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name, manufacturer/trademark, type/model,
technical specifications, applicable standard, a mark
of conformity (approval status), and the approval
file number.

Technical specifications should be considered as
relevant technical information that may influence the
safety features, such as flammability class, maximum
operating temperature, maximum voltage, maximum
current, breakdown voltage, insulation resistance,
electric strength voltage, minimum thickness,
dimensions, color, drawing numbers, etc.

In general, in electrical equipment, the failures

of safety-critical components are manifested by
electrical/electronic performance deficiencies
depending on the type of component (e.g., short
circuit; open; passive components not meeting their
tolerance or temperature coeflicient specifications;
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analog components not meeting the frequency
response specifications; digital devices not meeting
rise time specifications; etc.). These failures may lead
to harmful effects on humans and the environment.

To prevent such situations, some safety-critical
components are designed, manufactured, and tested
in a special way that includes these components

in a special category, referred to as high-

integrity components.

HIGH INTEGRITY COMPONENTS
High integrity components (HIC), also considered

as infallible, are designed not to fail in such a way
that failure could be dangerous or detrimental. Such
claims are made where the probability of failure must
be so low as to be effectively discounted from further

safety analyses [3].
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The CPSC has made it clear that a compliance program is important
and will be considered in determining whether civil penalties
are appropriate. This is very important since the CPSC has great

discretion over whether to levy civil penalties and, if so, how much.

the CPSC staff will consider when deciding whether
the CPSC should seek civil penalties. The rule (16
CFR §1119.4(b)(1)) clearly states that product safety
programs are one of the factors to be considered by the
staff in assessing civil penalties:

“Ihe Commission may consider, when a safety/
compliance program and/or system as established is
relevant to a violation, whether a person had at the
time of the violation a reasonable and effective program
or system for collecting and analyzing information
related to safety issues. Examples of such information
would include incident reports, lawsuits, warranty
claims, and safety-related issues related to repairs or
returns. Ihe Commission may also consider whether

a person conducted adequate and relevant premarket
and production festing of the product at issue; had a
program in place for continued compliance with all
relevant mandatory and voluntary safety standards; and
other factors as the Commission deems appropriate. The
burden to present clear, reliable, relevant, and sufficient
evidence of such program, system, or testing rests on the
person seeking consideration of this factor.”

In addition, the Commission released a statement
dated March 10, 2010, concerning these new factors,
which said in part:

“Ihe safety/compliance program factor takes into account
the extent to which a person (including an importer of
goods) has sound, effective programs/systems in place to
ensure that the products he makes, sells, or distributes
are safe. Having effective safety programs dramatically
lessens the likelibood that a person will have to worry
about the application of this civil penalty rule. Any
good program will make sure that there is continuing
compliance with all relevant mandatory and voluntary
safety standards. This is not the same as saying if one’s
product meets all mandatory and voluntary standards
that the Commission will not seek a civil penalty in

appropriate cases. The Commission expects companies to
Sfollow all mandatory and voluntary safety standards as
a matter of course.”

Then, in September 2015, the CPSC issued a Staff
Guidance on enforcement of civil penalties. This
guidance states that:

If a violation appears to have occurred, staff will evaluate
potential civil penalty enforcement, including the need for
remedial action, such as the implementation of internal
controls and a compliance program. Depending on the facts
and circumstances as well as other considerations, OGC
may take a variety of approaches. Staff may decide to seek a
civil penalty, determine that other actions are appropriate,
or conclude that the matter should not be pursued at that
time. In some situations, calling for remedial action where
applicable factors may not compel civil penalties, staff

may consider closing the matter without any civil penalty
if the potential defendant formally agrees to implement
appropriate remedial action.”

Therefore, the CPSC has made it clear that a
compliance program is important and will be
considered in determining whether civil penalties are
appropriate. This is very important since the CPSC has
great discretion over whether to levy civil penalties and,
if so, how much. In addition, if there is product liability
litigation, the existence of a comprehensive product
safety program can help to lessen the chances that the
plaintiff’s attorney might seek punitive damages.

THE DAISO CONSENT DECREE

Around the same time that the new civil penalty
factors were being finalized, the establishment of a
product safety management program was included
for the first time in a consent decree that levied civil
penalties. In a March 4, 2010 agreement, Daiso
Holding, a U.S. subsidiary of a Japanese company,
agreed to pay a little more than $2 million in fines for
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violating various laws and regulations concerning the * Establish procedures to conduct product recalls; and

sale of toys and children’s products. * Establish systems to investigate all reports of

consumer incidents, property damage, injuries,
warranty claims, insurance claims, and court
complaints regarding products under the jurisdiction
taking the following actions: of the CPSC that the Defendants imported into the

* Create a comprehensive product safety program; United States.

The consent decree required Daiso to hire a product
safety coordinator, who would then be charged with

* Conduct a product audit to determine which of
Defendants’ merchandise requires testing and
certification of compliance with the FHSA, the
CPSA, and any other Act enforced by the CPSC;

* Establish and implement an effective and reasonable

product safety testing program in compliance with SAFETY REQUIREMENTS IN CIVIL PENALTY
the FHSA, the CPSA, and any other Act enforced SETTLEMENT AGREEMENTS

Daiso retained an independent consultant to certify
compliance and the CPSC sent its staff to Daiso
facilities to audit compliance. Daiso passed the audit
and the monitoring was ultimately discontinued.

by the CPSC; 'The CPSC did nothing further to impose safety
* Create guidance manuals for managers and requirements on manufacturers until they were

employees on how to comply with product safety inserted into civil penalty settlement agreements

requirements; starting in February 2013. In the first agreement,
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9 : It is certainly possible for a company with a robust safety program

to have information that the CPSC would expect to be reported but
decides not to report that information because it does not believe
that there is a defect or substantial product hazard.

Kolcraft agreed to pay a $400,000 civil penalty
and to adopt a variety of actions to enhance their
safety program.

Then Chairman Tenenbaum and then Commissioner
Adler issued a joint statement in connection with
this agreement, stating that they were concerned that

Kolcraft had had a dozen recalls since 1989 and that
further action was required. They said:

“The failure of a company to have an effective means

of detecting and addressing serious or continuous safety
issues with its products is contrary to the expectations of
consumers and is unacceptable to this Commission. While
we certainly understand that even the most responsible
companies can make mistakes, the failure of a company
to have in place an effective compliance program and
internal controls is irresponsible. Thus, going forward,
we expect those companies that lack an effective
compliance program and internal controls to voluntarily
adopt them. If not, we will insist that they do so.”

The commissioners also made it clear in their
statement that having an adequate safety program
does not exonerate a company for failing to timely
report a safety problem.

Then, in May 2013, Williams-Sonoma agreed to pay
$987,500 in civil penalties for failing to file a timely
report with the CPSC. The requirements in the
Kolcraft opinion were inserted into the Williams-
Sonoma agreement.

Since May 2013, every settlement agreement for
civil penalties has included at least some compliance
requirements. This includes the Gree civil penalty
in 2016, the Polaris civil penalty in 2018, the
Cybex civil penalty in 2021, and the Core Health
& Fitness civil penalty in 2022. These compliance

requirements include:

* Programs designed to ensure compliance with
CPSC requirements including written standards,
policies, and procedures; and

* A system of internal controls and procedures
concerning documentation, reporting to the CPSC,
and reporting to management.

Finally, in 2021, Gree Appliance agreed to a plea deal,
thereby deferring prosecution for criminal charges.
'This agreement included requirements for establishing
and maintaining written standards, policies, and
procedures to ensure compliance with the CPSA,
including UL certification or listing and whether
testing to confirm compliance has been conducted.
Under the plea deal, Gree also agreed to implement,
maintain, and enforce an effective system of internal
controls and procedures addressing the reporting of
safety issues to the company’s management.

The Gree plea agreement also included requirements
in the areas of confidential employee reporting,
training and enforcement, management responsibility
and accountability, and record retention. And last,
Gree was required to retain a compliance expert

to help set up these programs and to report to the
government concerning the company’s progress in
completing them.

Based on this history, it is virtually certain that
future settlement agreements in civil penalty
matters will contain some type of requirement for
the establishment of more robust safety compliance
programs. It is still an open question as to how
compliance will be audited and monitored and when
the CPSC will require that additional processes and
procedures be established. In addition, it is unknown
what the CPSC would do if a firm never fully
complies with these requirements or complies with
all of these requirements but still has a problem with
safety and reporting to the CPSC.
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CONCLUSION

It is certainly possible for a company with a robust
safety program to have information that the CPSC
would expect to be reported but decides not to report
that information because it does not believe that

there is a defect or substantial product hazard. So, H I G H pow E R
reasonable minds may differ. At the same time, it’s
difficult to justify civil penalties and impose new R F SYST E M s

procedures on a manufacturer who may already have
sufficient programs in place.

HIGH POWER

It will be interesting to see in the future whether
companies that have good safety programs are able
to keep these provisions out of their settlement
agreements and corrective action plans and whether
these programs will enable them to escape all civil
penalties or negotiate lower civil penalties. LA

In this context, manufacturers should consider

all of these requirements and evaluate their own H’GH REL
programs. They should also consider the best
practices detailed in ISO 10377, “Consumer product
safety — Guidelines for suppliers,” which sets forth
practical guidance in safety management, as well

as other studies and reports on what constitutes an
effective product safety management program. (See
articles at http://www.productliabilityprevention.com
discussing the ISO standard and other product safety
management best practices.)

Most companies don’t do a good enough job of safety
management, especially as they begin to sell globally
and have to monitor safety issues and incidents around
the world. Therefore, it is prudent for every company

to take a fresh look at its current safety program and Lus An g e I es

evaluate what changes could be made to improve
Since 1992

its effectiveness.

Being proactive about complying with these
requirements before you have a safety problem is the
prudent and responsible thing to do. Dealing with
these issues after a problem arises increases the risk of
it turning into a huge problem for your products and

your company anywhere your products are sold. & WWW- D p H I R RF. C 0 M

ENDNOTE (310) 306-5556

1. See https://www.cpsc.gov/business--manufacturing/
business-education/business-guidance/BestPractices
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CONTACT BURN INJURIES, PART II

The Influence of Object Shape, Size, Contact Resistance, and Applied Heat Flux

Editor’s Note: The paper on which this article is based Part I of this paper, “Contact Burn Injuries: Part I: The
was originally presented at the 2020 IEEE International Influence of Object Thermal Mass,” was reprinted in the
Symposium on Product Safety Engineering held virtually May 2021 issue of In Compliance Magazine and is

in November 2020. It is reprinted here with the gracious available at https://incompliancemag.com/article/contact-
permission of the IEEE. Copyright 2020, IEEE. burn-injuries-the-influence-of-object-thermal-mass.


https://incompliancemag.com/article/contact-burn-injuries-the-influence-of-object-thermal-mass
https://incompliancemag.com/article/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

INTRODUCTION

Part I of this series discussed the general aspects of

the regulatory guidance for burn threshold surface
temperature and contact duration limits [1,2,3].

Part 1 also outlined a number of important aspects
associated with the regulatory framework. Specifically,
the ISO 13732 standard assumes that the surface
temperature of the object remains constant after contact
with the tissue. The ASTM standard recognizes that
there exists a difference between the object surface
temperature, the object-skin interface temperature,

and skin contact temperature, which is defined as the
temperature at the epidermis-dermis interface. All

the standards assume the surface temperature of the
touched object remains constant and neglect the surface
temperature reduction associated with the transfer of
energy from the object to the tissues. Furthermore, only
a limited number of contact parameters are considered
in the standard. They include the thermal resistance
between the heat source and surface of the device and
the influence of the surface finish and material.

Part I outlined the limitation of the regulatory
framework associated with long contact times where,
according to the standards, a burn injury is always
predicted regardless of material, finish, or other factors
such as the object’s size [4]. This “infinite” contact time
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. Part II addresses some of the additional
limitations of the regulatory standards regarding the
impact on the time-temperature contact burn threshold
of the object size and shape (i.e., large, circular,
elongated), contact resistance with the skin, and presence
of an applied heat flux. The influence of object shapes

and applied heat flux is of particular interest for the
consumer electronics and wearable devices industry.

'The methodology followed in this study is largely
similar to that discussed in Part I [4]. The thermal
damage assessment is based on the tissue temperature
and the duration of the thermal exposure and is
estimated using the concept of cumulative equivalent
minutes at 43°C (CEM43°C) [5]. This model allows
time-temperature history to be converted to an
equivalent duration exposure at 43°C as:

CEM43°C = [ R%-T0y 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 summarizes the relation between
CEMA43°C values and the 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 [6]. In this study, a 600 min CEM43°C
for thermal damage threshold has been used as defined
by the scientific literature [6].

MODEL

In order to understand the influence of the object
contact conditions on the propensity to cause a

skin burn, a 2D heat transfer model was developed.
As described in Part I, the model solves for the
conduction of heat from a hot contacting object

into human tissue layers. The Pennes bioheat
equation [7], shown 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 CEMA43°C as
indicated in Equation 1.
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'The model developed for this study
was used to simulate the three
geometry configurations shown in
Figure 1.The first configuration is
that of an infinite plate of a finite

thickness which is also referred to
as a large contact area. The second
configuration is that of a cylindrical (a)

Applied Heat Flux

Applied Heat Flux Applied Heat Flux

Epidermis
Dermis
Hypodermis

(b) (c)

object contacting the skin to create
a circular contact area. The third
configuration is that

Figure 1: Skin (green) and contacting object (orange) geometry implemented in the numerical
model for (a) large contact area, (b) circular contact area, () elongated contact area.

of an inﬁnitelX long Aluminum | Pyrex | Plastic | Epidermis | Dermis | Hypodermis

rectangular object of

finite thickness and Cp [J/kg-K] 872 838 1550 3589 3300 2674

width in contact with the Rho [kg/m?| 2710 2250 | 1280 1200 1200 1000

skin creating an elongated

contact area. K [W/m-K] 203 1.13 0.25 0.235 0.445 0.185
Thickness [mm] | 1, 3,5, 10, 100 0.08 [2] 2 20

In these computations,
an object of finite
thickness is placed into
contact with the skin which is composed of epidermis,
dermis, and hypodermis. The contact between the hot
object and the skin is assumed to have zero contact
resistance unless otherwise stated. The non-contacting
surfaces of the hot object are considered to be
adiabatic unless otherwise stated in order to provide
conservative results. Multiple computations with
varying initial object temperatures are carried out for
several materials, object thicknesses, shapes, and sizes.
The influence of active components that dissipate
energy has been simulated as a heat flux boundary
condition that is applied on the object surface that is
opposite to the contact surface, as shown in Figure 1.
In the heat flux scenarios, at time equal O sec, an
object of uniform temperature comes into contact with
the skin surface simultaneously with the application of
the heat flux. Burn injury thresholds based on initial
object temperature, exposure time, and thickness are
shown and discussed in the Results section.

ar 9 d
Cppa = ka + wpppep(Ty — T) + g
- v S l AN l PN J
Transient Heat Blood Metabolic heat
conduction perfusion generation

Equation 2: Pennes bioheat equation [7]

As discussed in Part I, the model was validated using
the experimental data of Henriques and Moritz [6]
and Stoll and Green [8]. The model shows that

Table 1: Material properties and thicknesses

temperature and contact durations that result in a
CEMA43°C of 600 min, a burn threshold suggested
by the literature, are well aligned with all the relevant
experimental observations from Henriquez and
Moritz [6] and Stoll and Green [8]. The interested
reader should refer to Part I of this study for more
details on the validation procedure.

SENSITIVITY ANALYSIS

The following variables and corresponding ranges have
been considered in the sensitivity studies summarized
in this paper:

* Material of the contacting object: Aluminum, Pyrex,
Plastic (Table 1 summarizes the thermal properties of
the plastic material considered in this study)

* 'Thickness of the contacting object: 1 mm, 2 mm,
3 mm, 5 mm, 10 mm, and 100 mm

* Shape of the contacting object: large contact area,
circular contact area, elongated contact area (see
Figure 1)

* Size of the contacting object: for circular contact
areas: diameters of 1 mm, 3 mm, 5 mm, and 10 mm;
for elongated contact areas: widths of 1 mm, 3 mm,

5 mm, and 10 mm

* Contact resistance: 0 m?>K/W, 10-° m?K/W,
10* m?K/W, 5x10* m?K/W, 107 m?K/W [9]

e Heat Flux from active components: 0 W/m?,

50W/m?, 100 W/m?2, 200 W/m?, 400 W/m?
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RESULTS and (3) blue curves for metal objects. The material
properties that were considered for the object and skin

The sensitivity of the burn threshold to various ) )
are summarized in Table 1.

contact conditions is conducted by tabulating the
time it takes for the basal layer of the skin to reach a
CEM43°C of 600 minutes. The results are presented
in a format that is similar to the ISO 13732 standard.
The analysis has been performed for a range of initial
object temperatures from 130°C-43°C. The isolines
of 600 min CEM43°C are plotted on an initial object
temperature to time to 600 min CEM43°C plot.

-y
S
o

3

w
o

-~
o

Effect of Object Material Properties and Thickness

L]
o

Initial Surface Temperature [=C]
o
o

(4.}
(=]

Sensitivity to material properties and contact object
thickness is studied using the large contact area

configuration. The chosen object thicknesses were time [min]
100 mm, 10 mm, 5 mm, 3 mm, and 1 mm. Isolines of weeseees M 100mm === 10mm = = M 5mm P — -
CEM43°C equal to 600 min are plotted as functions seaeees P 100MM w e P 10MM = = P 5mm P3mm ---- P 1imm
.. . . . T T . L LT C100mm =mmesC {0mm == == C 5mm C3mm ====C1mm
of initial object temperature and time in Figure 2,
showing three sets of curves (1) red curves for Figure 2: Computed isolines CEM43°C equal 600 min for large contact areas and metal (M),
plastic objects, (2) black curves for ceramic objects, ceramic (C), and plastic (P) objects of varying thicknesses without applied heat flux
=
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For a specified thickness, the plastic objects have
the highest burn thresholds, followed by ceramic
objects and metal objects. This is due to the thermal
conductivity of each material. Higher material
conductivity leads to a larger heat transfer into the
skin resulting in higher skin temperatures and lower
burn thresholds. For a given material, the curves
approach one another for short contact duration
scenarios where the objects behave as thermally

thick. As contact duration increases, the curves
diverge, with thinner objects having a higher burn
threshold due to their lower thermal mass.

Heat transferred from the object into the skin causes
the temperature of the object to decrease until the
object and skin reach thermal equilibrium. As the
object temperature decreases, the heat flux into

the skin drops until it reaches a point where the
temperature at the basal layer and the CEM43°C does
not increase appreciably. This is due to heat diffusion
through the skin, heat removal through blood
perfusion, and other environmental or object geometry
effects. The influence of these parameters is described
in the following sections.

For instance, in order to cause a burn for P
a 1 min contact duration, a 100 mm and a &%
. el b —W=3mm
1 mm thick metal plates must have an initial 50 e W= 10T
temperature of 54°C and 78°C, respectively. ;E 40 sl s8]
0001 0002 0003 0005 0007 G008 0008 001
. . Y [mm]
'The burn threshold curves displayed in
Figure 2, and those summarized in the %
ISO 13732 standard, feature the same trends ey
with respect to the material property and g
the same general relation between contact 0001 0002 0003 0005 0007 0008 0005 001
duration and initial temperature. That is, T[mm)
when the contact duration decreases, the 86 20 sec
. . [3)
object temperature required to cause burn = gy
.. . = Y
injury needs to increase. However, the ¢ by
m 40 L L i [ N L ¥ L |
ISO ?373.2 standard shows that, as contact 0 0001 0002 0003 0004 0005 0006 0007 0008 0009 001
duration increases, the curves for metal, Y [mm]

ceramic, and plastic converge to a condition
where, regardless of the material of the
object, a burn injury will occur if the object
has a surface temperature exceeding 43°C.
InISO 13732, it is assumed that the “surface
temperature is essentially maintained during the
contact period either by the mass of the product
or by a heating source” [1]. This is not a realistic
assumption for semi-infinite objects, let alone
for objects of finite mass, unless there is a

heat source that actively maintains the object
surface temperature. Furthermore, it can

be noted that the last point in each curve
represents a temperature threshold at which
an object of that material and thickness is

Figure 3: Basal Temperature profiles at 1 sec, 5 sec, and 20 sec for 100 mm thick
ceramic objects with an initial temperature of 80°C. Circular contact objects diameters
(D) of 3 mm and 10 mm are shown in dashed lines. Elongated contact objects widths
(W) of 3mm and 10 mm are shown in solid lines

-
%]
(=]

8

o
o

(2]
(=]

Initial Surface Temperature [ C]

time [min]

able to cause a skin burn. If the initial object = = -

M, D= —C, D= x P,D=x
temperature is lower than this threshold, ====M,D=10mm = === C,D=10mm === - P, D= 10mm
th . t h £ d th == wmp D=5mm == w=mC D=5mm === =P D=5mm

ere is not enough energy stored in the Ak D Srrun o B Do Swn
object to cause a skin burn, and as a result, =M, D= imm wmmmC, D=1mm s===m==P, D= imm

the contact time required to incur a burn at
that temperature becomes infinite.

Figure 4: Computed isolines of 600 min CEM43°C for circular contact areas associated
with metal (M), ceramic (C), and plastic (P) 100 mm tall cylinder of varying diameters (D)




Effect of Contact Shape and Size

A sensitivity analysis of the contacting object shape
and size was performed to understand their effects on
the potential for thermal damage to the skin. First,
the effect of contact area size is examined by modeling
circular contact areas of various diameters. Next, we
examine elongated contact areas of varying widths.

Figure 3 shows the basal temperature profiles at
three different times for a circular contact area with
a diameter of 3 mm and 10 mm and for an elongated
contact area with a width of 3 mm and 10 mm. Both
contact areas correspond to a ceramic object that is
100 mm thick with an initial temperature of 80°C.

The results for the two circular contact shapes (see
dashed lines in Figure 3) at 1 sec indicate a maximum
basal centerline temperature of approximately 55°C.
'The basal temperature immediately outside of the
contact area also increases as heat diffuses radially
through the skin. At 5 sec, the contact with the

10 mm and 3 mm diameter objects results in a
centerline temperature of 57°C and 56°C, respectively.
Both basal temperature profiles flatten out as heat
continues to diffuse radially into the skin. As
expected, these edge effects are more pronounced for
the 3 mm diameter object.

Figure 3 shows elongated contact areas with 3 mm
and 10 mm widths as solid lines. At 1 sec, the elongated
contact area results closely match the circular contact
area basal layer temperature data. At this point in
time, all objects still behave as thermally thick, and

as a result, the influence of the geometric contact
parameters is minimal.

At 5 sec, basal temperatures associated with the
elongated contact areas are higher than the circular
contact area temperatures. At 20 sec, the effects of
both the size and shape are even more pronounced
with (1) the elongated contact temperatures being
higher than the circular contact temperatures and
(2) the larger contact temperatures being higher
than the smaller contact temperatures. Higher

basal layer temperatures are observed for elongated
objects in comparison to a circular object of the same
characteristic size (i.e., diameter for circular contact
area, width for elongated contact area) due to the
absence of the heat diffusion through the skin in the
direction aligned with the elongated object.
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In Figure 4, isolines for CEM43°C equal to 600 min
are shown for cylindrical objects with diameters of

1 mm, 3 mm, 5 mm, and 10 mm. The infinite contact
diameter scenario (i.c., identical to the large contact
area case for a 100 mm thick object seen in Figure 2) is
also shown. Decreasing the diameter of the contact
area decreases the overall heat transfer into the skin,
increasing the burn threshold temperatures.

Figure 5 shows the isolines for CEM43°C equal to
600 min for elongated objects with widths of 1 mm,
3 mm, 5 mm, and 10 mm. The infinite contact width

Initial Surface Temperature ["C]

102 107! 10° 10 102
time [min)
M, W= o C, W= P, W= oo
= === M,W=10mm = === C,W=10mm -- - - =P, W= 10mm

M, W=5mm == =C, W=5mm
M, W= 3mm  se—C, W= 3mm
], W= 1mm e COW= 1mm

== =P, W=5mm
P, W= 3mm
- P W= {1mm

Figure 5: Computed isolines of 600 min CEM43°C for elongated contact areas
associated with metal (M), ceramic (C), and plastic (P) 100 mm tall elongated objects of
varying widths (W)
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It should be noted that a low object thermal conductivity results in

SSS\ lower rates of heat transfer into the skin and, therefore in a slower

fi s decrease in the object’s internal temperature.

scenario (i.e., identical to the large contact area case scenarios, the rate of heat transfer through the objects
for a 100mm thick object seen in Figure 2) is also bottlenecks the heat transferred to the skin, and only
shown. The results summarized in Figure 4 and at a thickness of 1 mm or less does the thermal mass
Figure 5 confirm that for the same material and of the object becomes small enough to be the limiting

characteristic size, the elongated contact area scenarios factor that controls the burn threshold.
have lower burn thresholds than their
circular counterparts.
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The effect of the circular and elongated 100
contact areas was studied by holding the 80
diameter/width constant and by varying the
thickness of the object. In Figure 6, isolines 60
of CEM43°C equal to 600 min are shown 2 3 o
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Furthermore, as the object thickness
decreases, the burn temperature threshold
increases due to the lower object thermal
mass. This trend can be seen for both
ceramic and metal objects, even though it is
more pronounced for the former.
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It should be noted that a low object thermal

60
conductivity results in lower rates of heat
transfer into the skin and, therefore in a 10 ) )
slower decrease in the object’s internal tme. {min]
temperature. For example, in the plastic e M, T=100mm S C, T=100mm =P, T=100mm
circular object cases shown in Figure 6, - __ml:;:"mm —-gI:;mm _g: I:;g:m
the low thermal conductivity of the plastic M, T=3mm C, T=3mm P, T=3mm
limits the heat transfer rate, and the curves N TR ey AT e s Tl

fall on top of each other for all objects

. . Figure 7: Computed isolines of 600 min CEM43°C for elongated contact areas associated
with thickness larger than 2 mm. In all these

with metal (M), ceramic (C), and plastic (P) 5 mm wide objects of varying thicknesses (T)



Figure 7 shows the isolines of 600 min CEM43°C
for elongated contact areas with a width of 5 mm
and thicknesses of 1 mm, 3 mm, 5 mm, 10 mm,
and 100 mm. The trends are similar to those seen in

Figure 2 and in Figure 6.

Effect of Applied Heat Flux

'Thus far, only objects with an initial uniform
temperature with adiabatic non-contacting surfaces
have been discussed. However, objects may also
contain a heat source such as a processor, as is now
common in consumer electronics. The effect of the
heat flux is examined here by imposing a uniform heat
flux of 400 W/m?2, 200 W/m?2, 100 W/m?, 50 W/m?,
and 0 W/m? on the face of the object that is not in
contact with the skin. Figure 8 shows the 600 min
CEM43°C isolines for large contact area metal
objects that are 5 mm thick. The case of zero heat
flux is the same as found in Figure 2. Increasing the
imposed heat flux decreases the burn temperature
threshold as it establishes a non-zero baseline heat
flux into the skin over time. In the cases analyzed
earlier in the paper, the baseline heat flux became
zero after the initial transient effects associated with
the temperature differential between the skin and the
contacting object.

At short contact durations, the effect is not as
pronounced as the vast majority of the heat flux
into the skin is driven by the high object surface
temperature differential. Additionally, the effect on
the basal layer by the imposed heat flux is delayed
by the time it takes to establish the corresponding
temperature gradient between the object and
epidermis as well as within the object itself. Ata
contact duration of 10 minutes, the burn threshold
for a 5 mm metal plate without applied heat flux

is reached with an initial object temperature of
approximately 62°C. When a flux of 400 W/m?

is applied, the burn threshold at 10 minutes is
reached when the initial temperature of the object is
approximately 60 “C. The influence of the heat flux
becomes more pronounced as the contact duration
increases past 10 minutes, which is a relevant
contact scenario for the consumer electronics and
wearable industries.

Figure 9 shows the 600 min CEM43°C isolines for
5 mm thick large plastic plate. Much like the metal

counterparts in Figure 8, the effects of the imposed
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Figure 8: Computed isolines of 600 min CEM43°C for large contact areas associated
with 5 mm thick metal plates and varying applied heat flux

[+2]
o
T

-~
w
T

=] [=:] =
(=] (44} (=]
T T T

Initial Surface Temperature [ C]
(4]
(4]

|
10’
time [min]

o

(=)

=1
o

[—400 Wim? 200 Wim? 100 Wim? - 50 Wim? 0 Wim?

Figure 9: Computed isolines of 600 min CEM43°C for large contact areas associated
with 5 mm thick plastic plates and varying applied heat flux
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Small gaps in the interface between the contacting objects due to

(G

between the objects.

surface roughness cause a temperature drop across the interface. This
phenomenon is typically addressed by including a contact resistance

heat flux are more pronounced at longer contact
durations. At 10 minutes, the 5 mm thick plastic plate
without applied heat flux reaches the burn threshold
with an initial object temperature of approximately

75.4 °C. The same plate with a 400 W/m? heat flux
reaches the burn threshold at 10 minutes with an initial
temperature of approximately 69 °C.

The effect of contact resistance on the burn injury
temperature thresholds is shown in Figure 11. Contact
resistances between 0 m?K/W and 107 m?K/W are
applied to the interface between the skin and a 5 mm
thick metal object with a large contact area. For an
initial object temperature of 80°C, contact resistances

Ker = 1e-6 m?K/W

Ker = 1e-4 m?KIW
— o1 = 16-3 MZKW

Basal layer

Effect of Contact Resistance or
All the previous results are based on 65
the assumption of perfect contact L
between the skin and the contacting e
objects (i.e., zero contact resistance E 55 -
scenarios). However, small gaps in g‘_

the interface between the contacting E W
objects due to surface roughness cause F st
a temperature drop across the interface.

This phenomenon is typically addressed 40r
by including a contact resistance B
between the objects. Generally, lower

0 2 4 6 8 10
X [m] x107*

contact pressure and higher surface
roughness result in higher contact
resistance. In the context of contact
skin burns, contact resistance values

Figure 10: Centerline temperature profile at 1 sec obtained for a 5 mm thick metal plate with
an initial temperature of 70°C and different contact resistances

as high as 10° m?K/W are considered 130
possible [9].

Figure 10 shows the centerline
temperature profile for 5 mm thick
objects with a large contact area,

an initial temperature of 70°C, and
contact resistances of 107, 104,

and 103 m?K/W. At 1 sec, the 10°°
m?2K/W contact resistance case reaches
a basal layer temperature of 60°C,
whereas the 103 m?K/W contact
resistance case reaches a basal layer |
temperature of 48°C. This indicates 102
that contact resistance plays a major

Initial Surface Temperature | C]

_UmzKJ'W'

1e-6 MKW
1e-4 MKW
— 54 M K/W
1e-3 m*K/W

10" 10°
time [min]

role in determining the amount of heat
that is transferred to the skin.

Figure 11: Computed CEM43°C equal to 600 min isolines associated with 5 mm thick large
metal plates and varying contact resistances



of 10* m?K/W, 5x1073 m?K/W, and 107 m?K/W
result in a time to a CEM43°C equal to 600 min of
0.5 sec, 1.5 sec and 3.6 sec, respectively. The analysis
also shows that the results obtained for the case with
no contact resistance are substantially similar to the
le® m?K/W contact resistance case. For long contact
durations, the influence of the threshold temperature
tends to decrease.

CONCLUSIONS

Guidance on contact burn temperature threshold
found in the current regulatory standards fails to
account for the importance of thermal mass, geometry
of the contact, and the presence of heat dissipation of
active components. This paper employs a numerical
model that solves the Pennes bioheat transfer equation
to predict the contact burn thresholds. This framework
was described and validated in an earlier work [4].
‘This study describes a large set of sensitivity studies
for factors that control the burn temperature threshold
such as (A) material properties, (B) contact shape,

(C) contact thickness, (D) heat flux, and (E) contact
resistance. The study shows that there is an initial
temperature above 43°C for objects of a finite thermal
mass where a burn injury will not occur regardless of
the contact duration. This initial object temperature

is dependent on the geometry, dimensions, material
properties, and contact resistance of the contacting
object. Future work will include developing simplified
procedures based on regression models or physical
scaling that can be used to readily estimate the time-
temperature thresholds associated with contact burns
and accounts for the effect of the relevant parameters
including but not limited to those addressed in

this study. @
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EVALUATION OF PCB DESIGN OPTIONS
ON ANALOG SIGNAL RF IMMUNITY
USING A MULTILAYER PCB

Part 1: Top-Level Description of the Design Problem

By Bogdan Adamczyk, Scott Mee, and Bilguun Baatar

his is the first of three articles devoted to the

design, test, and electromagnetic compatibility
(EMC) immunity evaluation of multilayer PCBs
containing analog circuitry. In this study, there are seven
design variants that all contain a similar schematic but
implement different PCB layout techniques.

All variants were equipped with an analog

voltage measurement along with a temperature
measurement [1]. Non-conductive and metallic
enclosures were evaluated for cases where the design
options showed susceptibility issues. Testing was
performed according to the ISO11452-11 Radiated
Immunity Reverberation Method standard from
200MHz - 1GHz up to 100V/m and 1SO11452-4
Bulk Current Injection from 1MHz — 400MHz up to
severity level 4. The analog readings were monitored
during RF immunity testing to determine the
performance of the various design options.

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 RF immunity performance of the PCB assemblies.

1. INTRODUCTION

Electronic products that are sold in the marketplace
must undergo a series of EMC tests to demonstrate
compliance with industry and regulatory requirements.
One aspect of the requirements focuses on evaluating
a device’s conducted and radiated immunity
performance. This evaluation begins with developing

a prototype design (schematic and PCB layout), then
follows with EMC testing a functional part early in
the design process. Early test results typically lead
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of Electromagnetic Compatibility with Practical Applications”
(Wiley, 2017) and the upcoming textbook “Principles of
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and expanding the understanding of EMC
concepts/procedures. He can be reached at
bilguun.baatar@e3compliance.com.

to design changes and an understanding of what is
required to become compliant. The objective of this
study is to provide guidelines for schematic and layout
design concerning EMC immunity of analog circuitry.

Many electronic devices use sensors to monitor
their environment, interpreting analog signals and
quantizing them into discrete values for digital use.
For example, temperature and battery voltage are
commonly measured in a variety of applications,
which is the case in this study.
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2. TOP-LEVEL BLOCK DIAGRAM
The PCB inputs and outputs are shown in Figure 1.

Seven variants were designed, fabricated, and tested
to understand the benefits of these various design
techniques. The test results led to the identification

There are three macro inputs to

the system which include physical Power Supply Connector USB Connector to PC
connections (materials), energy
(power supply & RF exposure), and Temperahure Sensor Heat
s1g111a1s representing the ercl)wronment Electrcal Energy RE Emissions
(voltage & temperature). Outputs o P2 o 06 Fower Supph) ’
from the system are the USB
connector (electrical RX/TX signals RF Interference (During Tesfing)
being monitored), heat energy, |————— —A
and unintentional RF emissions. | —— = I | ___Measured Voltage_
While there are some low-level RF Anaiog Voltage : :_ __ Measured Temperature
emissions radiating and conducting e M Material /0
from the evaluation boards, these nalog Temperature : g{;gﬂgo
will not be considered in this study.
Figure 1: PCB inputs and outputs
For the purposes of this study, we
focused on the electrical interfaces. oo
A 5VDC supply was provided to
power the PCB. A separate 12VDC
power supply was provided for accept analog voltage
connector Send Voltage and
the analog voltage measurement. 5 Temperature
Additionally, a thermocouple v SERTMORS
was connected to the analog sy —r>  accept power
measurement port. In response, the Lt
PCB provided the measured values Process Voltage
Reading Heat and RF emissions
of Voltage & Temperature over are resultant outputs of
UART back to the PC through a _anslog | accept anaiog emp T
.. . emperature reading
fiber optic interface. The functional e
structure of the measurements is imenzfenw
shown in Figure 2. temperature (during testing)
Sensor
3. PCB VARIANTS Figure 2: Functional structure of analog measurement PCB
PCB routing design can have
ionifi T 1 Variant Analog Trace Analog Trace Grounding Ground Split Ground Split
a significant efrect on analog Routing Style | Routing Layer Method Geometry Layers
RF immunity performance. In ) -
. X 1 Differential Microstrip on
this study, we evaluated design " pe—— top layer single
i . ingle Ende
options such as routing the analog g ngr:%?:e N/A N/A
lines as microstrip and stripline 3 pifferential | embedded on (GND)
configurations. Additionally, the 4 Single Ended layer 3
analog traces were routed as single— AGND under analog
ended or as a differential pair. > Microstripon | ¢t Ground mrcu;gr;gsgjf cent Alllayers
Finally, some of the variants utilized Sinele Ended top layer Reference
. . . 6 8 (AGND and
either a single PCB ground or a split GND) AGND under analog
.. 1-3-1-3-1-3 traces, surrounded by Layer 2 only
analog/digital ground. A summary of 7 i GND*

the various routing implementations
is shown in Table 1.

Table 1: Routing Implementations
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of good design practices for similar circuits in a
wide variety of industries. All variants of a given
board family were designed to be tested using
one of two custom-built PCB enclosures. The
first enclosure, which is conductive (shown in
Figure 3), was machined from 6061 aluminum
and uses threaded fasteners for closure.

The second, non-conductive enclosure (shown in
Figure 4), was 3D printed using nylon and uses
snap hook and lip groove features for closure.

All seven variants used the same PCB stack up,
shown in Figure 5.

Figure 6 shows the PCB with analog traces on
the top layer. This configuration was used in
variants 1, 2, 5, and 6.

Figure 7 shows the PCB with the analog traces
buried on layer 3. This configuration was used in
variants 3 and 4.

Figure 3: Details of the conductive enclosure
Figure 8 shows variant 7 PCB with the traces
jumping between the top layer and layer 3.

Variants 1, 2, 3, and 4 used a solid ground plane
on layer 2 (shown in Figure 9a), while variants
5, 6, and 7 used a split ground plane (shown in
Figure 9b).

4. IMMUNITY TESTING PLAN

After validating the functionality of all PCB
assemblies, radiated immunity (ISO11452-11)
and conducted immunity (ISO11452-4) testing Figure 4: Details of the non-conductive enclosure

I 7o o+ scroor
I 7 > ek

Layer 1 (top layer)
Prepreg

External Voltage

Layer 2

4 Core
Z Layer 3

|} Prepreg
Layer 4

Thermocouple
Connector

I 5o solder mask

_ Bottom silk screen Figure 6: PCB with the analog signals on the top layer (variants 1, 2, 5, 6)

Figure 5: PCB stack up



were performed within the frequency
range of 200MHz to 1GHz. The test
configurations shown in Table 2 represent
component placement and enclosure type
used during testing to evaluate EMC
performance for each design.

Configuration A utilized a non-metallic
enclosure. Configuration B utilized a
conductive enclosure with non-conductive
standoffs to isolate the enclosure from
the ground. Configuration C utilized

a conductive enclosure with conductive
standofts and two conductive gaskets to
improve upper and lower housing bond
to the PCB GND. Additionally, selective
filtering components were utilized on the
analog traces to improve RF immunity.

All seven variants were tested using
Configuration A. The three variants

which exhibited the weakest RF immunity
performance were re-tested in the frequency
bands where the failures occurred, using
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External Voltage

.
W Vi
GND
v
Rx
Tx 7
Thermocouple
Connector

External Voltage

=1

GND

Rx

Thermocouple
Connector

Figure 8: PCB with the analog signals alternating between layers 1 and 3 (variant 7)

Configuration B (variants 1,5,6). Finally, the
worst performing variant from the second
round of testing (Configuration B) was re-tested
using Configuration C (variant 1), again in the
frequency bands where the failures occurred.

5. FUTURE WORK

'The next article will discuss radiated immunity testing

and results. @
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Test Descriptions

Configuration A

Configuration B

Configuration C

No filters on
measurement
signal traces,
non-conductive
enclosure

No filters on
measurement signal
traces, conductive
enclosure, (4) non-
conductive standoffs,
no conductive ground
ring gaskets

Selective filtering on
measurement signal
traces, conductive
enclosure, (4)
conductive standoffs,
conductive ground
ring gaskets (top and
bottom)

Table 2: Description of test configurations

Figure 9: a) solid ground plane (variants 1, 2, 3, 4) b) split ground plane (variants 5, 6, 7)
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LOW VOLTAGE CHARGED DEVICE MODEL
(CDM) TESTING AT A CROSSROADS

By Robert Ashton for EOS/ESD Association, Inc.

INTRODUCTION

Charged Device Model (CDM) testing is at a
crossroads. For the last decade, the Industry Council
on ESD Target Levels has recommended that

CDM levels of 250 V, as measured with the field-
induced CDM test method JS-002[1], are sufficient
for high yield manufacture in facilities with basic
ESD control [2]. Until recently, integrated circuit
manufacturers have routinely provided products
meeting the 250 V level and above. This is changing.
High-speed interfaces such as 100 Gb/s and above
SerDes can no longer meet both the required speed
and deliver 250 V. CDM levels. ESD protection
circuits for 250 V.CDM have too much loading
capacitance for such high-speed applications. For this
reason, the Industry Council has modified its CDM
recommendations in the latest update of its CDM
white paper [3]. Most devices should continue to meet
the 250 V CDM target level but acknowledge that
ultra-high-speed pins will no longer be able to reach
that level. The Council did not, however, recommend
a target of 125 V CDM, the next lowest classification
level in JS-002. The Council advised that CDM levels
be as close to 250 V levels as practical while meeting
performance goals. Dropping CDM levels all the way
to 125 V could have severe implications for device
yield in manufacture and assembly. This requires a
CDM test method providing reliable measurements
in the 125 V to 250 V range with an accuracy,
repeatability, and reproducibility on the order of 20 V.
This cannot be met by JS-002 below 250 V. [4]

BACKGROUND

Most ESD experts consider CDM testing to be

the most critical ESD qualification test for modern
integrated circuits. CDM testing emulates the fast
discharge that a charged integrated circuit will
experience if it makes metallic contact to a grounded
surface. This is just the kind of ESD stress expected
in a modern printed circuit production line. Printed
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technical information among its members and others.

ASSOCIATION 2

circuit boards automatically and rapidly move from
place to place while high-speed robotic arms grab
components from trays or off reels and place them on
the circuit board. Speed is of the essence, resulting
in a multitude of chances for electrostatic charging
and discharging. Factory ESD experts work hard to
minimize device charging and control discharges, but
all components must have some ability to survive the
discharges they may be exposed to. The ESD control
engineers need to know the charged device ESD
robustness of all components passing through their
manufacturing line. CDM measurements provide

that knowledge.

FIELD-INDUCED CDM TESTING

Field-induced CDM is the most widely used CDM
test method today. Figure 1 shows a diagram of the
CDM test fixture as well as a circuit diagram overlay
for field-induced CDM testing according to JS-002[1].
In field-induced CDM an uncharged integrated circuit
is placed on a thin insulator on top of a field plate.

The field plate is then brought to a high potential.
Capacitive coupling elevates the potential of the
integrated circuit to a voltage close to that of the field
plate. The integrated circuit is then rapidly grounded
by touching a pin on the circuit with a pogo pin tied



1 Q2 Pogo Pin
to Ground 50 Q Coax to 50 Q2
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Figure 1: Field induced CDM test fixture and equivalent circuit

to ground with a 1-ohm resistor. The grounding of the
integrated circuit often creates a sub ns pulse of up to
several amps, replicating the type of stress a circuit
could see during manufacture. The test is repeated
with both positive and negative field plate voltages

for all pins on the circuit. After stressing all pins,
positive and negative, the device still needs to meet all
datasheet and functional specifications.

Field-induced CDM has worked well for the industry
for many years, but the test results become erratic
below 250 V due to the erratic nature of air discharges
at low voltages. [4] As stated above, there is an urgent
need for an improved test method, and it is generally
agreed that the air discharge must be eliminated.
Fortunately, there are several candidates.

LOW VOLTAGE CDM OPTIONS

Four possibilities will be discussed, two based on
direct charging and two based on transmission

charging. The electrode touches the pin to be tested,
and then the potential is raised to an elevated
potential through high-value resistors. A switch then
grounds the pin being tested. The use of a switch to
initiate discharge removes most of the issues of low
voltage testing.

While this method gives useful information, there are
several issues with the JEITA CDM test method. The
relay geometry will add inductance to the discharge
path, slowing the CDM discharge. The method for
performing waveform verification inserts a current
probe and an additional length of wire, both of which
are not present during device testing. This raises the
issue of how well the verification waveform matches
the waveform experienced by devices being tested. The
JEITA test method also calls for a 2 GHz oscilloscope
rather than the 6 GHz oscilloscope required by
JS-002. This can hide waveform artifacts that could

line pulse (TLP) testing techniques. In each
method, the air discharge of field-induced CDM
is replaced by discharge in a relay.

JEITA CDM Test
There is already one CDM test standard that

does not have issues at low voltage levels, the
Japan Electronics and Information Technology
Industries Association (JEITA) standard JEITA
ED-4701/302A test method 305. [5] This test

method, shown in Figure 2, has not been very

Metal Board

Electrode

i
DUT

HV
Supply

Metal Plate

Dielectric Layer

popular outside of Japan. The JEITA method
uses direct charging as opposed to field-induced

Figure 2: JEITA CDM
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