


http://www.ahsystems.com


http://www.ophirrf.com


mailto:lorie.nichols@incompliancemag.com
mailto:sharon.smith@incompliancemag.com
mailto:erin.feeney@incompliancemag.com
mailto:ashleigh.oconnor@incompliancemag.com
mailto:alexis.evangelous@incompliancemag.com
mailto:bill.vonachen@incompliancemag.com
mailto:bruce@brucearch.com
mailto:Leo@EisnerSafety.com
mailto:dgerke@emiguru.com
mailto:ken.javor@emcompliance.com
mailto:kenrossesq@gmail.com
mailto:wernerschaefer@comcast.net
mailto:adamczyb@gvsu.edu
mailto:info@esda.org
mailto:sharon.smith@incompliancemag.com
mailto:circulation@incompliancemag.com
HTTPS://INCOMPLIANCEMAG.COM
mailto:keith.armstrong@cherryclough.com






http://www.productsafet.com
http://www.productsafet.com


https://incompliancemag.com/EERC


mailto:CDRH.Biocomp@fda.hhs.gov
mailto:CDRH.Biocomp@fda.hhs.gov




mailto:kenrossesq@gmail.com
http://www.productliabilityprevention.com




http://www.arworld.us/chambers




http://www.hvtechnologies.com
mailto:emcsales@hvtechnologies.com




http://www.vitrek.com/demoEE
mailto:info@vitrek.com




mailto:shaun.reid@emctech.com.au








http://www.3c-test.com
mailto:globalsales@3ctest.cn




mailto:static2@swbell.net
mailto:john.kinnearjr@gmail.com


26  |  Feature Article

Special worksurfaces and flooring materials 
began to enter the marketplace in the middle 
1970s and helped to establish what we know 
today as the electrostatic protective area or EPA. 
At about the same time, standards for military 
and defense-related applications entered the 
market, which helped support the development 
of industry specifications for the workplace and 
packaging materials. Damage to electronic parts 
was becoming a significant reliability issue in the 
later part of the 1970s. In fact, the first EOS/ESD 
Symposium was convened in Denver in 1979 to 
discuss the issues of the time, predominantly those 
dealing with military electronics. 

Packaging innovations eventually led to the invention 
of transparent static shielding films used to make 
protective static discharge shielding bags. By the 
early 1980s, these film materials became ubiquitous 
throughout the electronics industry, and the need 
for further electronics packaging standardization 
became more obvious. In response, several industry 
groups emerged around that time. Leading the way 
was the Electronics Industry Association (EIA), 
which established the Packaging of Electronics 
for Shipment committee (PEPS). The EIA PEPS 
Committee ultimately drafted EIA-541–1988, 
Packing Material Standards for ESD Sensitive Items, 
the first commercial standard devoted to packaging 
materials used in the storage and shipment of ESD 
susceptible electronic devices. 

THE ROLE OF THE ESDA IN  
STANDARDS DEVELOPMENT

The EOS/ESD Association, Inc. (ESDA) was 
formed in 1982, following the success of the initial 
EOS/ESD Symposiums. The founding members 
of the ESDA naively believed that the Association 
and its annual Symposium would be needed for just 

a few years, after which it could be disbanded. But 
this turned out not to be the case, and plans are now 
in the works for the 43rd EOS/ESD Symposium, 
currently scheduled for September 2021. 

The ESDA formed its own Standards Committee in 
1982 and immediately started work on Standard #1, 
Wrist Straps, since that was viewed as the front 
line of protection at the time. That standard 
served as the foundation for the development of 
other standards, standard test methods, standard 
practices, and advisory documents over the ensuing 
40 years that have helped establish specifications 
for most of the products used for static protection 
and mitigation. And the emergence of automated 
handling and assembly operations has required the 
development of new ESD control standards and 
test methods to manage static electricity developed 
within such equipment. 

The period from the late 1980s to the late 1990s saw 
a massive amount of work in standardization. Just 
about all the static control products available today 
were the subject of some level of standards activity 
during that period. Over time, many of the ESDA’s 
standards, test methods, standard practices, and 
technical reports have been reviewed and revised 
several times since their original release. Today, 
the standards development effort within the ESDA 
is still going strong, with the participation of 200 
active members worldwide. 

THE SHIFTING LANDSCAPE OF  
STATIC CONTROL EFFORTS

During the same period, the electronics industry 
shifted major portions of its manufacturing 
activities to locations around the world. Large 
factories employing thousands of people for manual 
assembly operations were established. But there was 

Special worksurfaces and flooring materials began to enter 

the marketplace in the middle 1970s and helped to establish 

what we know today as the electrostatic protective area.
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a steep learning curve in efforts to produce high 
reliability in device fabrication (wafer fabs), circuit 
board assembly, and equipment assembly. Large 
offshore factories with huge numbers of employees 
required extensive training, massive installation of 
electrostatic protection products and materials, and 
frequent travel by corporate-based management 
and technical staff to oversee product control and 
maintain quality. 

The development of local expertise to manage static 
control issues became a priority in the late 1990s to 
the early 2000s, and many of the current members 
of the ESD Association represent companies and 
operations from outside of the U.S. Arguably, the 
most far-reaching static control standards activity 
occurred in 1995 when the U.S. Department 
of Defense (DoD) formally asked the ESD 
Association “to take the lead” in the development 
of a new, state of the art, ESD control program 
standard for commercial and military users. That 
effort ultimately led to the introduction of ANSI/
ESD S20.20–1999, Protection of Electrical and 
Electronic Parts, Assemblies and Equipment (Excluding 
Electrically Initiated Explosive Devices), which was 
quickly adopted by the DoD and several branches of 
the military. 

Around 2000, DNV, an ISO 9001 Certification 
Body, proposed that the ESDA adopt a facilities audit 
program in connection with ANSI/ESD S20.20,  
eventually leading to the ESD facility certification 
program. Today, there are several hundred certified 
facilities around the world. Other certification 
programs were developed subsequently to that 
initial effort, most notably the ESD Certified 
Professional Program Manager certification and the 
ESD TR53 Certified Technician certification. 

THE EMERGENCE OF STATIC CONTROL 
MEASUREMENT TOOLS

As the electronics industry created standards and 
materials to control static electricity, measurement 
tools were needed to validate the materials and to 
evaluate the manufacturing processes. Original 
validation equipment typically consisted of a 
high resistance meter, called a megger, and an 

As the electronics industry created standards and 

materials to control static electricity, measurement tools 

were needed to validate the materials and to evaluate the 

manufacturing processes. 

http://www.nrdstaticcontrol.com
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electrostatic field meter. The megger was designed 
for measuring the electrical system to ground (or 
insulation) resistance. The typical voltages first 
used for measurement were 500 to 1000 volts. 
As materials to control static electricity and the 
standards to measure them were further developed, 
resistance measurement voltages were revised 
to 10 and 100 volts to create more measurement 
sensitivity and to help ensure that the materials and 
products could perform their intended function in 
an EPA. 

The evaluation of static control materials at low 
relative humidity also has become a requirement to 
make sure the product maintains its specifications 
and performance attributes at the lowest 
environmental moisture condition expected. 
Electrostatic voltmeters were developed along with 
a device called a charge plate monitor to measure 
ionization. 

THE CHALLENGES OF AUTOMATED 
PRODUCTION

The emphasis today in comparison to the early days 
relates to automated electronics processing. It is 
well understood that personnel must be grounded 
all the time when handling unprotected susceptible 
items. The most significant change in the grounding 
of personnel has been the increased reliance on 
footwear and flooring. Wrist straps are still used by 
the millions every year since they are a requirement 
for seated operations in the ESD Control Program 
development standards ANSI/ESD S20.20 and 
IEC 61340-5-1, Electrostatics-Part 5-1: Protection of 
Electronic Devices from Electrostatic Phenomena – 
General Requirements. 

Footwear and flooring test methods now have 
significant importance since mobile personnel 
are required to operate and maintain automated 
process equipment and assembly lines. The electrical 
resistance to ground and voltage of personnel while 
in motion are important considerations for the 
modern EPA. The instrumentation for measuring 
and recording voltage on people has become 
arguably the most essential tool in the ESD control 
practitioner’s toolbox. 

Testing device susceptibility to ESD events has 
been the subject of standardization for well over 50 
years. For a long time, separate industry standards 
existed for the evaluation of the human body 
model (HBM). Today, the HBM requirements 
and specifications have been harmonized into a 
single harmonized HBM standard through a joint 
effort between the JEDEC Solid State Technology 
Organization and the ESDA.2 

Similarly, the susceptibility of devices during 
automated handling have been harmonized in a 
joint charged device model (CDM) standard.3 
The ESD susceptibility test method known as 
machine model (MM) has been dropped as a 
device qualification standard since the damage 
mechanism is much the same as HBM, only at a 
lower threshold. 

Over the last 5-8 years, there has been further 
development to connect device testing specifications 
and susceptibility levels to what happens in the 
factory during production. What is called “process 
assessment” has become one of the important 
activities of the ESDA standardization activity. 
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The effort is providing test methods and techniques 
for the evaluation of electrostatic charging and ESD 
events within automated handling equipment. One 
technical report is now available,4 and a standard 
practice5 will be released in early 2021. 

These documents, along with new measurement 
tools such as the high impedance contact 
voltmeter and event detector devices, will provide 
knowledgeable practitioners with valuable tools and 
insight for the evaluation of automated handling 
equipment capabilities. The question “what device 
sensitivity/susceptibility level can my process 
handle?” will be easier to answer using the new 
documents and new tools. 

CONCLUSION

The physics of electrostatics has not changed over the 
decades, but the ability to measure and protect from 
the phenomenon certainly has. Materials science and 
innovation have led to vast improvements in products 
used to control static electricity in the workplace. 
ESD standards and test methods have brought a 
level of understanding into an area that was once 
considered “black magic.” 

ENDNOTES

1.	 Childress, Diana, Johannes Gutenberg and the 
Printing Press, Minneapolis: Twenty-First 
Century Books, 2008

2.	 ESDA/JEDEC Joint Standard – For Electrostatic 
Discharge Sensitivity Testing – Human Body Model 
(HBM) Device Level, ESD Association, 7900 
Turin Road, Bld. 3, Rome, NY 13440, 315-339-
6937, http://www.esda.org

3.	 ESDA/JEDEC Joint Standard – For Electrostatic 
Discharge Sensitivity Testing – Charged Device 
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4.	 ESD TR17.0-01-14 ESD Association Technical 
Report – For Electrostatic Discharge Process 
Assessment Methodologies in Electronic Production 
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CONTACT BURN INJURIES
The Influence of Object Thermal Mass
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By May Yen, Francesco Colella, Harri Kytomaa, Boyd Allin, and Alex Ockfen

The seminal work of Henriquez and Moritz [1] 
and Stoll and Green [2] summarized the relation 
between contact temperatures and contact durations 
to cause human skin to become necrotic. They also 
defined mathematical functions that can be used to 
assess thermal damage to the human skin.

The regulatory standards [3,4,5] provide guidance 
on burn threshold surface temperature and contact 
duration limits. The ISO 13732 standard assumes 
the surface temperature of the object remains 
constant after contact with the tissue while the 
ASTM standard recognizes that the temperature 
at the surface- skin interface drops when it comes 
in contact with tissue; however, all the standards 
assume the temperature of the touched object distal 
to the contact point stays constant. This means 
the skin-object interface temperature is transient 
only during the initial time of contact and then is 
constant for the duration of the contact. This results 
in a time vs. burn threshold curve as shown in 
Figure 1 on page 32 from the ISO standard. 

The ASTM standard leverages a similar burn 
threshold curve, only allowing for an offset of the 
curve to account for internal resistance between 
the heat source and surface of the device. For short 
contact durations, touching objects of different 
materials with the same surface temperature cause 
burn injury at different times. Materials of high 
thermal conductivity such as metals produce burn 
injury in shorter contact durations due to high heat 
conduction rates causing the skin to exceed the 
threshold thermal dose. 

The standards ascribe that the curve needs to be 
modified according to surface finish and material; 
however, according to the standards, at long 

Editor’s Note: The paper on which this article is 
based was originally presented at the 2020 IEEE 
International Symposium on Product Safety 
Engineering held virtually in November 2020, where 
it received recognition as the Symposium’s Best Paper. 
It is reprinted here with the gracious permission of the 
IEEE. Copyright 2021 IEEE. 

Part II of this paper, “The Influence of Object Shape, 
Size, Contact Resistance, and Applied Heat Flux”, 
is available through the IEEE Explore archives at 
http://www.ieeexplore.ieee.org. 

The skin is made up of three distinct layers. 
The top layer of the skin that does not 
contain blood vessels and functions as the 

protective barrier of the skin is called the epidermis. 
The layer underneath the epidermis is called the 
dermis and contains blood vessels and nerve 
endings. Under the dermis is the subcutaneous fat 
also known as the hypodermis. Basal skin cells 
are located underneath the epidermis and are 
responsible for the generation of new tissue.

A first-degree burn occurs when there is partial 
necrosis of the epidermis, which presents itself as a 
reddening of the skin due to dilation of superficial 
blood vessels near the epidermis. A second-degree 
burn occurs when there is complete necrosis of 
the epidermis without damaging the dermis and 
presents itself as blistering of the top layers of skin. 
A third-degree burn is when there is necrosis of 
the epidermis and at least 75% of the dermis. In 
order for a contact skin burn to occur, heat from 
the contracting hot object needs to travel through 
the epidermis and dermis and increase the tissue 
temperatures for a sufficiently long period of time in 
order to reach the dosage threshold for a burn.

http://www.ieeexplore.ieee.org
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contact times burn injury is always predicted 
regardless of material, finish, or other factors 
such as the size of object; 43°C is the “infinite” 
contact touch temperature limit. This “infinite” 
limit is demonstrably not valid for cases where the 
contacting object (and its surface temperature) 
cools due to the heat transfer to the skin. This is 
particularly true for low thermal mass objects and 
long duration exposures which are becoming more 
common in the consumer electronics industry and 
wearable devices.

The determination of the thermal damage to 
the skin depends on tissue temperature and the 
duration of the thermal exposure. One of the 
commonly accepted methodologies relies upon 
the concept of cumulative equivalent minutes at 
43°C (CEM43°C) [6]. This model allows time-
temperature history to be converted to an equivalent 
duration exposure at 43°C as:

CEM43°C = ∫ R43-T(t)dt	 Eq. 1

where CEM43°C is the cumulative equivalent 
minutes at 43°C, t is the duration of the thermal 
exposure, R is a constant (R (T<39°C) = 0, 
R(T<43°C) = 0.25, R(T>43°C) = 0.5), and T is the 
temperature at the tissue. Large tissue-specific 
databases are available in the literature that 
summarize the relation between CEM43°C values 
and observed damages to the tissues. 

In the case of the skin, most of the CEM43°C 
threshold values are based on the work of 
Henriquez and Moritz [1]. The skin of humans and 
pigs has been shown to have a CEM43°C thermal 
damage threshold ranging between 300 and 600 
minutes [1]. That is, the thermal damage of the 
skin is likely to occur when the basal layer of the 
skin experiences temperatures of 43°C for a time 
duration ranging between 300 and 600 minutes.

MODEL

In order to understand the influence of the thermal 
mass of an object and its propensity to cause a skin 

Figure 1: General relationship between burn threshold and contact according to the ISO 13732 standard [3]
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burn, a 2D heat transfer model was developed. 
This model solves for the conduction of heat 
from a hot contacting object into human tissue 
layers. The Pennes bioheat equation 
[7] seen in Equation 2 is numerically 
solved to simulate the evolution of 
the temperature distribution through 
the skin. The Pennes bioheat equation 
accounts for blood perfusion, in 
which blood flow through the skin 
carries heat away from the contact 
area, and metabolic heat generation 
effects in the dermal and hypodermal 
layers of the skin. The computational 
model integrates for CEM43°C as 
seen in Equation 1. The threshold for 
burn injury is defined by when the 
tissue reaches a critical CEM43°C of 

600 minutes, based upon validation with the human 
skin burn data of Henriquez and Moritz and the 
Stoll and Green data [1][2].

Figure 2: Skin and contacting object geometry implemented in the numerical model

http://www.kikusuiamerica.com/solution
mailto:kikusui@kikusuiamerica.com
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In these computations, a finite 
thickness object is placed into contact 
with the skin which is composed of an 
epidermis, dermis, and hypodermis. 
The contact between the hot object 
and the skin is assumed to have 
zero contact resistance. The non-
contacting surface of the hot object 
was considered to be adiabatic. 
These two assumptions provide 
conservative results, that is, higher 
temperature levels experienced by the 
tissues provided that there is no heat 
generation in the contacting object. 
Multiple computations with varying 
initial object temperatures are carried 
out for several object thicknesses. The 
first set of computations are performed 
with an aluminum object and the 
second set using a plastic object. Burn 
injury thresholds based on initial 
object temperature, exposure time, 
and thickness are shown and discussed 
in the Results section of this paper.

	 Eq. 2

Pennes bioheat equation [7]

MODEL VALIDATION

The model was validated using the experimental 
data of Henriques and Moritz [1] and Stoll 
and Green [2]. The Henriques and Moritz 
study used a 1” diameter hot water applicator 
at temperatures ranging from 44°C to 70°C for 
different durations on human and pig skin. Hot 
water of a fixed temperature was continuously 
circulated throughout the applicator in order 
to keep the water temperature constant – 
essentially acting as an infinite thermal mass. 
The level of damage for each of these cases is 
evaluated to be fully necrotic (third-degree 
burn) and partially or reversibly necrotic. Stoll 
and Green [2] irradiated ink-blackened arms 

of humans and recorded the time and temperature 
at which subjects felt pain or developed a threshold 
blister. 

The data on human subjects from these studies is 
shown in Figure 3. The conditions of the Henriques 
and Moritz experiment are replicated using the 2D 
axis-symmetric computational model as described 
in the previous section. In order to replicate the 
conditions in the hot water applicator used by 
Henriques and Moritz, a convective boundary 
condition was used in the region of contact. An 

Figure 3: Experimental data [1,2] shown in symbols and isolines of CEM°C obtained from the 
computational model. Necrosis+ refers to complete epidermal necrosis over the contact area, 
Necrosis– refers to partial or reversible epidermal necrosis.

Figure 4: Illustration of computational setup replicating the Henriques and Moritz 
experimental conditions of a 1” diameter hot water applicator on skin
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illustration of the computational setup is shown 
in Figure 4. CEM43°C isolines are computed 
using the model and are also plotted with the 
experimental observations in Figure 3.

The model shows that the threshold of pain without 
burn injury is predicted to be under 
1 CEM43°C. Threshold blisters are 
observed to occur around where the 
model predicts a CEM43°C of 300.

First-degree burns characterized as 
injuries where part of or all of the 
epidermis had reversible damage is 
denoted in Figure 3 as Necrosis-. 
The majority of the first-degree 
burn observations were predicted 
between 300-600 CEM43°C. 
Second- and third-degree burns, 
denoted as Necrosis+ in Figure 3, are 
characterized by complete necrosis of 
the epidermis over the entire contact 
area. These second- and third-degree 
burn observations are shown to be 
mostly predicted by a CEM43°C 
between 600-900. The model 
shows that temperature and contact 
durations that result in a CEM43°C 
of 600, a burn threshold suggested 
by the literature, are well aligned 
with all the relevant experimental 
observations from Henriquez and 
Moritz [1] and Stoll and Green [2].

RESULTS

Once validated, the model was used 
to predict the effect of the thermal 
mass of the object on the contact 
temperature thresholds. Two sets of 
cases with different object materials 
were analyzed: aluminum and plastic. 
In order to examine the effect of 
object size, the thickness was varied 
from 100mm to 1mm. The material 
properties that were considered for 
the object and skin are shown in 
Table 1.

The initial temperature is 80°C for both the metal 
and plastic objects. The temperature distributions 
for four different simulations at 0.1, 1, and 5 seconds 
are shown in Figure 5, where the temperature is 
shown on the ordinate and the spatial distance 
normal to the contact area, x, is shown on the 

Aluminum Plastic Epidermis Dermis

Cp [J/kg-K] 872 1550 3589 3300

Rho [kg/m3] 2710 1280 1200 1200

K [W/m-K] 203 0.25 0.235 0.445

Thickness [mm] 1, 3, 5, 10, 100 0.08 [4] 2

Table 1: Material properties and thicknesses

Figure 5: Temperature distributions at 0.1 s, 1 s, and 5 seconds for the four contact scenarios 
involving 1mm and 5mm thick aluminum and plastic objects at 80°C
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abscissa. The object-skin interface, marked by a 
solid line, is located at an x location of 0 with the 
object to the left of the origin and the skin to the 
right of the origin. The basal layer, located between 
the epidermis and dermis layer, is marked with 
another solid line at an x location of 0.08 mm.

As expected, the temperature of the skin rises to 
a higher value when it comes into contact with a 
metal object due to its higher thermal conductivity 
when compared to plastics. As a result, the yellow 
and blue curves in Figure 5 (corresponding to 1 mm 
and 5 mm thick metal objects) are generally above 
the red and black curves (corresponding to 1 mm 
and 5 mm thick plastic objects). The effect of the 
object thermal mass is evident when comparing the 
yellow and blue curves corresponding to 1mm and 
5mm metal objects, respectively. The higher thermal 
mass of the 5 mm object results in higher tissue 
temperatures that persists for longer times.

The effect of thermal mass is less evident for the 
plastic objects after 0.1 and 1 second exposures, 
while it becomes more evident after 5 or more 
seconds. This is due to the low plastic thermal 
conductivity that causes both 
plastic objects to behave as 
thermally thick after at 1 second as 
the thermal wave has not diffused 
through the entire thickness of 
the object. The thermal diffusion 
time scale is proportional to τ 
where = L2 ⁄α , L is the thickness 
of the object, and α is the thermal 
diffusivity. This leads to diffusion 
time scales of about 10 s and 200 
s for the 1mm and 5mm plastic 
objects, and 0.01 s 0.3 s for the 
1mm and 5 mm aluminum objects, 
respectively.

The temperature at the basal layer, 
located between the epidermis 
and dermis as a function of time, 
is shown in Figure 6, top. The 
basal layer temperature is generally 
higher for contact scenarios 
involving the metal objects. 

As expected, thicker objects also result in higher 
basal layer temperatures that persist for longer 
durations. The difference between the basal layer 
temperature for the 1mm and 5mm plastic objects 
becomes substantial after about 100 seconds when 
the two corresponding temperature traces (see 
purple and orange lines in Figure 6, top) diverge as 
a result of the difference in thermal mass. 

It is worth noticing that the basal layer temperature 
reaches a peak value immediately after exposure, 
followed by a decrease due to limited thermal mass 
of the contacting object that starts to cool down 
as it transfers energy to the skin. As expected, the 
peak temperature is much more pronounced for thin 
objects that have a more limited energy content.

The CEM43°C of these 4 cases is also shown in 
Figure 6, bottom. The 5 mm metal object heats 
the skin quickly and the CEM43°C value of 600 
is quickly exceeded, predicting a burn injury 
immediately upon contact. A similar behavior is 
observed for the 1 mm metal object where the 
CEM43°C threshold is exceeded after 1 second. 
Interestingly, the decrease in the basal layer 

Figure 6: Basal temperature (top) and CEM43°C (bottom) for the four contact scenarios involving 
1mm and 5mm thick aluminum and plastic objects at 80°C
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temperature after the initial peak 
(see yellow curve in Figure 6, top) 
manifests itself in a CEM43°C 
that reaches a plateau and does not 
increase further.

The contact with a 5 mm plastic 
object increases the basal 
temperature more slowly when 
compared to the metal object due 
to its low thermal conductivity. 
Hence, the CEM43°C threshold 
is exceeded after about 70 seconds. 
The 1 mm thick plastic object never 
causes conditions that exceed the 
burn threshold of 600 CEM43°C 
even though its initial temperature 
was the same as the 5 mm thick 
plastic object.

SENSITIVITY ANALYSIS

A comprehensive sensitivity 
analysis was performed to 
understand the effect of the 
material thermal properties and 
object thicknesses on the potential 
for thermal damage to the skin. 
Specifically, for a given object 
material and thickness, the model 
was used to calculate the time to 
CEM43°C equal to 600 minutes for initial object 
temperatures ranging between 43- 120°C. The 
chosen object thicknesses were 100mm, 10mm, 
5mm, 3mm, and 1mm. Isolines of CEM43°C 
600 min, are plotted as functions of initial object 
temperature and time in Figure 7. 

Figure 7 shows two sets of curves (1) red curves for 
plastic objects of various thicknesses and (2) black 
curves for aluminum objects of various thicknesses. 
Each curve summarizes the relation between initial 
object temperature and exposure duration required 
to injure the skin. The curves in each array tend 
to merge for short duration injurious exposures as, 
in those scenarios, the objects behave as thermally 
thick, and their thickness decreasingly impacts the 
temperature history in the skin (as discussed in the 
previous sections). 

Figure 7: Computed isolines for CEM43°C equal to 600 min for objects of varying thicknesses, 
materials, and initial temperatures

http://www.mfgtray.com
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For longer duration exposures, the array of curves 
diverges resulting in thicker objects having initial 
temperature thresholds that are lower than those of 
thinner objects. For example, for a 100 s exposure, 
the initial temperature of a plastic object required to 
injure the skin ranges between approximately 68°C 
for a 100mm thick object and 100°C for a 1 mm 
thick object. Similar considerations can be obtained 
when analyzing the results for a metal object.

When compared to the ISO 13732 threshold vs. 
contact duration plot (see Figure 1), the overall 
trends are similar. The burn threshold for plastics 
is higher than that of metals for any given exposure 
time and for the same object thickness. Consistent 
with ISO 13732, the higher the initial surface 
temperature, the lower is the exposure time required 
to cause a burn.

However, there is a noticeable difference between 
the present findings and the guidance contained in 
ISO 13732. Figure 1, obtained from ISO 13732, 
suggests that, as long as the surface temperature 
of the hot object is above 43°C, there exists an 
exposure time long enough that a burn injury 
will eventually occur. This is due to the inherent 
assumption in ISO 13732 that the “surface 
temperature is essentially maintained during the 
contact period either by the mass of the product or 
by a heating source” [3]. Even for a semi-infinite 
object, this is not physical unless there is a source 
of heat that keeps the surface temperature at the 
location of the contact constant.

For an object of finite mass, the heat transferred 
into the skin during contact causes the temperature 
of the object to decrease until it reaches a thermal 
equilibrium with the skin. Such thermal equilibrium 
depends on the thermal properties of the skin, 
the thermal properties of the object, and other 
parameters that have not been included in this 
evaluation, including but not limited to contact 
resistance, object shape, heat losses to the 
environment, and heat generation inside the object.

As the temperature of the object decreases during 
contact, so does the heat flux into the skin. The 
resulting temperature profile experienced in the 

skin and consequently the CEM43°C history at 
the basal layer responds to such variations and, in 
some circumstances (as discussed in the previous 
paragraph), the object temperature starts dropping 
and the CEM43°C ceases to increase.

There then exists, for an object of finite mass, an 
initial temperature such that CEM43°C never 
exceeds the burn threshold. Hence, the thickness 
and correspondingly the thermal mass of the object, 
are critical factors to understand the potential for 
contact skin burns.

CONCLUSIONS

The current regulatory standards applicable to 
consumer products and consumer electronics 
provide guidance on burn threshold surface 
temperature and contact duration limits. While the 
standards provide an estimate of the maximum 
surface temperatures for burn injury assessments, 
they fail to recognize the importance of the thermal 
mass of the contacting object on the likelihood of 
causing a skin burn.

This paper discusses the limitations of the 
current regulatory environment and discusses the 
importance of the thermal mass of the contacting 
object on the temperature history experienced by 
the skin and the cumulative degree of thermal 
damage assessed using a CEM43°C method. The 
analysis was performed using a numerical model 
that includes the effect of blood perfusion using 
the Pennes bio-heat transfer equation that was 
validated against the seminal experimental work 
performed by Henriquez and Moritz [1] and Stoll 
and Green [2]. This model is used to predict burn 
injury by plastic and metal objects of various 
thicknesses in contact with human skin. It is shown 
that for objects of finite thermal mass, there exist 
initial object temperatures above 43°C at which no 
amount of contact time is sufficient to cause a burn 
injury. Such initial object temperatures depend on 
the object thickness. 
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EVALUATION OF EMC EMISSIONS AND 
GROUND TECHNIQUES ON 1- AND 2-LAYER 
PCBS WITH POWER CONVERTERS
Part 1: Top-Level Description of the Design Problem

By Bogdan Adamczyk, Scott Mee, and Nick Koeller

of the converter. Class D switching power converters 
typically generate conducted and radiated emissions 
that can be measured during testing from 150kHz 
to as high as 300MHz or higher. The contributions 
come from the fundamental switching frequency, 
the first set of harmonics, and the broadband 
noise from ringing and oscillations found in and 
around the switching devices and magnetics. Many 
industries including Automotive, Consumer, Office 

This is the first of a series of articles devoted to the 
design, test, and EMC emissions evaluation of  

1- and 2-layer PCBs that contain AC/DC and/or  
DC/DC converters and employ different ground 
techniques. In this introductory article, we present 
a top-level block diagram description of the design 
problem under research. The subsequent articles will 
be devoted to the specific parts of the design, and 
subsequently to the RF emissions performance of 
the PCB assembly. This is a research in progress. The 
goal of this study is to evaluate the impact of different 
grounding strategies and the tradeoff with other 
design constraints that designers often face.

1. INTRODUCTION

Electronic products that are sold in the marketplace 
must undergo a series of Electromagnetic 
Compatibility (EMC) tests to demonstrate compliance 
to industry and regulatory requirements. One aspect 
of the requirements focuses on evaluating a device’s 
conducted and radiated emissions performance. 
These two aspects of EMC are important as they 
measure a device’s ability to produce noise that can 
interfere with the AC or DC mains as well as radiated 
noise impacting other devices in the surrounding 
environment. One of the biggest challenges industries 
face as they design and manufacture electronic devices 
is EMC performance related to grounding and 
power conversion circuitry. Most electronic devices 
have some type of power converter in use. Common 
examples are converting 240VAC or 120VAC to 
24VDC or lower logic level voltages such as 5VDC, 
3.3VDC or lower. Linear power converters often 
have thermal dissipation concerns, and as a result, 
class D switching converters are used to save on 
power dissipation and improve the overall efficiency 
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The converter stage employs a filtering block, full-
wave rectifier, controller, and a transformer which 
provides isolation between the two partitions.

Environments, Medical, Industrial, Commercial, 
and Aerospace face these challenges. Some of the 
EMC specifications that apply to these industries are: 
CISPR25, Title 47 CFR Part 15, ICES-003, IEC 
60601-1-2, EN 61000-6-4, EN61326-1, CISPR11, 
CISPR22, DO-160, MIL-STD-461.

This article is organized as follows. Section 2 presents 
the top-level functional block diagram with the EMC 
considerations. Section 3 is devoted to the individual 
functional blocks. In Sections 4 and 5, several 
grounding schemes for 1-layer and 2-layer boards, 
respectively, are shown. Section 6 provides a brief 
outline of the next article.

2. TOP-LEVEL SCHEMATIC – FUNCTIONALITY 
AND EMC

Figure 1 shows the functional blocks of the PCB 
assembly.

The board will be capable of accepting either an AC or 
DC input. The AC to DC conversion will take part in 
Partition A of the board (not drawn to scale). The DC 
to DC converter in Partition B will accept 24V DC 
input either from the AC/DC converter in Partition A 
or from an external source.

In Figure 2 we show the EMC consideration 
superimposed onto the functionality requirements. 
These considerations include both conducted and 
radiated emissions.

The external AC and DC inputs and I/O circuitry 
provide noise-coupling paths (for conducted /radiated 
emissions) from the converters. Additional noise paths 
exist between the two converters themselves, as well as 
between the converters and the rest of the circuitry in 
Partition B. 

Switching Class D power converters contain switching 
waveforms that produce harmonic noise and ringing 
that causes broadband high-frequency emissions. The 
implementation of EMC design controls and PCB 
layout will affect the EMC performance of the PCB 
assembly and associated cabling.

3. FUNCTIONAL BLOCK DETAILS

Figure 3 shows the block diagram of the AC/DC 
converter.

Figure 1: Top-level schematic – functional blocks 

Figure 2: Functional blocks with EMC considerations 

Figure 3: AC/DC Converter – block diagram
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Figure 4 shows the block diagram of the DC/DC 
converter.

24V DC input to the converter comes either from 
the AC/DC converter or from an external linear 
power supply input. The control IC contains 
the switching transistor and the feedback signal 
detection.

Figure 5 shows the block diagram of the I/O 
circuitry.

The I/O circuitry contains a microprocessor 
powered by 3.3V DC as regulated by the DC/
DC converter. A real-time clock is provided 
so that analog values from the thermocouple 
can be recorded in memory. An unshielded 
multi-conductor cable with a length of 1 meter 
will be connected between Partition B and a 
thermocouple. This cable is likely to carry some of 
the common-mode emissions from the converters 
and the microcontroller.

4. ONE-LAYER BOARD TOPOLOGIES

This Section describes two 1-layer PCB topologies 
under study, referred to as Case 1.1 and Case 1.2, 
respectively.

Figure 6 shows the grounding scheme for Case 1.1, 
where the ground is routed exclusively as traces on 
the top of the board.

This case represents some of the more challenging 
designs that are subject to significant cost and 
space constraints. In this scenario, the designer has 
very few options to apply EMC rules-of-thumb 
and best design practices. It is likely that this 
design will have challenges meeting RF emission 
requirements and may require additional filtering 
components to address non-compliances. 

Figure 7 shows the grounding scheme for Case 1.2, 
where ground floods are introduced on the top of 
the board.

Case 1.2 is similar to Case 1.1, but with fewer 
space constraints in its application. Here the 
designer has more opportunities to improve 
grounding and reference areas. Adding additional 
ground and/or reference areas improves RF return 

Figure 4: DC/DC Converter – block diagram

Figure 5: I/O circuitry – block diagram

Figure 6: One-layer board – Case 1.1
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paths and can reduce RF emissions. The additional 
copper areas will likely help with thermal power 
dissipation, as well.

5. TWO-LAYER BOARD TOPOLOGIES

This Section describes two 2-layer PCB topologies 
under study, referred to as Case 2.1 and Case 2.2, 
respectively.

Figure 8 shows the grounding scheme for Case 2.1, 
where the bottom layer is a mostly solid reference 
plane with some slots accounting for the need to 
route signals on the secondary layer.

This design moves closer to the ideal reference 
plane implementation on the secondary side of the 
PCB. It has significantly more reference copper to 
help reduce RF emissions, but the designer requires 
some use of the secondary side to route power and 
signal nets. These nets create cut-outs (slots) in 
the secondary side of the PCB and can negatively 
impact RF emissions. Stitching vias are used to 
connect some copper reference areas on top and 
bottom layers.

Figure 9 shows the grounding scheme for Case 2.2, 
where the bottom layer is a complete ground flood 
with via stitching to the top-layer ground areas.

This design implements a solid reference plane on 
the secondary side of the PCB. Stitching vias are 
used to connect the reference planes between the 
top and bottom layers. This design approach can 
improve RF emissions while potentially reducing 
the number of filtering components needed for 
compliance.

6. FUTURE WORK

The next article will provide the schematic details 
of each functional block for the baseline design. 
The article will also address some of the EMC 
design controls that can be implemented on the 
schematic level. 

Figure 7: One-layer board – Case 1.2

Figure 8: Two-layer board – Case 2.1

Figure 9: Two-layer board – Case 2.2
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WHAT EXACTLY IS ESD FOR 3D ICs?

By Harald Gossner for EOS/ESD Association, Inc.
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and die-to-die attach bonding. The process steps need 
to be carefully ESD controlled, notably from CDM 
type discharges. While in today’s manufacturing lines, 
CDM robustness of about 30 V is assumed for the 
die-to-to interconnects, this needs to scale down to 5V 
or even lower over the next decade to accommodate 
the massive scaling of the interconnects [2]. Even 
a 1 µm2 area of ESD protection per die-to-die IO 
would consume the full die area in case of the highest 
interconnect density as predicted. This ESD scaling 
of interconnects is anticipated to become one of the 
critical topics of ESD control in the near future.

At the same time, these packaging methods also 
allow the optimization of the ESD protection design 
for package balls. Some of the area-consuming IO 
ESD protection circuits on expensive 5 nm CMOS 
technology dies might move to the interposer 
processed in a much less expensive technology. 
The new ESD protection architectures and the 
management of the models and parameters for 
dies manufactured in different technologies and 
incorporated into one ESD protection network will 
pose a challenge for ESD and latch-up verification 
tools and methods. It is definitely not a new challenge, 
but one that needs to be tackled soon to better address 
3D package designs.

For decades, Moore’s law has been driven by the 
downscaling of transistor dimensions on silicon. 

When reaching the ultra-advanced integrated circuit 
(IC) fabrication technologies in the single-digit nm 
regime (currently 5 nm CMOS is in volume ramp) 
there is little headroom left, and a different path 
of packing more functionality into an even smaller 
volume at the lowest power and cost has to be taken. 
3D and 2.5D IC packaging technologies have become 
primary candidates to serve this purpose [1]. Both 
packaging technologies, which are often also referred 
to as ‘heterogenous integration’, have reached the 
maturity for volume production and can already be 
found in products.

A valid question to ask is what is 3D or even 2.5D 
packaging about? 3D packaging means to stack dies of 
silicon on top of each other and contact them in large 
numbers by die-to-die connections (see Figure 1). 
Today thousands of interconnects are running 
between a bottom die and a top die. This is predicted 
to grow into the tens of thousands to millions of 
interconnects per square millimeter of die area. One 
essential step in the process is to use so-called through 
silicon vias (TSVs) to route power and signals from the 
bottom side to the top side of a die. 2.5D packaging in 
contrast describes the assembly of silicon dies side-
by-side atop an interposer substrate, which serves 
as a carrier on which the routing lines/connectivity 
between the dies are implemented (Figure 2).

How is ESD performance affected by these packaging 
technologies? While for the handling and testing 
of the finished package there will be hardly any 
difference, there are multiple challenges in the fields 
of design and manufacturing of such interconnects. 
Predominantly, it is about the ESD sensitivity of 
the die-to-die connections. Do they need to receive 
a dedicated ESD protection and, if so, what is the 
targeted ESD robustness? These interfaces are 
potentially exposed to ESD during a few process steps 
of singulation of dies, picking of dies from the wafer 
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The EOS/ESD Association is addressing the various 
vectors of development needed to support 3D 
packaging ESD integration and manufacturing ESD 
control. The ESDA Standards Working Group 17 on 
ESD Process Assessment and Working Groups 18 
and 22 discussing EDA ESD tool needs and IP 
constraints. Volunteers interested in the above topic 
or an engagement in the working group activities are 
encouraged to contact the EOS/ESD Association at 
info@esd.org or visit the Standards webpage within 
the ESDA website at http://www.esda.org. 

Figure 1: Schematic view of a 3D IC stack [3]

Figure 2: Schematic view of a 2.5D IC stack [3]

The new ESD protection architectures and the management of the models and parameters 

for dies manufactured in different technologies and incorporated into one ESD protection 

network will pose a challenge for ESD and latch-up verification tools and methods. 
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