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Abstract 
 
The reason for using ESD protective garments inside an EPA is to protect ESD sensitive 
devices (ESDS) from electrical fields originating from the operators normal clothing and 
to limit eventual direct discharges from the normal clothing to the ESDS. The ESD 
protective fabric used in these garment, should not cause any of these problems itself. 
Understanding how the system, consisting of a person wearing normal clothing as well as 
ESD protective garments, functions and interacts with ESDS, is very important for 
making a correct risk assessment. 
 
This report is divided into three different parts. Firstly we present a model of the system 
Operator- Protective Garment- sensitive Device (OPGD), the so-called OPGD model. 
This model contains parts that can and should be studied individually. Secondly the 
humidity dependence of the worn ESD protective garments is studied. Humidity affects 
both the horizontal and vertical resistivity of garments. The vertical resistivity through the 
normal clothing is the main issue in this study. Thirdly the shielding ability of the ESD 
protective fabric is discussed and some experimental values are compared to model 
calculations of the static screening. Two different models are presented and compared 
they both give the same screening ratio for the experimentally determined values. The 
second model also introduces the concept of an effective radius of a conducting grid. 
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Preface 
 
This is a report from the European research project ”Protective clothing for use in the 
manufacturing of electrostatic sensitive devices (ESTAT-Garments)”, EC contract No 
G6RD-CT-2001-00615. The ESTAT-Garments project started in March 2002 as a 
response to a call of the European Commission for a research about new test methods for 
ESD-garments in order to support standardisation work under the Technical Committee 
No 101 ”Electrostatics” of the International Electrotechnical Commission (IEC). The 
project partners – VTT Technical Research Centre of Finland (FI), University of Genova 
(I), SP Swedish National Testing and Research Institute (S), Centexbel Centre 
Scientifique et Technique de l’Industrie Textile Belge (B), STFI Sächsisches 
Textilforschungsinstitut e.V. (D), Nokia (FI), Celestica (I) - consist of experts of 
electrostatics, electrostatic measurements, textile technology and electronics 
manufacturers (end-users of the garments).  
 
The overall objective with the project is to elucidate the need of Electro Static Discharge 
(ESD) protective garments and how to verify their function and use. The objective with 
this specific workpackage called “Interrelations between different components of the 
system” is to understand the electro static interaction between a person working inside an 
Electrostatic Protected Area (EPA) and an ESD sensitive device (ESDS). The main issue 
is of course to study the impact of the ESD protective garment on the interaction. 
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Summary 
 
 
Electro static discharges (ESD) can damage sensitive devices handled by the electronic 
manufacturing industry. The main way of preventing problems caused by ESD is to 
ground all conducting parts, including personnel, and to exclude all insulating parts from 
the area where unprotected items are handled. However, some of these insulating objects 
are process essential or non-excludable for other reasons. 
 
Personnel are usually grounded through wrist-straps or shoe-floor combinations. This 
assures that the body potential is kept at a low voltage at all times. The normal potential 
limit is set to around ±100 V. The normal clothing of the personnel should be considered 
as insulating, but if the clothing is made of cotton or similar materials and the relative 
humidity is high, then they can be classified as dissipative. To assure that the outer layer 
of the clothing is somehow dissipative and that it protects the ESD sensitive devices from 
damage one needs to quantify the function of the garment and the fabric. Measurements 
should be used to verify the chargeability and charge decay of worn garments. If a 
specific quantity can be regarded to be a pure fabric property, then the measurement can 
be performed on a piece of fabric instead of on a worn garment. 
 
To make a correct risk assessment related to the normal clothing of personnel and to their 
ESD protective garments, one needs to model the system. In this report we present the 
Operator-Protective Garment- sensitive Device (OPGD) model. In addition to this model 
some measurements on the impact of humidity on the transverse resistance is presented 
and a model of the electro static screening ability of an ESD protective fabric. 
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1 Introduction 
 
The overall objective with the project is to elucidate the need of Electro Static Discharge 
(ESD) protective garments and how to verify their function and use. The objective with 
this specific workpackage called “Interrelations between different components of the 
system” is to understand the electro static interaction between a person working inside an 
Electrostatic Protected Area (EPA) and an ESD sensitive device (ESDS). The main issue 
is of course to study the impact of the ESD protective garment on the interaction.  
 
In a number of publications, see ref [1-4], related topics are discussed and a number of 
special test methods are presented, investigated and compared all relating to the special 
issue of ESD protective garments. We are not focusing on the test procedure here merely 
on some of the topics that are omitted in these mentioned reports. 
 
Inside an EPA one can assume that the personal is grounded at all time by means of wrist-
straps or by a low resistive shoe-floor combination. However, the capacitance between 
the person and ground is still of the order 200 pF. This implies that any discharge from a 
charged ESDS, essentially smaller than the person in size, will occur as if the person was 
directly connected to hard ground, i.e., like if any resistance in between the person and 
hard ground can be neglected. To be on the safe side we assume that this approximation 
always is true, i.e. the person is always hard grounded.  
 
At this stage it is useful to divide the possible interaction between the person and the ESD 
sensitive device into two parts: 

 
• Direct contact between ESDS and personal or clothing. 
• No direct contact between ESDS and clothing. 

 
The ESDS can be damaged by a direct discharge to the grounded device or by a direct 
discharge from the charged device to ground. In the case where we are regarding direct 
contact in between the ESDS and the personal or in between ESDS and the clothing of 
the personal we have two main situations. 

 
• The ESDS is charged and the personal is grounded.  

The ESDS is either: 
o charged by induction,  
o tribo charged or, 
o charged by direct contact. 

• The ESDS is grounded and the clothing of the personal is charged. 
The charging mechanism for clothing is mainly tribo charging, but also 
induction charging has to be considered. 

 
From our point of view, with the ESD protective garment in focus, we must prevent the 
ESDS from being charged (first point) and if charged, it should be discharged slowly 
through the protective garment. The protective garment should also prevent any charge 
from accumulating on the protective fabric (second point). 
 
In the case where we are considering the situation where we have no direct contact in 
between the clothing of the personal and the ESDS we also have two main situations. 

 
• The grounded ESDS is exposed to an Electro Magnetic Pulse (EMP) 

originating from the operators clothing. 
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• The grounded ESDS is exposed to an electro static field originating from the 
operators clothing. 

 
In the case of exposing an ESDS of an EMP originating from the clothing of the operator, 
one doesn’t usually have to worry about this effect, except in the case of extremely ESD 
sensitive components. For these extremely ESD sensitive devices other sources of EMP 
existing inside the EPA, like for instance switching on / off the power on electrical 
devices, might be more important than EMP from clothing. Electro Magnetic 
Compatibility (EMC) is usually verified and defined for finished products, not for devices 
under production. 
 
The second point implies a demand on the screening capacity of the protective fabric and 
an indirect demand on the continuity of the garment. The screening ability of a garment is 
mainly defined by the continuity of the conducting threads and the mesh size. Good 
conducting threads and a small mesh, like 5 mm * 5 mm, usually implies good screening 
ability; however low resistive threads implies difficulties limiting plausible discharge 
currents. 

 
Summarising the previous discussion we can conclude that the following requirements 
can be made on an ESD protective garment.  

 
• A direct contact in between an ESDS and the garment can be dangerous for 

the ESDS if either one of the two objects is charged. 
o If the ESDS is charged and unharmed by the charging, then the 

protective garment must be able to dissipate the charge slowly. 
o If the protective garment is charged then possible discharge to a 

grounded ESDS must be slow, but this does not necessary save the 
ESDS from damage.  

• An electro static field originating from the operator should be shielded and 
suppressed by the ESD protective garment.  

 
An ESDS should not be charged by induction because of charges on the operator, 
especially should any charge on the protective garment itself be shielded (low tribo 
charging of the protective fabric). 

 
To study this system, consisting of an operator wearing normal cloth and in addition an 
ESD protective garment that is close to an ESD sensitive device, we have developed a 
model to clarify and to specify the important parts of this very general problem. We refer 
to this model as the Operator Protective Garment sensitive Device (OPGD) model. Firstly 
we intent to describe this model in the section called “The OPGD model”, secondly to 
discuss the fact that we can neglect the transverse resistance in this model in the section 
called “The humidity dependence” and thirdly to talk about the static screening ability of 
the fabric in the section called “Static screening”. 
 
 
2 The OPGD model 

 
The operator is, in the general description of the model, considered to be grounded 
through point a like resistor that is parallel to a point like capacitor. The value of 
capacitance is the same as is used in the Human Body Model (HBM) namely 100 pF to 
200 pF. The resistance is not that exactly specified since there are different grounding 
systems that can be used, however somewhere in the region of in between 1 MΩ (wrist 
band) and 35 MΩ (shoe-floor) seems to be reasonable. The body of the operator is 
regarded to be conducting with a resistance of around 1500 Ω. This is defined by 
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connecting a point outside the body of the operator to another point outside the body of 
the operator. There is range of different resistance values used for the HBM that 
corresponds to this value. 
 
The next part of the system to describe is the normal clothing of the operator (sometimes 
referred to as an insulting layer). In general one can not say very much about these items 
except that they can, at some levels of humidity and especially if they are made out of 
cotton, have some kind of conducting properties. At low levels of humidity one can 
however make the assumption that at least the outer parts of these garments are 
electrically insulating. In the section 3 called “The humidity dependence” we will relate 
to the transverse resistance of these clothing items. 
 
On the outside of the normal clothing of the operator the ESD protective garment is worn. 
The fabric of this protective garment has a conducting mesh woven into a substrate 
material, this substrate material is usually made of cotton or polyester or a mixture of 
both of them. Other materials can of course exist on the market as well. To model this 
protective fabric we suggest that the substrate part of the fabric is regarded as having a 
very high surface resistivity [Ω/m2], and then the conducting mesh is modelled to have a 
linear resistivity [Ω/m] that is magnitudes lower than the resistivity of the substrate. The 
area in between the two different regions, we suggest is modelled by a third intermediate 
surface resistivity, [Ω/m2], which has a value in between the two previous values. The last 
region is the proposed corona region of the protective fabric where the material is the 
same as the substrate material, but due to the closeness of the conducting wires can be 
affected by corona charging from the conducting wires. One must remember that the 
conducting threads are not perfectly round and smooth entities, but consists of a bundle of 
non-conducting and conducting more or less physically damaged threads. The amount of 
non-conducting threads in such a bundle can vary from 10 % up 90 %. The conducting 
threads themselves are usually made of some substrate material with some part of 
homogenous carbon attached to it. The carbon can be inside or outside the substrate 
material or on both places. Other conducting materials, such as stainless steel, also are on 
the market. Even though reality is very complex, the conducting threads are, through out 
this part of the study, considered to be perfectly round and smooth, i.e. an effective radius 
is introduced to compensate for the complexness of the problem and the fabric only needs 
to be divided into two parts, i.e. the corona region is included in the conducting thread. 
 
 

 
Figure 1: A schematic picture of the ESD-protective fabric. The conducting threads are 
indicated as the dark grid. The light coloured region is the normal base substrate. The area 
in between the conducting threads and the substrate region, is called, the corona region.  
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In Figure 1 a schematic picture of an ESD protective fabric is presented. The three 
different regions mentioned above are indicated and defined here. The substrate material 
is illustrated with a lighter region in the centre of each square. The darker lines in the 
grid, is illustrating the conducting threads and the area in between these both regions is 
the so called corona region. 
 
The ESD protective fabric is assumed to be placed outside the normal garments, but can 
at least in practise be touching the normal clothing. One can, during the modelling stage, 
think of the charge being located on the normal clothing, but taken to the limit when the 
normal clothing and the protective fabric are touching each other, then the charge can be 
thought of as being located on the protective fabric instead and being applied through 
tribo charging. In real life, tribo charging is the main mechanism of charging any 
garments and the charge is usually on both the ESD protective garment and the normal 
clothing, however in the model one does not want the situation to be too complicated.  
 
The ESD protective garment is modelled through the use of point like resistors that are 
connecting, at least some of conducting threads, of two or more pieces of ESD protective 
fabric. The ground connecting of the protective garment is achieved through a point like 
resistor connected from the protective garment to the body of the operator, who is 
grounded like it is described previously. This is not always true in real life; a protective 
garment can be grounded directly through a wire to ground, however this is not 
considered to be the worst case, because the grounding through the skin is usually more 
difficult to achieve. This parameter, the resistance to ground of the protective garment, is 
usually in our models assumed to be good; however in some of our experiments it is 
indirectly measured and considered as an important parameter. 
 
The final part of the OPGD model is the ESDS, the sensitive device itself. One can divide 
the sensitive devices into two different categories, mainly the voltage sensitive ones and 
the energy sensitive ones. For the voltage sensitive devices usually an electrically 
insulating layer is broken through when the voltage exceeds some material specific 
threshold. This can also be viewed as the voltage that is associated with the specific 
capacitance of the tested input, which corresponds to a specific charge. Therefore 
breakdown- charge and voltage can for these kinds of failures be regarded as equivalent. 
 

 
Figure 2: The generic probe is presented. It consists of two passive components a resistor, R, 
and a capacitor, C, and a passive sensor, i.e. the metal tip that is used to detect ESD signal, 
with a diameter d, and a length h. The probe values are fixed for a specific probe type. 
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In the case of energy sensitive components it is usually some critical paths, like thin wires 
or areas close to connection points, that are damage either by the energy or by the effect 
deposited in such a place. One usually distinguishes by adiabatic (energy) or non-
adiabatic (effect) processes. There is of course a gradual transfer from one kind of 
dependence to another; however the energy / effect can both be related to the peak current 
and the duration of the current pulse in combination with total energy that is contained in 
the source of the discharge. 
 
To model both of these to different damage mechanisms we introduced a very simple 
model probe, the generic probe, see Figure 2. It consists of a sensor, i.e. piece of metal 
with some specific size shape, e.g. diameter (d) and length (h) as described in Figure 2, 
connected to a resistor R and a capacitor C in parallel, also like in Figure 2. These two 
point-like components are connected to ground. The actual values of the two components 
and the specific shape of the sensor are only fixed when a specific type of probe is 
regarded. We have been looking at two specific types of probes, a discharge probe and an 
induction charging type of probe. In the first case a discharge probe was implemented by 
a thin discharge needle as a sensor and a 10 Ω resistor to ground, the capacitance value is 
undefined, but smaller than 0.5 pF. In the second case, an induction charging probe was 
implemented, by having a thin coin of a diameter of 15 mm as a sensor and with a 
ceramic capacitor of 2 pF to ground, the value of the resistor is very high and corresponds 
to leakage resistance of the capacitor. 
 
 

 
 

Figure 3: A schematic picture of the OPGD model. The part that is presented in the square 
above the electrical scheme is a magnified version of what is presented inside the square in 
the electrical scheme. The capacitor C1 together with the resistor R1 is the capacitance 
between the operators body and ground and the resistance between the ground and the 
operator. The resistor R2 is the ESD protective garment to the operator resistance. The 
resistor R3 and capacitor C2 is the resistance to ground and capacitance to ground of the 
ESDS.   
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Both the implementations of the generic probe can and have been used on the situations 
described in the last part of the introduction, where the assessment of the risks associated 
with the direct discharges from a charged fabric / garment and with the assessment of 
risks associated with the screening of en electro static field by a correctly functioning 
ESD protective fabrics. 
 
As an example of important results measured with above mentioned probes on normal 
clothing, we can mention that we measured 0.8 A peak current and 320 nC of charge in a 
single event and in addition a potential of around 1500 V, at a distance of around 2 cm, 
was detected by our induction probe, this corresponds to a charge of 3 nC. Both these 
measurements clearly indicated the importance of correctly used and functioning ESD 
protective garments. Now we have shortly described the OPGD model together with its 
main parts and some of the approximations used at different stages of our work.  
 
In Figure 3 is a schematic picture of the OPGD model presented. Moving from left to 
right in the picture we have the resistor R1 and the capacitor C1. They represent the 
connection in between the operator’s body and ground. The next part of the model is the 
resistor R2, which illustrates the connection in between the operator’s body and the ESD 
protective garment / fabric. This resistor mimics the deliberate contact between the body 
of the operator and the ESD protective fabric / garment. The red rectangular box with its 
four lines is enlarged and presented above. It contains four elements, from left we have; 
the operator’s body, the insulator (the normal clothing of the operator), the ESD 
protective garment / fabric (which in detail is presented in Figure 1) and finally a 
conductor that represents part of the sensitive device. To this part of the sensitive device 
is a resistor R3 and capacitor C2 connected, these two components represent the 
remaining part of the sensitive device. Depending of what kind of ESDS we are dealing 
with the shape of conductor and the values of the two last mentioned components can be 
estimated. This last part of the model is already presented in Figure 2. 
 
In this model it can seem that the non deliberate electrical contact resistance in between 
the ESD protective fabric and the body of the operator, which is through the insulator 
(through the normal clothing of the operator) is determined by the resistance of air and of 
the insulator. This can be true in the worst case scenario, however part of the body can be 
in contact with the normal clothing (called insulator), which in turn is in contact with the 
ESD protective garment / fabric. Assume know that the relative humidity is quit high in 
the contact point then we can have a resistance through the layers that is quit different 
from the resistance through air. This is one of the questions asked in the next section. 
 
 
3 The humidity dependence 

 
When we were introducing the OPGD model in the last section, the operator in 
combination with his normal clothing and the ESD protective garment was discussed. 
One important question regarding this system is whether a specific grounding point is 
needed or if the increased humidity of the worn normal clothing at all times is sufficient 
to assure a natural connection between the ESD protective garment and the body of the 
operator. One obvious answer is that it is difficult to know, since the scattering among 
individuals is large and also the variation of different working tasks is difficult to asses.  
 
The risk assessment for use on an EPA has to be done with an indoor relative humidity 
(RH) of 12 % at 23 ° C. This corresponds to outdoor winter temperatures of around -5 ° C 
or to other especially dry climatic conditions. With a RH of only 12 % on an EPA, the air 
itself will eventually work as a humidity sink and in some sense always dry both normal 
and protective clothing. This could of course be helped by a humidity membrane inside 
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the outer layer of the clothing, however most people would consider it quite unpleasant to 
work under such conditions. Another solution is to increase the relative humidity indoors 
during such dry periods. This is sometimes used to decrease problem with static 
electricity, however some materials are not affected by higher humidity. 
 
To elucidate this question we tested four different kinds of garments, representative for 
what can be found on the market, with respect to charge dissipation according to the test 
method “SP method 2175”, this method is described in reference [1] and [2]. These four 
kinds of clothing had conductive threads partly made of carbon and where of the kind; 
core conducting (CC), surface conducting (SC) (two kinds) and hybrid conducting (HC). 
These three labels indicates where the conducting carbon can be found on the conducting 
threads, it can be inside of the substrate material (CC) or on the outside (SC) of the 
substrate material or at both inside and outside of the substrate material (HC). The 
protective garments were conditioned in around 12 % RH or in around 40 % RH before 
the tests were preformed. The substrate material in our four test items was 100 % 
polyester.  
 
 

 
Figure 4(a), (b) and (c), the operator is wearing different ESD-garments. 

 
The test person is dressed in three different kinds of ESD-garments in Figure 4. In Figure 
4a Garment A is presented, in Figure 4b Garment B is presented and in Figure 4c 
Garment C (which looks identical to garment D) is presented. 
 
The variables that were investigated in the test program were the following: Relative 
humidity (RH), grounding or none grounding of the garment, normal clothing and ESD 
protective clothing. A summery of the explanations for the different test cases is 
presented below.  
 
Short summery of all abbreviations used in the figures.  
  
Grounding of the garment:  

 (NG) no grounding at all,  
 (G1) hard ground (clip + rubber) at the sleeve,  
 (G2) hard ground (clip + rubber) at the same panel as the application of the 

charge.  
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Normal clothing: 
a. Shirt made from 100% cotton fabric. 
b. Shirt and sweater 1 (100 % cotton). 
c. Shirt and sweater 2 (70 % PE and 30 % wool). 
d. Shirt and sweater 3 (100 % acrylic). 
e. Shirt, sweater 1 and fleece sweater (100 % PE). 

 
Garments (different fabrics and different seams) 

A. Green smock, 100 % PE. Tricot knitted with one single carbon thread 
diagonally. Conductive matrix: 4 x 5.5 mm. 

B. SC - surface conducting fibre in a mesh, 100% PE. 
C. HC - hybrid conducting fibre in a mesh, modified to a smock by cutting 

away the lower part of it, 100% PE. 
D. CC - core conducting fibre in a mesh, modified to a smock by cutting away 

the lower part of it, 100% PE.  
 

  
The tests of the protective garments were essentially done as follows. The preconditioned 
garments were worn by a person with normal clothing also conditioned in the same RH as 
the test items. The tests were made by discharging a charged capacitor (500 V and 1 nF) 
into the fabric of the protective garment. The connection between the garment and the 
capacitor was a clamp that was covered with conducting rubber. The operator was during 
the whole procedure grounded by a wrist strap. Normally when this test is performed the 
protective garment has an assured skin contact in the neck region and by the wrists. This 
was also done here to assure the normal test result could be obtained for the garments; 
however this skin contact was also broken deliberately, to be able to check the vertical 
resistance path, directly from the protective fabric to the skin through the normal clothing 
of the operator. 
 

 
Figure 5 (A), (B), (C) and (D), discharge curves from garments A to D for different kinds of 
normal clothing grounded and non-grounded. 
 
All tests of decay were done on the rear panel of the garment. Figure 5 (A) shows 
discharge curves from garment A. The fast initial fall of the potential comes from 
coupling the capacitance of the garment in parallel with the test equipment capacitance of 
1 nF; this was initially charged to 500V. For garment A, with 10-15 %RH and the 
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operator wearing normal clothing cases; (b), (c) and (d) respectively and the protective 
garment are NG. This initial value drop of the potential implies a garment to operator 
capacitance of around 1200 pF. After this fast initial decay the potentials decay is 
determined by the in plane resistance of the garment and the resistance through the 
normal clothing. If the transverse resistance is much higher than the in plane resistance, 
which is illustrated when the garment is grounded at the sleeve, case (c) G1. The 
difference between the different sweaters; b, c and d, is not significant. 
 
Figure 5 (B), (C) and (D) shows a measure of the capacitance of the different garments; 
B, C and D respectively (NG case), and the importance of grounding them; B, C and D 
respectively (G1 case), at 10-15 %RH with normal clothing; case c. Garment B has an 
effective capacitance of about 390 pF, garment C about 1000 pF and garment D about 
190 pF. One should remember that garment C fits more tightly to the body than garment 
B. Garments B and C have fairly low in plane resistance. Grounding the sleeve of 
garment D had very little influence on the decay, which implies that, the in plane 
resistance is very high in this case or that the contact resistance is bad. Garment D is 
made from a fabric with core conductive threads; therefore it is possible that we have a 
high contact resistance in between the fabric with the clip with conductive rubber. 
 
Different types of normal clothing were tested also at 35 to 40 %RH. The results for 
garments A to D with normal clothing case (a) are shown in Figure 6 (A), (B), (C) and 
(D). The figures show that grounded and none grounded protective garments have the 
same performance at this relative humidity.  
 
 

 
Figure 6 (A), (B), (C) and (D), discharge curves from garments A, B, C and D for different 
grounding points with the same kind of normal clothing. 
 
Compared with the results of tests done at 12-15 %RH, the transversal resistance has 
drastically decreased at 35-40 %RH and is of the same magnitude or less than the in plane 
resistance. 
 
To verify if a higher humidity content in the normal clothing is responsible for the lower 
transversal resistance and to verify if such a high humidity content can be acheved at a 
low relative humidity enviroments, we performed the following tests in 12-15 %RH 
atmosphere: 
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1) The test person used as normal clothing: shirt (cotton) and sweater (acrylic), case 

(d) and on top a fleece sweater. Then the test person performed some physical 
exercise during approximately 10 minutes to increase the humidity content in the 
fabrics. Then the fleece sweater was taken off and the ESD-garment (A) was put 
on. 

2) The same as test 1, but the normal clothing case (d) was exchanged to case (b) 
(cotton shirt and cotton sweater). 

3) The test person wore normal clothing case (b) during 15 min in 35 to 40 %RH 
and did some physical exercise during that period. Then he entered the dry room 
(12-15 %RH) and dressed in the ESD-garment (A). The test was done as soon as 
possible after that. 

4) The test person wore normal clothing case (b) and ESD-garment (A) during 15 
min in 35 to 40 %RH and did some physical exercise during that period. Then he 
entered the dry room (12-15 %RH) and the test was done immediately.                      

5) Soon after test 3, the test person switched from garment A to garment B and test 
was repeated. 

 
As can be seen in Figure 7 the correspondence between tests performed in 35 to 40 %RH 
could not be repeated in 10 to 15 %RH until atleast the normal clothing was prepared in 
the higher humidity. The humidity in the normal clothing and the ESD-garment could not 
be obtained by physical exercises by the operator. In Figure 7 (c) and (d) some of the 
measurements presented in Figure 7 (a) and (b) are compared with measurements similar 
measurements made in 35 to 40 %RH, curves (A 40%RH) and (B 40 %RH). 
 

 
Figure 7 (a), (b), (c) and (d), discharges curves from different ESD garments for different 
humidity. 
 
We summarise our findings in three points. 

 
• 12 % RH for both normal and protective clothing. => Low vertical current. 
• 40 % RH for both normal and protective clothing. => Sufficiently high 

vertical current. 
• 12% RH for the protective clothing and normal clothing that had been 

conditioned in 12 % RH, but exercises had been performed for approximately 
10 min while wearing the normal clothing. => Low vertical current. 
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For the last case the performance was better than for the first case, but not sufficient to 
pass the test requirement of being below 100 V in less than 20 s. For the best test item it 
took around 30 s to go below 100 V. 
 
We can therefore conclude that for the tested cases, 40 % RH were sufficient, to assure a 
vertical resistance low enough to discharge the garment within the required time, however 
with the normal skin contact between the protective garment and the body of the operator 
this decay time was dramatically decreased. This proves, that assuring a number of 
required contact point is much better than not doing so. We also showed that for our four 
test samples the vertical resistance was not low enough at 12 % RH. One can argue that 
the last example is not relevant because the relative humidity of the normal clothing is 
never as low as 12 % RH. This is the reason for doing the last test, with increased 
humidity due to physical work, but with the test item conditioned at 12 % RH. Since the 
test item failed this test without the additional ground connection through the special 
contact points at the neck and wrists, we showed that the special contact points are indeed 
needed for the test items investigated in this study. 
 
To summarise our results from the study of the humidity dependence of worn garments 
and the need of special grounding points, we conclude that special grounding points are 
needed at low humidity, around 12 % RH, but not at high humidity, above 40% RH. One 
should remember that we only tested four different kinds of garments and with a specific 
set of normal clothing. 
 
 
4 Static screening 

 
The main point with creating the OPGD model was to be able to subdivide the important 
issues into suitable subsystems for coming studies. In the following section we have 
addressed one of these questions, namely: 

 
• Static screening of ESD protective fabric. 

 
For the case when we are addressing the static screening of the ESD protective fabric we 
have developed a measurement set up which relatively easily can be modelled. This 
makes it easier to couple physical parameters to measured values and to interpret their 
correlation. The experimental set up is directly taken from the OPGD model, which is 
simplified to fit the addressed question. This implies that we are considering a ground 
plane as the body of the operator, the normal clothing is replaced a by charged plate, kept 
parallel to the ground plane and finally the ESD protective fabric is placed outside the 
charged plate an is also kept parallel to it. The choice of a conducting charged plate 
parallel to the ground plane was made to mimic a constant charge density of an insulator. 
Notice the constant charge density is different even though the potential of the charged 
plate is fixed. This approximation is a very good if the ESD protective fabric is kept at a 
distance equal to or greater than the mesh size of the protective fabric. The size of the 
conducting mesh was for our fabrics 5 mm * 5 mm. The distance in between the ground 
plane and the charged plate was 4 mm and the distance in between the charged plate and 
the ESD protective fabric was 4 mm. The area of the charged plate was 1 dm2. A simple 
static model was developed having the same features as the experimental setup, by 
assuming constant, but different, charged densities on all parts of the model. Rotational 
symmetry and the mirror technique were also used in combination with the assumption 
that the ground plane was infinite. In the experiments and the models calculations the 
potential of the charged plate was set to 1000V. The conduction mesh of the protective 
fabric was in the experiment grounded as well as in the model calculations. The induced 
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charge on the mesh then corresponds to an effective potential on the mesh that is mesh 
size dependent and dependent on the thread diameter. 
 
Experimentally we obtained the following results that are presented in table 1. The three 
different ESD protective fabrics had conducting threads of three different kinds; surface 
conducting (SC), core conduction (CC) and hybrid conducting (HC). The surface 
conducting threads has a carbon layer on the outside of a plastic thread, the core 
conductive threads have carbon on the inside of a plastic thread and the hybrid 
conducting thread has carbon on both inside and outside of the plastic thread. The plastic 
thread works a substrate material for the carbon.  
 

 MEASUREMENT   M 1 
(V) 

M 2 
(V) 

M 3 
(V) 

AVERAGE 
(V) 

Surface conducting (SC) 313 254 310 292 
Core conduction (CC) 420 363 397 393 

Hybrid conducting (HC) 224 228 227 226 
Table 1 Experimental results of the screening of three different ESD protective fabrics. 

 
We did three repeated the measurement three times and calculated the average potential 
our results are presented in Table 1. The SC had a potential of 292 V at 4 mm from the 
ESD fabric, the CC a potential of 393 V at 4 mm from the ESD fabric and the HC a 
potential of 226 V at 4 mm from the ESD fabric. 
 
The first model we present is a very simple model consisting of to circular charge 
densities and a ground plane (infinite). The mathematical formulation is presented in 
equation (1), where σ (1000 V plate) and σ1 (induced in the grounded mesh) are the 
charge densities, d the distance between the ground plane and the 1000 V plate, R the 
radius of the plate and h the distance from the ground plane to the grounded conducting 
mesh (second coin).  
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By using the boundary condition that the potential is 1000 V on the charged plate and a 
ratio of that on the second plate we can calculate a potential to every such ratio. 
 

 
Figure 8 Potential as function of the distance from the ground plane, for four different ratios 
for the induced charge. 
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In Figure 8 we show the potential as function of the distance from the ground plane for 
four different screening rations, 0, 0.6, 0.8 and 0.9. The curve with the induced charge 
ratio of 0.9 has the largest screening ability; the fabric absorbs almost 80 % of source 
field. 
 
Using this model we can analyse the potential in the point of the experimental 
measurement as a function of screening ratio. We plot the screening ratio at a distance of 
13 mm from the ground plane as function of the obtained potential. We included a few 
more point to have a better fit, than has bee presented in the previous diagrams. 
 

 
Figure 9 Screening ratio plotted as a function of the potential at the distance 13 mm from the 
ground plane. 
 
In Figure 9 the screening ratio as function of the potential for a point 13 mm from the 
ground plane is plotted. As is expected the screening ratio as function of the potential is a 
straight line. 
 
2)   Usr 0012.01 −=  
 
In equation (2) the linear relation between the screening ratio (sr) and the potential (U) is 
presented. Remember now that the screening ratio is here defined with the aid of an 
average potential, not an induced potential on a fabric. In Table 2 we present the 
screening ratio for the three different fabrics. 
 

 MEASUREMENT AVERAGE 
(V) 

SR 

SC 292 0.65±0.04 
CC 393 0.53±0.04 
HC 226 0.73±0.01 

Table 2 Average screening ratios for the measured potentials. 
 
The screening ratios for the three different fabrics are calculated with the aid of equation 
(2), the screening Ratios are; 0.53±0.04 for CC, 0.65±0.04 for SC and 0.73±0.01 for HC. 
There is a clear and measurable difference between the different fabrics. 
 
The next step is to introduce a model of the actual conducting lattice. See reference [5-8] 
for more information. This is done by assuming that the linear charge density on the 
lattice is constant. A mathematical description is presented in for the potential along the 
z-axis for 2N+1 thin wires kept parallel to each other and parallel to the infinite ground 
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plane. We assume that they all have the same charge density and that they are separated 
with the distance a. 
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Note that the wires in the centre and in the end are only counted once, the others twice. It 
is interesting to note that by introducing a second set of thin wires also parallel to the 
ground plane, but orthogonal to the first set and having the same physical properties as 
the first set, only charges equation (3) by a factor of two. The linear charge density is then 
also decreased by a factor two. Therefore are the electrostatic properties equal in both 
cases. Equations (4), (5) and (6) are only presented to make the definition of equation (3) 
complete. The length of the wire is b and the index of the wire is n. 
 
One can easily modify this equation so there is no wire in the centre and the wires are at 
equal distances from each other. This is done, by shifting the sum half a step. The 
problem is also simplified since all elements have a factor of two as a pre-factor. One 
element is lost also. 
 
We are making the same calculation as we made before, but instead of having the 
screening ratio as a free parameter we have the radius of the conducting wires. Note that a 
conducting wire of the real world is not round, so what we are introducing is an effective 
radius, not a physical one. 
 
In Figure 10 we present the potential as function of the distance from the ground plane for 
6 different radiuses of the thin wires of the conducting grid. 
 

 
Figure 10 Potential as function of the distance from the ground plane. There are potentials 
for 5 different radiuses of the conducting thread. 
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The different radiuses are zero, i.e. no thread, called “Pot”, 10 µm, 20 µm, 50 µm, 100 
µm and 200 µm. We do exactly the same as before and plot the screening ratio as 
function of the potential for the distance 13 mm from the ground plane. In Figure 11 we 
present this relation. 
 

 
Figure 11 Screening ratios as function of the potential for the distance 13 mm from the 
ground plane. 
 
The relation between the screening ratio and the potential at the distance of 13 mm from 
the ground plane seems to be a straight line and indeed it is. It can be described with 
exactly the same relation and coefficients as is presented as equation (2), in both cases 
linear regression were used to fit the data to a straight line. (The second order equation 
was also a straight line.) This implies that the screening ratios that previously, was 
calculated from the average charge densities, gives exactly the same results as when the 
charge is induced onto a perfect conducting grid with different radiuses. See Table 3 for 
the results of the screening ratios for the experimental values. 
 
However there is an additional piece of information that hasn’t been used yet. The 
relation between the radius of the conducting threads of the grid and the potential at the 
distance 13 mm from the ground plane is presented in Figure 12. 
 

 
Figure 12 The radius of the conducting threads of the protective fabrics grid as function of 
the potential. 
 
The relation between the radius and the potential is fitted to a second order polynomial; 
the result is presented in equation (7). 
 
7)   2 U0.0033+ U2.7564-594.12=R  
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This relation gives us the possibility to calculate an effective radius of an ESD protective 
fabric. In Table 3 we present the effective radius of the three different samples, with 
different conducting threads of type CC, SC and HC. 
 

 MEASUREMENT AVERAGE 
(V) 

SR R 
µm 

 SC 292 0.65 71 
 CC 393 0.53 20 
HC 226 0.73 140 

Table 3 Effective radius and the screening ratio are presented for the three experimentally 
obtained potentials. 
 
The effective radius for the fabric with CC threads is 20 µm, for the fabric with SC 
threads it is 71 µm and for the fabric with HC it is 140 µm. The better the screening ratio 
is the bigger the radius. An easy way to interpret these effective radiuses is to assume 
them to be the same as the physical radiuses however that is probable not true. One 
reason is that the conducting threads used in the calculation are linear and real thread 
might not be. 
 
To summarise our findings in this section, we have shown a clear connection in between 
the mesh size and effective thread diameter and the static screening ability of the ESD 
protective fabric. This relation has been known before, but not explicitly shown as it is 
here. The substrate material polyester is almost always an insulator, if cotton had been 
used instead of polyester; a screening contribution from charges in insulating part of the 
fabric would, at least for higher RH, been visible. 
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