHQF\�UDQJH� RF, MW 
• 3D simulation software which employs the time domain TLM (Transmission line Matrix) method 
• )DFLOLWLHV� microwave and RF devices, antennas, connectors, high frequency IC's 
• $QDWRPLFDO�PRGHOV� standard Specific Anthropomorphic Mannequin (SAM) phantom test head, Biological 

Tissue Library 
• 2XWSXW� 1g and 10 g averaged SAR 
 
(03,5(��(http://www.empire.de/)�
(Kamp-Lintfort – GERMANY) 
• )UHTXHQF\�UDQJH� 50 Hz – 300 GHz 
• 3D electromagnetic field simulator based on the 3D Finite Difference Time Domain Method (FDTD) 
• )DFLOLWLHV� planar structures, interconnects, multi-port multilayer packages, waveguides, antennas and 

EMC problems 
• $QDWRPLFDO�PRGHOV� human body model standing/sitting position with 42 tissues, human head model, 

animal model (rat, goat, monkey), Specific Anthropomorphic Mannequin (SAM) phantom 
• 2XWSXW� SAR and ACD calculation with averaging, current density calculation 
 
)(.2��(http://www.feko.info) 
(Stellenbosch - SOUTH AFRICA) 
• )UHTXHQF\�UDQJH� RF, MW 
• full wave, method of moments (MoM) based, Finite Difference Time Domain (FDTD), Finite Element 

Method (FEM), hybrid MoM/FEM 
• )DFLOLWLHV� EMC, shielding, coupling, antenna design, antenna placement analysis, microstrip antennas, 

and circuits, striplines, dielectric media, scattering analysis 
• $QDWRPLFDO�PRGHOV� Visible Human Full Model, Visible Human head and shoulders, Anthropomorphic 

Mannequin (SAM) 
• 2XWSXW� WinFEKO has a special module for the calculation of the SAR according to the specifications of 

regulating bodies 



 
0D[ZHOO���'�$162)7�(http://www.ansoft.com/) 
(Pennsylvania – USA) 
• )UHTXHQF\�UDQJH� RF, MW 
• Finite Element Method (FEM) 
• )DFLOLWLHV� electromechanical components, high-power MRI coils, motors, actuators, transformers and 

other electric and electromechanical devices.  
• 2XWSXW��field visualization and animation, current, induced voltage, power loss, stored energy, hysteresis 

loss 
 
5HPFRP�;)'7'��(http://www.remcom.com) 
(Pennsylvania - USA / West Midlands - ENGLAND) 
• )UHTXHQF\�UDQJH��RF, MW �
• Full-Wave Three-Dimensional EM Solver - Finite Difference Time Domain (FDTD) method 
• )DFLOLWLHV� antennas, microwave circuits, bio-EM, EMC, scattering, photonics 
• $QDWRPLFDO�PRGHOV� VariPose for repositioning of the Male Visible Human mesh including internal 

anatomical structures. 
• 2XWSXW� Bio-EM Capabilities (Male and Female Human Body Meshes, SAR with 1 g and 10 g averages, 

whole body average, locate peak SAR, SAM Head for SAR, partial volume SAR) 
 
6(0&$'���'��(http://www.semcad.com)�
(Zurich – SWITZERLAND)  
• )UHTXHQF\�UDQJH� RF, MW 
• Based on the Finite-Difference Time-Domain (FDTD) method 
• )DFLOLWLHV� simulation platform for EMC, antenna design and dosimetry  
• $QDWRPLFDO�PRGHOV� more than 5 full body anatomical human phantoms (HUGOs, Virtual Family, etc.), 

more than 10 small animal models (rat, mouse, young, adult, male, female, pregnant, etc.), Specific 
Anthropomorphic Mannequin (SAM) 

• 2XWSXW� SAR distribution, spatial peak SAR, peak SAR averaged in 1g and 10 g, standard deviation, total 
absorbed power, mass of lossy materials  

  
=HODQG�6RIWZDUH��(http://www.zeland.com/) 
(California – USA) 
• )UHTXHQF\�UDQJH� RF, MW 
• FDTD, MoM 
• )DFLOLWLHV� microwave circuits, components and antenna, wireless/RF antennas, EMC and EMI structures, 

and other high-speed and high-frequency circuitry. 
• 2XWSXW� complete SAR-calculation and display; users can control the input power level and can access 

the parameters such as absorbed power and radiated power. 



Appendix 2: Example of SAR calculation for exposure to near field generated by a radio-
base station antenna 

�
Radio-base station antennas (RBA) are used in 
communication to send and receive signals to and 
from mobile phones. RBA are usually placed on 
top of buildings or towers, working at 
transmission powers relatively low, typically less 
than 40 W.  

RBA use highly directional radiators that 
transmit in the forward direction; occupational 
exposure is possible during tasks in the vicinity of 
the antennas, such as construction or maintenance.  

In order to evaluate workers’  exposure to EM 
radiation, the energy absorbed by human tissues 
can be calculated by means of numerical 
approach. Several issues, such as the shape of the 
human body, the tissue characterization, the 
frequency and geometry of EM source, need to be 
taken into account.  

In the example, SAR calculation due to exposure 
in the near field of a commercial antenna 
operating at the frequency of 900 MHz and 
emitted power of 32 W is reported. 

The geometrical characteristics of the antenna 
are in the following picture. 
  

 5DGLR�EDVH�DQWHQQD�
 

Calculation is based on the finite-difference 
time-domain (FDTD) method, in a full-wave 
approach.  

SAR results have been obtained on the Zubal 
human model, that is limited to head and trunk. 
Calculation has been performed at several 
distances model-antenna. The local SAR has been 
evaluated as averaged both over 1 g of tissue (1-g 
SAR) and over 10 g of tissue (10-g SAR). 

Considering a 30 cm model-antenna distance, the 
resulting average SAR in the head is 0.44 W/kg, 
while the average SAR in the trunk is 0.05 W/kg. 
Results on local SARs are displayed in the 

following picture. Local SAR in the head exceeds 
the corresponding ICNIRP occupational limit, 
given as 10 W/kg as 10-g averaged SAR. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

�
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0D[LPXP�6$5�YDOXHV�LQ�WKH�KHDG�DQG�WUXQN�UHJLRQV��
7KH�PRGHO±DQWHQQD�GLVWDQFH�LV����FP��

�
As further step, local SAR in the head has been 

calculated on a homogeneous model, obtained 
from the Zubal phantom assuming a uniform inner 
structure with constant dielectric properties. The 
results, compared with heterogeneous model, are 
represented in the next picture. 

 

 6$5����J��YDOXHV�IRU�KHWHURJHQHRXV�DQG�
KRPRJHQHRXV�=XEDO�PRGHOV��$W�FORVHU�GLVWDQFHV�IURP�
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As final step, SAR results have been obtained 

using the Visible Human Project (VHP) model, 
and a homogeneous model obtained from the 
WHP assuming constant dielectric properties.   

The next table summarizes the result obtained 
with all human models. 
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A detailed analysis of peak SAR values obtained 

with different human models is summarized into 
the following points: 
• when comparing the two heterogeneous 

models, differences of up to 40% are 
observed; 

• when comparing one of the heterogeneous 
models with its homogeneous companion, the 
difference is up to 50 %; 

• when comparing homogeneous models with 
similar dielectric characterization but different 
shape, the maximum difference is up to 50%; 

• when comparing homogeneous phantoms 
with the same shape but different dielectric 
characterization (up to 30% for permittivity 
and 13% for the conductivity) the differences 
are up to 10%. 

 
Whichever the human model (and likely the 

method) employed, the possibility of a high 
degree of imprecision should be carefully taken 
into account in the interpretation of calculation 
results, during the process of risk assessment. 
 

 ��� ���
	���
���������� ���
	�������
�����
��  ���!#" $&%'����(
 
Distance 

 
Type )  +*�
��,���- ��. /+��������/0 �! )  �*�
��,�/21�/+��������/0 �! 35476,���- ��.'/+��������/0 �! 35476,�/21�/+��������/0 �!
1 g 30.3 29.5 18.4 25.7 8��:9�1
10 g 15.3 16.6 11.97 17.2 
1 g 12.6 11.7 13.4 17.8 ;��:9�1
10 g 6.3 6.6 8.6 12.0 
1 g 10.7 10.0 6.1 9.2 < �:9�1
10 g 5.3 5.6 4.1 6.5 
1 g 5.3 4.9 4.8 6.8 = �:9�1
10 g 2.6 2.7 3.1 4.8 

 



Appendix 3: Example of calculation of induced current due to exposure to magnetic field 
from an induction heater. 

Induction heaters are used for industrial treatment 
of metals and semiconductors, in processes such 
as welding, melting and hardening. 

The elements under treatment (e.g. two parts of  
a pipe to be welded) are usually inserted inside 
solenoid applicators, supplying energy to the 
material by induction of eddy currents. The strong 
current implies the presence of intense magnetic 
field in the environment around the applicator. 

The example refers to an equipment used to melt 
gold for production of jewellery. The operating 
frequency is 3450 Hz. Calculation of induced 
current density J is made using the SPFD method. 
The field source is a cupper solenoid, represented 

as a cylinder of radius 0.09 m and height 0.2 m, 
made of 14 coils. In the calculation domain the 
position of the coil is chosen in order to obtain the 
best fit between the magnetic field values 
calculated by the numerical model, and 
experimental measurements around the real coil. 
The top of the fingers of the human model is less 
than 10 cm distant from the conductor (see the 
following picture).  

The value of current in the coil is 400 A (rms 
value), according to real data. The reference voxel 
phantom used for calculation is the VHP (Visible 
Human Project) model of the entire body at the 
resolution of 3 mm.  
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The distribution of current density inside the 
body is well displayed by a thematic map where 
different colours are associated to different values 
of current. In order to give information about 
organs and tissues, thematic map may be referred 
to coronal, sagittal and axial section of the body. 

The following picture shows an example of   
thematic maps referred to coronal and axial 
sections. The maps allow the identification of 
areas where current density is exceeding the 
exposure limit value. 
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Results of calculation show a 

non uniform distribution of 
current density. The table 
reports organs and tissues where 
the exposure limit value, at the 
given frequency, from directive 
2004/40/EC is exceeded. 

 
 
 Parts of the body where the exposure limit value of  

34.5 mA/m2 (at 3450 Hz) is exceeded 

Organs and tissues 
 

|J| 
[mA/m2] 

Bladder 40 
Hands (cartilage) 111 
Hands (bone) 95 
Cerebrospinal fluid 113 
Colon 108 
Arms (muscle) 235 
Pancreas 51 
Small intestine 202 
Gall bladder 142 
Stomach 95 
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