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Math Toolbox is designed to help readers apply STEM principles to everyday safety issues. Many readers may
feel apprehensive about math and science. This series employs various communication strategies to make the
learning process easier and more accessible.

Electric shocks claim about 300 lives
and cause thousands of nonfatal injuries
in the U.S. each year (CDC, n.d.; CPSC,
n.d.). Sources of hazardous electric
current range from high-voltage power
lines to everyday household wiring and
plug-in appliances. Figure 1 illustrates a
case in which a worker was electrocuted
by a ground fault in an electric drill.

A ground fault is a defect that permits
current to flow to ground through an
unintended path, for example, through
the external housing of an appliance (and
possibly through the body of any person
who touches it). Ground faults are among
the leading causes of electrical injuries
(El-Sherif et al., 2020).

In this article, we will apply Ohm’s law
to estimate the magnitude of current that
may flow through a human body during
electric shock. These exercises will help
illustrate the range of conditions under
which electric current may cause serious
injury or death.

Protecting People From Electrical Injury

The science of hazardous electrical
exposures is evolving rapidly. The Inter-
national Electrotechnical Commission
(IEC, 2018) international standard IEC
60479-1 summarizes data on the hazards
of ventricular fibrillation due to electric
shock. Ventricular fibrillation is an ab-
normal heart rhythm that interferes with
the pumping of blood. It is also the main
cause of death in fatal electrocutions.
Ventricular fibrillation is especially likely
when electric current makes a direct path
through the heart.

Table 1 (p. 46) describes some physio-
logical effects associated with alternating
current (AC). Besides ventricular fibril-
lation, effects may include involuntary
muscular contractions, falls, difficulty
breathing, inability to initiate voluntary
movements, burns, changes in blood
pressure, cardiac arrest and cell damage.
(The hazards to property from electrical
fires are discussed in Ricketts, 2020, and
are not addressed here.)

Electric shocks often occur during
events involving contact with energized

power lines, installation or maintenance
of electrical equipment and contact with
objects that have been energized through
ground faults. The hazards of ground
faults can be substantially reduced by
equipment grounding, double insulation,
ground-fault circuit interrupters (GFCI)
and cordless battery-operated tools.

Equipment grounding is an engineer-
ing control that connects an object with
ground. As shown in Figures 2 (p. 47) and
3 (p. 48), equipment grounding can keep
external components near zero volts even
when a ground fault occurs. A portable
tool with equipment grounding will have a
special prong on the plug that is internally
wired to the casing of the tool. For a sta-
tionary machine, the equipment ground-
ing wire may be permanently bonded with
the facility’s electrical system.

FIGURE 1

WORKER ELECTROCUTED

Equipment grounding protects against
the hazards of ground faults, provided a
low impedance path to ground is main-
tained. Equipment grounding may be
rendered ineffective if the path to ground
is interrupted by damaged, missing or
high-impedance components.

As an alternative to equipment
grounding, some portable electrical
devices incorporate an engineering
control known as double insulation. In
these devices, external metal parts are
separated from internal voltage by an
extra layer of insulation or by insulation
that is specially reinforced. As shown in
Figure 4 (p. 49), these devices are marked
either with the words “double insulated”
or with the double insulation symbol
of a square within a square. There is no
grounding prong on the plug of a double-

WHILE USING 120 V DRILL, CALIFORNIA

A worker was using a
120 V electric drill while
repairing a roll-up door
on a loading dock.

A ground fault occurred while the worker
was using the drill. Since the grounding
prong was missing, the casing of the drill
became energized.
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The drill was designed !

with a three-prong
plug, but the grounding
prong was missing.

Current from the
fault flowed through
the worker's body.

He died of
electrocution.

Note. Adapted from “Inspection Detail (Inspection No. 112033394)," by OSHA, n.d., www.osha.gov/pls/

imis/establishment.inspection_detail?id=112033394.
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insulated device. Double insulation offers
protection against ground faults, provid-
ed the tool is not damaged or immersed
in water.

A GFCl is an engineering control that
monitors electric current and immedi-
ately shuts off power if anomalies suggest
an electric shock may be happening
(Figure 4, p. 49). The quick action of the
GFCI greatly reduces the extent of inju-
ry when a shock does occur. GFClIs are
manufactured as fixed outlets, portable
extension cords and even as special break-
ers for the service panel. GFCIs are used
in conjunction with grounded or double-
insulated tools in areas where there is an
increased risk of electric shock (e.g., out-
doors, near water, in damp locations).

Electronic components in GFCIs may
fail over time. For this reason, portable
GFCIs should be tested before each
use and fixed GFCIs should be tested
monthly. GFCIs protect only against
ground faults, and they will not guard
against other shock hazards such as
line-to-line shocks and shocks in which
the current flows to ground entirely
through the neutral wire after passing
through a person.

Cordless battery-operated tools replace
AC with less hazardous direct current

TABLE 1

(DC) batteries. As with other controls,
there are limitations. For example, the
operator may be shocked if the battery-
operated tool contacts an energized con-
ductor (as may happen if the drill bit
contacts an AC-energized wire).

Ohm's Law Applied to Direct Current

Before delving further into issues
involving AC, let’s consider how Ohm’s
law applies to DC. Harmful physio-
logical effects from DC sources occur
mainly from high-amperage expo-
sures. Burns are the most commonly
reported injuries, but some deaths
have also occurred.

In DC systems, Ohm’s law helps us
understand the interrelationships among
three important aspects of electrical
energy: voltage, current and resistance.
Voltage (measured in volts, V) refers to
electric charge, or electromotive force.
Differences in voltage create an elec-
tric field. This field drives current by
exerting force on electrically charged
particles such as electrons or chemical
ions. Current (measured in amperes, A,
or milliamperes, mA) signifies the flow
of electrically charged particles. Resis-
tance (measured on ohms, Q) denotes a
material’s tendency to oppose the flow
of charged particles. Electric current

POTENTIAL EFFECTS OF ALTERNATING CURRENT

Potential effects of alternating current, depending on conditions of contact, current path, indi-
vidual physiological characteristics and other factors.

AC current flow, 15 to 150 Hz,
in milliamperes (mA)

Effects

0.5 mA

Threshold of reaction: May cause
involuntary muscular contractions,
including unintended movements that
increase the probability of falling.

5 mA (entire population)
10 mA (adult males)

Threshold of let-go: May prevent a person
from releasing grip on a conductive
object. May also cause difficulty
breathing, especially as current increases.

40 to 50 mA (current duration of 1
to 3 seconds or more)

400 to 500 mA (current duration of
0.1 to 1.0 second)

500 mA (current duration of less
than 0.1 second)

Threshold of ventricular fibrillation: May
be fatal.

15,000 to 20,000 mA (15 to 20
Amperes)

Common circuit breaker opens a circuit.

Note. One milliampere equals 1/1000th of an ampere. Data from “Effects of Current on Human
Beings and Livestock— Part 1: General Aspects (IEC 60479-1:2018)," by International Electro-

technical Commission, 2018.

46 PSJ PROFESSIONAL SAFETY OCTOBER 2021 assp.org

has difficulty passing through materials
with high resistance; on the other hand,
current passes easily through conductive
materials having low resistance.

Ohm’s law describes how current is re-
lated to voltage and resistance as follows:

I ==
R

where:

I = current flowing through a conduc-
tor, in units of amperes (A)

V = voltage measured across a conduc-
tor, in units of volts (V)

R = resistance of a conductor, in units
of ohms (Q)

Calculated example. Let’s imagine
a battery-operated flashlight. For the
purposes of illustration, we’ll say the
difference in voltage between the bat-
tery’s positive and negative terminals is
3.5 V. Imagine now that we connect the
battery’s positive terminal with one of
the contacts on the flashlight lamp. Next,
we connect the battery’s negative termi-
nal with the lamp’s other contact. These
connections create a continuous 3.5V
electrical circuit, causing current to flow
through the lamp. The lamp will exhibit
some resistance to the current—for this
example, we’ll imagine the total resis-
tanceis 5 Q.

Using Ohm’s law, we can specify the
magnitude of current flowing through
the circuit based on the following data:

«The voltage is 3.5 V. This is the value
of Vin the formula.

oThe resistance is 5 Q. This is the value
of R in the formula.

Step 1: Start with the equation:

I=%

Step 2: Insert the known values for
voltage (V' = 3.5 V) and resistance (R =
5 Q). Then solve for I:

3.5
=% =074

Step 3: The calculation indicates a cur-
rent of 0.7 A will flow through the circuit.
If we wish to convert to milliamperes, we
multiply by 1,000 because 1 A is equal to
1,000 mA. In this case, 0.7 A is equal to
700 mA because 0.7 - 1,000 = 700.

Alternate example. Now imagine a
different scenario in which a 12-V auto-
mobile battery is used to start a car. Also
imagine the total resistance of the igni-
tion system is 0.05 ). What magnitude
of current will flow through the ignition
circuit as the car is started?



Step 1: Begin with the equation:

I_v
"R

Step 2: Insert the known values for
voltage (V = 12 V) and resistance (R =
0.05 Q). Then solve for I:

12

=508

=2404

Step 3: The calculation indicates that
a current of 240 A will flow through the
ignition circuit. Multiplying 240 A by
1,000, we find this current is equal to
240,000 mA.

You Do the Math

Apply your knowledge to the following
questions. Answers are on p. 55.

1. Imagine we use a 19.5-V battery to
power a laptop computer. Also imagine
the total resistance of computer circuits
during a complex calculation is 4 Q.
What magnitude of current will flow
through the computer during the calcu-
lation? Use the formula for Ohm’s law.

2. Imagine a portable drill is powered
by a 24-V battery. Also imagine the total
resistance of the drill is 3 Q (while boring
a 0.5-in. hole through a 2-in. oak board
at medium speed). What magnitude of
current will flow through the drill while
boring this hole? Again, use the formula
for Ohm’s law.

Ohm's Law Applied to Injuries
Involving Alternating Current

In previous examples, we applied
Ohm’s law to DC circuits. For AC, the
equation must be modified if a circuit
contains substantial inductive and ca-
pacitive reactances. Research has, in fact,
shown that human skin exhibits import-
ant capacitive properties when exposed
to AC; thus, we use a modified version of
Ohm’s law to understand electric shock
in AC circuits. When modified for AC,
Ohm’s law incorporates the variable,
impedance (Z), in place of resistance.
Impedance accounts for the combined
effects of resistance and any reactances
caused by induction or capacitance. The
equation is:

I_V
VA

where:

I = current, in amperes (A)

V = steady-state AC voltage, in volts
(V), as a root-mean-square (rms) value

Z = impedance, in ohms (Q)

In cases of electric shock from AC,
the value of impedance must account for

FIGURE 2

EQUIPMENT GROUNDING CONNECTS
THE CASING OF AN APPLIANCE WITH EARTH

Simplified depiction of a complete equipment-grounding system. Grounding connections within
the service panel will vary according to applicable codes.

In a grounded appliance, the equipment-
grounding wire (often with green insulation)
isinternally bonded to the appliance casing.

The equipment-grounding wire runs
through the cord and is attached to the
grounding prong inside the plug.

When the plug is inserted in a properly
grounded outlet, the grounding prong
bonds with contacts in the grounding slot.

The contacts in the grounding slot are
connected with the building's equipment
grounding system through an equipment
grounding wire or conduit.

Equipment grounding wire

The equipment grounding wire connects to a
bus inside the service panel. The bus is linked
to the grounding electrode conductor.

Equipment
grounding

Grounding '

electrode | i
conductor ——=———2|
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both skin impedance and internal body
impedance. The sum of skin and inter-
nal impedances is known as total body
impedance (Zr). Using this more specific
term, the equation becomes:

4

I=—
ZT

where Zr = total body impedance, in Q.

Recall that current may flow between
two objects that have different voltages,
provided the objects are connected by a
conductive pathway. With this in mind,
imagine an energized electrical wire
with a voltage of 125 V AC. Also imag-

The grounding electrode conductor is
bonded to a grounding electrode, such as

building steel or copper rods buried in earth.

ine an equipment grounding wire with

a voltage of 0 V AC. Finally, imagine a
worker touches the energized wire with
one hand, while simultaneously touching
the equipment grounding wire with the
other. In this situation, the worker’s body
may provide a conductive path between
the two wires. Electric current may flow
through the worker’s body, with poten-
tially harmful effects.

The severity of any shock will depend
on many factors, such as the duration of
the shock, the path of current through
the body and the magnitude of the
current. The last factor, magnitude of
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current, can be calculated using Ohm’s
law if we know the touch voltage and the
total impedance of a human body. Touch
voltage is simply the difference in voltage
between an energized object (such as the
125 V wire noted) and any differently
charged surface a person may touch
(such the 0 V grounding wire).

Under controlled laboratory condi-
tions, the resistivity of a dry sample of
skin may be as high as several hundred
thousand ohms per square centimeter
(Reilly, 1998); however, the total resis-
tance of skin declines dramatically as the
area of contact increases. This means a
contact area the size of the entire hand
offers much less electrical resistance than
a contact area the size of a fingerprint.
Pressure between the skin and an electri-
cally conductive object reduces resistance
even more. This means a tight grip with
the hand offers less electrical resistance
than a gentle touch. Skin resistance de-
clines even further when skin ducts are

FIGURE 3

filled with sweat. As an example, consid-
er that the palms of the hands are packed
with sweat ducts. Also consider that pro-
fuse sweating is common during physical
activity. Finally, researchers have found
that some components of skin resistance
actually occur in parallel, reducing total
resistance even more.

So far, we have discussed the resistance
of skin. Since skin also has capacitive prop-
erties, we must consider the broader qual-
ity of impedance. Both skin and internal
impedances decline as duration of contact,
body temperature, voltage and frequency
of the AC current increase. Impedance
is also affected by the path of the current
path through the body because different
tissues exhibit different impedances.

Experimentally derived values for total
body impedances of living adults are
illustrated in Table 2 (p. 50). These values
(in ohms) are based on a skin surface
area of about 10,000 square millimeters
in firm contact with electrically conduc-

COMPLETE VS. INTERRUPTED
EQUIPMENT GROUNDING SYSTEM

Equipment grounding protects against ground-fault electrocution if the low-impedance path to

ground is maintained.

A ground fault occurs when electric current flows through an unintended path to ground. For exam-
ple, an energized internal wire may touch the metal casing of an appliance. If the grounding system
is complete, the voltage of the casing will remain near zero volts, even when a ground fault occurs.

Internal ground fault

With a complete equipment grounding system,
the casing remains near zero volts, protecting
the operator, evenif a ground fault occurs.

The equipment grounding system may be interrupted if the plug's grounding prong is removed, if
the outlet is ungrounded or if any components of the system are disconnected. When an interrup-
tion occurs, a ground fault may energize the equipment casing and cause electrocution.

Interrupted equipment grounding system

lnigaymiy:

MITCH RICKETTS

With an interrupted equipment grounding
system, a ground fault may energize the
casing, shocking the operator.
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tive objects. For a hand-to-hand current
path, this surface area is comparable to a
person gripping a 3-in.-diameter electri-
cally conductive cylinder in each hand.

For a hand-to-foot current path, im-
pedances have been reported as 70% to
90% of the values shown in the table.
These estimates assume a skin contact
area equivalent to standing with one
bare foot on a conductive surface while
grasping a 3-in.-diameter conductive
object in one hand. Normal footwear
will substantially increase hand-to-foot
impendence but will not affect hand-to-
hand impedance.

In Table 2 (p. 50), dry conditions
represent the skin moisture content of
a person at rest in a normal indoor en-
vironment. Saltwater-wet conditions are
believed to reflect the skin moisture of a
person who is sweating. Experimentally,
saltwater-wet conditions are created by
exposing the skin to a 3% saltwater solu-
tion for 1 minute.

The percentiles in Table 2 (p. 50) reflect
the percentages of the adult population
that would not exceed the total body im-
pedances shown. That is, the total body
impedances of 5% of the adult popula-
tion will be equal to or less than those
shown for the 5th percentile; the total
body impedances of 50% of the adult
population will be equal to or less than
those shown for the 50th percentile; and
the total body impedances of 95% of the
adult population will be equal to or less
than those shown for the 95th percentile.

Finally, the impedance values in
Table 2 (p. 50) are based on an AC fre-
quency of 50 to 60 Hz (60 Hz is the stan-
dard frequency in the U.S.).

Calculated example. Let’s now return
to the fatal electrocution depicted in
Figure 1 (p. 45). Certain details were not
reported by investigators; therefore, we
will base our calculation on a hypothet-
ical example that mirrors some, but not
all, of the facts of the case.

According to the original report, the
worker was exposed to a nominal volt-
age of 120 V AC. Voltage in nominal
120-V circuits may vary from about
110 to 125 V in the U.S. The most sim-
ilar voltage shown in Table 2 (p. 50) is
125V, so we will base our calculations
on this voltage.

The report did not specify the pathway
of current through the body. For our
calculations, we will assume a hand-to-
hand pathway, with the worker gripping
the energized drill in one hand while
simultaneously gripping a grounded sur-



face with the other. The report also did
not specify the moisture conditions, but
we will assume the skin was dry.

Based on these assumptions, we con-
sult Table 2 (p. 50) and find the predict-
ed values of total body impedance as
follows for a touch voltage of 125 V with
a hand-to-hand current path and dry
skin contact:

«Z7=900 Q or less for 5% of the adult
population; this is the 5th percentile val-
ue of total body impedance in Ohm’s law
(ZT 5th percentile = 900 Q)

«Z71=1,550 Q or less for 50% of the adult
POPUIation (ZT 50th percentile = 1,550 Q)

oZ7=2,675 Q or less for 95% of the adult
POPUIatiOH (Z195th percentile = 2,675 Q).

We now have the necessary data to cal-
culate a range of current that may have
flowed through the workers body, based
on Ohm’s law.

Step 1: Start with the equation:

v
'

Step 2: Insert the value we have as-
sumed for voltage (V =125 V) and cal-
culate the current (I) separately for each
percentile based on the impedances (Zr)
listed above. We will round the answers
three places to the right of the decimal
so we can later convert the currents
from A to mA.

For 5% of the adult population, the
expected total body impedance is no
greater than 900 Q at 125V, so the 5th
percentile current estimate is:

125

=300~ 0.139 A

15 th percentile

(rounded three places
past the decimal)

For 50% of the adult population, the
expected total body impedance is no
greater than 1,550 Q) at 125V, so the 50th
percentile current estimate is:

125

1550 =0.0814

(rounded)

Isoen percentile =

For 95% of the adult population, the
expected total body impedance is no
greater than 2,675 Q at 125V, so the 95th
percentile current estimate is:

125

2675 =0.047A

(rounded)

Iosen percentile —

Step 3: Based on the calculations, we
estimate that 5% of the adult popula-
tion may experience a current of about
0.139 A or more in this scenario. This

FIGURE 4

ALTERNATE METHODS FOR CONTROLLING
GROUND-FAULT ELECTROCUTION HAZARDS

In many circumstances, ground-fault shocks may be prevented by the use of double-insulated tools,
GFCls or battery-operated tools. Each control has limitations, as discussed in the text.

Double-insulated tool

Cordless battery-operated tool

Ground-fault circuit
interrupter (GFCI)

D
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current is equal to 139 mA (0.139 - 1,000
= 139). The 5th percentile current is often
considered when predicting a typical
worst-case scenario of electric shock.
Some people may experience a lower
current in our scenario. In this regard, the
calculations indicate a current of at least
0.081 A (81 mA) is likely to be experienced
by 50% of the adult population. We may
consider this to be the median current
experienced by a population of adults.
Finally, the calculations indicate a cur-
rent of at least 0.047 A (47 mA) may be
experienced by 95% of the adult popula-
tion. The 95th percentile current is often
considered when predicting a typical
best-case scenario of electric shock.
Referring to Table 1 (p. 46), the mag-
nitudes of electric current indicated by
our calculations (139, 81 and 47 mA) may
be sufficient to prevent a worker from
letting go of a conductive object and to
induce difficulty in breathing. Further-
more, ventricular fibrillation and death
are possible if the duration of current is
greater than 1 second.
Alternate example. Now imagine a
different scenario in which an electric

clothes dryer has been installed with-
out proper equipment grounding. Also
imagine a ground fault energizes the
exposed metal parts of the clothes dryer,
presenting a shock hazard to anyone
who touches it. Next to the clothes
dryer is a properly grounded clothes
washer with an external voltage of about
0 V. Now, imagine an adult grasps the
fault-energized dryer door fully with
one hand while simultaneously grasping
the properly grounded door of the near-
by washer with the other hand.

In the U.S., electric clothes dryers
are often designed to operate within
a voltage range of about 215 to 250
V AC. The nearest voltage in Table 2
(p. 50) is 225 V, so we’ll use this value
as the actual touch voltage between the
clothes dryer and the washer. Finally,
we’ll suppose the person’s skin has be-
come sweaty while gathering, sorting
and loading the laundry. Based on this
information, what are the worst-case
(5th percentile), median (50th percen-
tile) and best-case (95th percentile)
ranges of electric current that may
flow through a person?
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TABLE 2

TOTAL BODY IMPEDANCE,

HAND-TO-HAND CURRENT PATH, 50 TO 60 Hz AC

Total body impedances (Z) in ohms (Q) that are not exceeded for 5%, 50% and 95% of the adult
population when exposed to a 50 to 60 Hz alternating current for 0.1 second. Values are based on
a skin contact area equivalent to grasping a 3-in.-diameter conductive object in each hand. For
dry skin conditions, impedances will decrease for contact durations longer than 0.1 second. For all
conditions, impedances will decrease for alternating current frequencies higher than 50 to 60 Hz.

Dry conditions Saltwater-wet conditions

Touch 5th 50th 95th 5th 50th 95th
voltage | percentile | percentile | percentile | percentile | percentile | percentile
(V) Q) Q) (Q) (Q) (Q) Q)

25 1,750 3,250 6,100 960 1,300 1,755

50 1,375 2,500 4,600 940 1,275 1,720

125 900 1,550 2,675 850 1,200 1,620

225 775 1,225 1,900 770 1,115 1,505

400 700 950 1,275 700 950 1,275
1,000 575 775 1,050 575 775 1,050

Note. Data from “Effects of Current on Human Beings and Livestock—Part 1: General Aspects
(IEC 60479-1:2018)," by International Electrotechnical Commission, 2018, Tables 2 and 3.

As shown in Table 2, the expected
hand-to-hand total body impedance
values are no greater than the follow-
ing for a touch voltage of 225 V AC
with a hand-to-hand current pathway
and saltwater-wet conditions (due to
sweaty skin):

o2 5th percentile = 770 Q

*Z7T 50th percentile = 1,115 Q

«ZT95th percentile = 1,505 Q

We use Ohm’s law to calculate the
minimum values of total body current
for 5%, 50% and 95% of the adult popula-
tion, as follows.

Step 1: Start with the equation:

|4
Tz

Step 2: Insert the known value for
voltage as stated for this scenario (V =
225 V). Then calculate the current (I)
separately for each percentile.

For 5% of the adult population, the
expected total body impedance (Z7) is no
greater than 770 Q at 225V, so the 5th
percentile current estimate is:

225

—===0.2924
770 0

(rounded)

Isen percentile —

For 50% of the adult population, the
expected total body impedance (Z7) is no
greater than 1,115 Q at 225 V, so the 50th
percentile current estimate is:

225

1115 =0.2024

(rounded)

Isoen percentile —

For 95% of the adult population, the
expected total body impedance (Z7) is no
greater than 1,505 Q at 225V, so the 95th
percentile current estimate is:

225

1505 =0.1504

(rounded)

losen percentile —

Step 3: Based on the calculations, we
make the following estimates:

5% of the adult population may experi-
ence a current of 0.292 A (292 mA) or more.

A current of at least 0.202 A (202 mA)
is likely to be experienced by 50% of the
adult population.

A current of at least 0.150 A (150 mA)
is likely to be experienced by 95% of the
adult population.

Referring to Table 1 (p. 46), we see that
each of these currents exceeds the thresh-
olds of reaction and let-go. Furthermore,
each estimate may exceed the threshold of
ventricular fibrillation if the current has a
duration of 1 second or more.

You Do the Math

Apply your knowledge to the following
questions. Answers are on p. 55.

3. Imagine a cook is using an all-metal
handheld 125-V AC electric food mixer
with the equipment grounding prong
removed. There is no GFCI near the
counter, so the mixer is plugged into a
regular (non-GFCI) outlet. A grounded
water faucet (with a voltage of 0 V) is
located next to the defective food mixer.
The cook’s skin has become sweaty from
working in the hot kitchen. Unknown
to the cook, a ground fault has occurred
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within the mixer. The cook grasps the
food mixer in one hand and the faucet
in the other, completing a circuit for a
hand-to-hand current path through the
body. An electric shock ensues. Answer
the following questions:

a. What is the worst-case (5th per-
centile) total-body hand-to-hand
impedance, as shown in Table 2, for salt-
water-wet (sweaty) skin at 125 V AC?

b. What is worst-case (5th percentile)
electric current that may flow through
the cook in this scenario? Use the AC for-
mula for Ohm’s law, based on the voltage
described in the problem and the value of
impedance you found for question 3.a.

c. What is the median (50th percentile)
total-body hand-to-hand impedance,
as shown in Table 2, for saltwater-wet
(sweaty) skin at 125 V AC?

d. What is median (50th percentile)
electric current that may flow through
the cook in this scenario? Use the AC
formula for Ohm’s law, based on the volt-
age described and the value of imped-
ance you found for question 3.c.

e. What is the best case (95th per-
centile) total-body hand-to-hand
impedance, as shown in Table 2, for salt-
water-wet (sweaty) skin at 125 V AC?

f. What is best case (95th percentile)
electric current that may flow through
the cook in this scenario? Use the AC
formula for Ohm’s law, based on the volt-
age described and the value of imped-
ance you found for question 3.e.

Concluding Comments

The data and calculations presented
here are used by standard-setting organi-
zations to establish safety requirements
for electrical devices. Knowledge of elec-
trical hazards evolves rapidly, and the
information in Tables 1 (p. 46) and 2 will
be refined as research progresses. Keep in
mind the data in Table 2 were compiled
from highly controlled laboratory studies.
Real-world exposures are subject to many
unknowns and may result in total-body
impedances that are higher or lower than
those shown in the table.

Also keep in mind that the data have
been derived mainly from adults. The
data for children are more complex:
While children tend to have higher total-
body impedances (resulting in lower in-
ternal currents), their bodies are more
vulnerable to the effects of electricity,
even when currents are low.

As yet another example of real-world
complexity, consider that total-body im-
pedance varies depending on the path of



current through the body. As noted, im-
pedances for hand-to-foot current paths
have been reported as only 70% to 90%
of the values shown in the table. This will
result in internal body currents that are
substantially higher, compared with our
hand-to-hand calculations. Although
footwear may dramatically increase the
total-body impedance for hand-to-foot
current paths, it offers no protection for
many other current pathways, such as
hand-to-hand, chest-to-hand or hand-to-
knee (as when kneeling). Furthermore,
the protective value of footwear is re-
duced if a worker is standing in wet grass
or water (Reilly, 1998).

To sum up, the information examined
here can increase our understanding of
electrical hazards, but uncertainties dic-
tate that workplace calculations should
never be used as an argument for permit-
ting unsafe work practices or for keeping
defective equipment in service.

How Much Have | Learned?

Try these problems on your own. An-
swers are on p. 55.

4. Imagine we use a 9-V battery to
power a home smoke detector. Also
imagine we push the detector’s “test
battery” button, which causes the test
light to flash. Finally, imagine the total
resistance is 642 Q during the battery
test. What magnitude of current will flow
through the test circuit? Use the DC for-
mula for Ohm’s law.

5. Imagine a homeowner is checking a
malfunctioning water pump located near
a chain-link fence at a backyard swim-
ming pool. The pump is hardwired to a
225-V AC electric circuit. The pump was
originally grounded by means of metal
conduit that has since become damaged
and disconnected. The discontinuous
conduit leaves the pump with no effective
equipment grounding system. It is a cool
morning, and the homeowner’s skin is dry.
With one hand, the homeowner grasps a
post of the chain-link fence. The post is
grounded, so its voltage is 0 V. With the
other hand, the homeowner grasps the
pump motor. A ground fault occurs with-
in the pump, delivering an electric shock
through a hand-to-hand current path. An-
swer the following questions:

a. What is the worst-case (5th percen-
tile) total-body hand-to-hand imped-
ance, as shown in Table 2, for dry skin at
225V AC?

b. What is worst-case (5th percentile)
electric current that may flow through the
homeowner in this scenario? Use the AC
formula for Ohm’s law, based on the volt-
age described in the problem and the value
of impedance you found for question 5.a.

c. What is the median (50th percentile)
total-body hand-to-hand impedance, as
shown in Table 2, for dry skin at 225V AC?

d. What is the median (50th per-
centile) electric current that may flow
through the homeowner in this scenario?
Use the AC formula for Ohm’s law, based
on the voltage described and the value of
impedance you found for question 5.c.

e. What is the best-case (95th percen-
tile) total-body hand-to-hand imped-
ance, as shown in Table 2, for dry skin at
225V AC?

f. What is the best-case (95th percentile)
electric current that may flow through the
homeowner in this scenario? Use the AC
formula for Ohm’s law, based on the volt-
age described and the value of impedance
you found for question 5.e. PSJ
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Online

11/2-11/4: National Ergonomics Conference
and Ergo Expo. Continental Exhibitions
Inc.; (212) 370-5005; www.ergoexpo.com.

Online
11/3 ® Measuring Safety Culture. ASSP;
(847) 699-2929; www.assp.org.

Online

11/4 ® Strategic Skills for Improving and
Maintaining Safety, Health and Eviron-
mental Performance. ASSP; (847) 699-
2929; www.assp.org.

Online

11/5 ® Emotional Fatigue (Burnout Syn-
drome): Strategies to Manage Chronic
Stress in Healthcare Providers and First Re-
sponse Personnel. Learn strategies to identi-
fy and manage sources of unmanaged stress
at the individual level. The session introduc-
es recognized model for actions that organi-
zations can use to influence a healthier and
more mindful workplace. ASSP Healthcare,
Environmental and Public Sector practice
specialties; https://bit.ly/3m237HY.

Online

11/15 ® Math Review. ASSP; (847) 699-
2929; www.assp.org.

November 15-16

Online

11/15-11/16: HazWOPER Refresher 8-Hr.
Argus Pacific; (206) 285-3373; www.argus
pacific.com.

Online

11/16: Hazardous Waste Manage-
ment. Environmental Resource Cen-
ter; (800) 537-2372; www.ercweb
.com.

Online

11/16-11/18 ® Corporate Safety Manage-
ment. ASSP; (847) 699-2929; www.assp
.org.

Online

11/16-11/18: Hazards 31: Process Safety
Conference. IChemE; www.icheme.org/
career/events/hazards-31.

Online
11/16-12/6 ® Math Review, CSP and ASP

Exam Preparation. ASSP; (847) 699-2929;

WWW.assp.org.

DECEMBER 2021
Online
12/6-12/7: Hearing Conservation. Acous-

tic Associates; (847) 359-1068; www.acous

ticassociates.com.

ASSP Region VIII New England Area Professional Development Conference

This event features a keynote by Deborah Roy, M.P.H., R.N., CSP, COHN-S, CIT,
FASSP, FAAOHN, Evolving Your Safety Practice and Our Profession. The conference
features 15 courses, including “Make Your Safety Training Stick,” by Linda Tapp, “The
Unacceptable Risk of Carbon Dioxide,” by Fred Straub, Ph.D., M.S., CSP, ARM, and

“Developing a Culture of Caring in Construction,” by Shawna Fraser Nagle, M.S., CSP,

CHST, CUSP. Network with others and join for coffee, a raftle and a silent auction.
ASSP New England Area; (401) 935-6648; https://region8.assp.org

Math Toolbox, continued from pp. 45-51

Answers: The Case of the
Fatal Ground Fault

You Do the Math

Your answers may vary slightly due to

rounding.
V195

1.1= R- 2 = 4.875 A (4,875 mA)
(rounded three places
past the decimal)

2 I—V—24—8A 8,000 mA

=g =5 =84B000mA)
3.a.850 Q

V125

3.b. Isen percentiie = Z =850
(rounded)
3.c. 1,200 Q

4 125

3.d. Isoth percentite = Z_T = m = 0.104 A (104 mA)

(rounded)
3.e. 1,620 Q

4 125

3.£. Iosen percentite = 7= 1620 0.077 A (77 mA)

(rounded)

How Much Have | Learned?

/)
4.1 =5 === 00144 (14mA)

—— = 0.147 A (147 m4)

WILL SWANN/UNSPLASH

Online
12/6-12/9 ® CSP Exam Preparation.
ASSP; (847) 699-2929; www.assp.org.

Online

12/7-12/9: Shutdown and Turnaround
Management. Fleming Gulf; +971 4609
1570; https://fleming.events.

Online

12/7-12/16: National Conference on
Worker Safety and Health. National
Council for Occupational Safety and
Health; www.coshnetwork.org.

Online

12/9-12/10: Ex4OSH 2021 conference: Ex-
panding Occupational Safety and Health.
The University of Texas Health Science
Center at Houston School of Public Health;
(713) 500-9032; https://sph.uth.edu.

Online

12/10: Flagger Certification. Evergreen
Safety Council; (800) 521-0778; www.esc
.org.

Online

12/10-12/17: Safety Hazard Awareness for
Contractors. Carolinas AGC; (704) 372-
1450; www.cagc.org.

5.a.775Q
Vv 225
5.b Istn percentite = Z_T = 775 =0.290 4 (290 mA)
(rounded)
5.c. 1,225 Q)
5.d.1 SV oisaa(1sama
<. Isotn percentite = Zr =125 ( )
(rounded)
5.e. 1,900 Q
511 SV iisaisma
L. losth percentite = 7, 1900 ( mA)
(rounded)
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