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Electrical Shock Hazard Severity Estimation
During Extravehicular Activity for the International

Space Station

Douglas R. Hamilton

INTRODUCTION:  Research has shown that astronauts performing extravehicular activities may be exposed, under certain conditions, to
undesired electrical hazards. This study used computer models to determine whether these undesired induced electrical

currents could be responsible for involuntary neuromuscular activity caused by either large diameter peripheral nerve

activation or reflex activity from cutaneous afferent stimulation.

METHODS:

A multiresolution variant of the admittance method along with a magnetic resonance image millimeter resolution

model of a male human body were used to calculate the following: 1) induced electric fields; 2) resistance between
contact areas in a Extravehicular Mobility Unit spacesuit; 3) currents induced in the human body; 4) the physiological
effects of these electrical exposures; and 5) the risk to the crew during extravehicular activities.

RESULTS:

Using typical EMU shock exposure conditions, with a 15V source, the current density magnitudes and total current

injected are well above previously reported startle reaction thresholds. This indicates that, under the considered
conditions during a spacewalk in the charged ionospheric plasma of space, astronauts could experience possibly
harmful involuntary motor response and sensory pain nerve activation.
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stronauts are surrounded by devices which use many dif-
ferent forms of electrical energy to function. Electrical
shocks can stimulate physiological responses ranging
from a startle reaction, involuntary muscle contraction, seizure,
or cardiac arrest. Engineers design hazard controls to prevent
humans from being exposed to these electrical hazards in domes-
ticand industrial environments. Electrical hazard risks are mostly
controlled by reducing the likelihood of exposure using verifiable
fault tolerance. The severity of such exposures is easily under-
stood when voltages and currents reach levels which have been
documented to cause deleterious outcomes.”'” These effects have
been documented by the International Electrotechnical Com-
mission (IEC), which provides basic guidance on the effects of
shock current on human beings, livestock and other animals, to
derive electrical safety requirements.”!
In many cases these electrical hazards on Earth are controlled
and do not result in life threatening outcomes, however, they can-
not be proven to be safe for all possible exposures. Regardless,

there are some environments where these exposures cannot be
controlled, such as during an extravehicular activity (EVA) in low
Earth orbit outside the International Space Station (ISS). The
Extravehicular Mobility Unit (EMU) that was used for EVAs for
the Space Shuttle from 1983 to 2011 was not designed to control
for any electrical hazards since those hazards were controlled on
the vehicle and all its payloads.

When the ISS was launched, the EMU was recertified to
function for those EVAs that involved assembly and repair of
the ISS. Unfortunately, the ISS presents a unique electrical
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hazard to the crews during EVAs, that became more significant
as the vehicle got larger. Recently, the changes in space weather
and more advanced analysis of the ionospheric plasma imped-
ance have allowed NASA to downgrade the hazard to an accept-
able level. However, from 2001 until 2012 the ISS program
considered all spacewalks to pose an uncontrolled catastrophic
electrical hazard to the crew and modeling its likelihood and
severity became a top priority.

The ISS Electrical Hazard Description

The Ionosphere composes the Earth’s upper atmosphere,
between 80 - 600 km, which is bombarded with extreme ultra-
violet and X-ray radiation from the Sun. This radiation ionizes
neutral oxygen resulting in electrons and oxygen ions being
freed to create a ‘plasma. Plasma is the fourth state of matter
and behaves electrically different from all other states (air, lig-
uid and solid). Plasma is defined as an electrically neutral yet
conductive ionized gas making spacecraft external environ-
ments far from being just simple thermal vacuums.'! The ISS
environment is characterized by a wide range of space plasma
conditions compounded by ionizing radiation, magnetic fields,
micrometeoroids, orbital debris, and other environmental
factors, all of which can affect spacecraft or spacesuit perfor-
mance.'? Solar radiation varies in an 11-yr cycle causing a
commensurate change in the ionosphere’s density. The iono-
sphere is additionally disturbed by other solar phenomena,
such as flares, and changes in the solar wind and geomagnetic
storms.

The ISS is a large spacecraft with an approximately
100-meter-long main truss moving rapidly through the electri-
cally conducting, magnetized ionospheric plasma and experi-
ences a variable electrical potential in different locations on its
structure. Due to the immense physical size and specific char-
acteristics of its photovoltaic electrical power system, the ISS
conducting structure can accrue a voltage relative to the sur-
rounding ionospheric plasma. Under certain circumstances, an
EVA adjacent to the ISS can expose the astronaut to a risk of
electrical shocks ranging from -40 to +160 volts.>! '3 The EMU
was never designed to operate in this electrically hazardous
environment outside the ISS but rather the safe environment
inside the Shuttle payload bay. The shock hazard was discov-
ered in 2001 when the ISS robotic arm was to be deployed to
assemble the truss. The charge accumulated by the ISS is con-
trolled using plasma couplers which use streams of ionized
Xenon gas to pump electrons back into the local ionosphere.
This system was originally used to control ISS charge accumula-
tion to protect the anodized surfaces from damage by arcing,
however, it was upgraded to be 2-fault tolerant because of the
catastrophic shock hazard identified during EVAs. The plasma
couplers were made redundant by powering them on indepen-
dent power buses and controlling them with independent fault
detection, isolation and recovery computer systems. Unfortu-
nately, this system occasionally introduced other shock hazards
in different parts of the ISS depending on the vehicle attitude
with respect to its velocity vector. The complexity of the electri-
cal system of the ISS requires extensive safety analysis for any

EVA and sometimes the reason for the EVA is due to an ISS
electrical equipment malfunction.

On October 2007, a 2.5-foot tear in one of the ISS solar
arrays was discovered during its repositioning and eventual
deployment during Shuttle mission STS-120. The arrays had
been deployed in earlier phases of the ISS’s construction, and
the solar panel retraction necessary to move the truss to its new
position had not been as smooth as the crew had trained for.
During the STS-120 mission, the next EVA was rapidly replanned
to allow astronaut Scott Parazynski to ride on the end of the
Shuttle's Orbiter Boom Sensor System (OBSS) inspection arm
and repair the torn space panels. This EVA was regarded as sig-
nificantly more dangerous than most because of the possibility
of electrical shock (+160 volts) from the solar arrays, the
unprecedented and untested use of the OBSS, and the lack of
years of EVA planning and training for this impromptu repair.
The ISS solar arrays are negatively grounded but have small
areas of high voltage (~160 V) positively charged surfaces
which are also exposed to the plasma. If parts of the EMU con-
tact the 160 V solar panel, free ionospheric electrons could flow
from other EMU metal surfaces and through the astronaut or
through the ISS which is negatively grounded. The solar panel
repair EVA was successful but there was no doubt about the
lethal severity this hazard represented, therefore further shock
analysis was not required.

In the typical flight attitude, the ISS truss presents a geo-
metric extension perpendicular to the direction of motion.
This motion of the ISS through the Earth’s geomagnetic field at
both poles induces a voltage, which may distribute on the
order of +23 V at both ends of the truss alternating every half
orbit as the vehicle crosses the magnetic poles. During the
EVAs on STS-120 and STS-123, the crew noticed contamina-
tion from metallic shavings and debris in the large drive gear
of the starboard Solar Alpha Rotary Joint (SAR]). This joint,
together with a similar device on the port side of the station's
truss structure, rotates the large solar arrays to keep them fac-
ing the Sun. In November 2008, the crew of STS-126 carried
out servicing of both the starboard and port SAR]Js. Analysis
showed that the crew could be exposed to the magnetic induc-
tion of +23 V volts across the truss at both ends of the SARJ’s
during the repair EVAs. This lower voltage exposure and its
potential current paths through the astronaut required more
sophisticated electrical hazard analysis and was the genesis of
this study.

This shock hazard is unique to the ISS because of its size and
configuration. It is unclear if space vehicles like the ISS will be
constructed in the future and the current and future vehicles do
not pose a significant risk. As the missions go beyond the Van
Allen belt, differential dielectric charging may occur from rela-
tivistic charged solar particles; however, this would not pose a
threat to an astronaut during a spacewalk.

Extravehicular Mobility Unit

Each segment of the EMU (Fig. 1; color versions of figures
available online at https://www.ingentaconnect.com/contentone/
asma/amhp/2021/00000092/00000004/art00004) is coupled
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Fig. 1. A. The Extravehicular Mobility Unit (EMU) is composed of several
removable components which electrically connect skin with the outside of the
suit where the components must be joined by metal rings. B. Green bands cor-
respond to places where metal is in contact with both the astronaut’s skin and
the ionosphere’s plasma. [Note: Color version of this figure is available online:
https://www.ingentaconnect.com/contentone/asma/amhp/2021/00000092/
00000004/art00004.]

together with metallic air-tight bayonet locks. This modular
design of the EMU allows it to be easily assembled, disassem-
bled, or modified inside the ISS or Shuttle. The ISS EVA shock
hazard was not identified at the time of the vehicle design and
therefore the EMU was adopted for ISS EVA operations. In
most cases, the outer insulating layer covers the electrical con-
ducting inner layers and components, but exposure of these
metallic components to the plasma surrounding the ISS is pos-
sible. Furthermore, some exposed metallic components pene-
trate the suit air retention bladder, providing contact with the
sweat-soaked garment on the astronaut’s body (Fig. 1, Panel A).
During the EVA the astronaut wears a cooling undergarment

SHOCK HAZARD DURING EVA—HAMILTON

(Fig. 1, Panel A) connected to a heat exchanger apparatus which
radiates heat from the body and equipment into space. Due to
the excessive workloads during most EVAs, the astronaut
often becomes soaked in perspiration despite the EMU
cooling system working at full capacity. The electrically
conductive sweat soaked cooling undergarment is in direct
contact with the astronaut and metal rings which couple
the EMU legs, arms, torso, and helmet sections together
(Fig. 1, Panel B).

When the astronaut exits the airlock hatch of the ISS, a steel
safety cable is attached from the EMU’ waist ring to the ISS.
The ISS is surrounded by the Earth’s ionosphere, therefore,
when astronauts exit the ISS hatch, they become bathed by the
conducting plasma. The circuit that enables unwanted electrical
shock is formed by the ISS, the steel cable or multiple metallic
connecting rings of the EMU, the astronaut and the plasma of
the ionosphere (Fig. 2). Unfortunately, the current EMU
embodiment with multiple metal penetrations permits the con-
duction of any ISS plasma discharge current through the astro-
naut via a variety of anatomical pathways (Fig. 1, Panel B). In
many cases, the astronaut’s body is required to complete the
discharge circuit (Fig. 2).

Estimating Electrical Shock Severity

In the past, shock hazard severity has usually been defined by
the magnitude of current being conducted through a subject.
This was usually determined by estimating the impedance of
the path across the body and the exposure voltage. Experiments
conducted in the twentieth century on humans and animals
determined the physiological response to currents being con-
ducted and their severity (muscle contraction, ventricular
fibrillation, burn, etc.).” Apart from burns and tissue destruc-
tion, most of the physiological response of living systems to
electrical shock is due to the E-fields stimulating nerves and/or
muscle.'*?

Different parts of the human body (e.g., the skin, blood,
muscles, other tissues, and joints) present to this EVA shock
circuit a cornucopia of impedance pathways composed of
resistive and reactive components. The value of total body
impedance presented to the circuit depends on a number of
factors and, in particular, on current path, touch voltage,
duration of current flow, frequency, degree of moisture of the
skin, surface area of contact, pressure exerted at the shock
interface, and temperature. On Earth the effects of alternating
current exposures have been predominantly confined to 50
Hz or 60 Hz which are the most ubiquitous hazards. The
human impedance values commonly used for safety design
and verification were derived from measurements performed
on corpses and, in some cases, living persons.’ Living subjects
have seldom been used due to the uncomfortable sensations
and the possibility of lethal hazards involved in electrical
exposures using large surface areas of contact (order of mag-
nitude 10,000 mm?) in dry, water-wet, and saltwater-wet con-
ditions, or with medium (1000 mm?) and small surface areas
of contact (100 mm?) in dry conditions at touch voltages from
25 to 200 volts.
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Tether

Fig. 2. A.Low voltage positive potential shock circuit where the astronaut is at
the end of the SARJ and is 15V positive with respect to the surrounding plasma.
The circuit that enables unwanted electrical shockis formed by the ISS, the steel
cable connecting the waist ring of the EMU or any other ring which touches the
vehicle, the astronaut, or other rings in different locations in the EMU exposed
to the ionospheric plasma which supplies free electrons. The free electrons will
flow from the plasma into the EMU through metal rings, through the astronaut
and onto the ISS from another metal ring in the EMU. B. High voltage positive
potential shock circuit where the metal ring of the wrist touches the damaged
160-volt solar array (A) and the current then flows through the astronaut and to
the ISS which is negatively grounded (B). The current can also flow from the
astronaut through a metal ring and into the ionospheric plasma (C). [Note: Color
version of this figure is available online: https://www.ingentaconnect.com/
contentone/asma/amhp/2021/00000092/00000004/art00004.]

In the case of an EVA, a startle response from an electrical
shock could instigate a sudden and involuntary movement
from the astronaut causing a lethal hazard or catastrophic dam-
age to a payload. The NASA safety standard'® requires that if a
hazard severity and/or likelihood cannot be adequately quanti-
fied then a “worst case” outcome must be assumed and con-
trolled, or waived prior to launch. To estimate the severity of
involuntary nerve and muscle activation, the magnitude and
rate of change of electric field (E-field) distribution in the body
and the E-fields thresholds for nerve or muscle activation need
to be considered.

Noxious electrical stimulation is sometimes used to alter the
behavior of organisms such as electric fences for ranching.

These exposures are designed to produce a startle result in an
environment that is safe for the animal or human to react. Con-
ducted Energy Weapons (CEW) or “Tasers” are used to tempo-
rarily disable the neuromuscular system by imposing very short
but large voltage across the body and thereby exciting neurons
in substantial numbers. They are gaining increasing popularity
among law enforcement agencies to control violence without
permanent damage or fatality to targeted people. Increasing
usage of these devices has generated concern regarding the
safety of their use on subjects with pre-existing medical condi-
tions.>!*%> To address the concern of safety regarding these
devices, a number of methods and computational techniques
have been used to compute the E-fields and currents in the
human body due to exposure to low-frequency electric and
magnetic fields."”

CEW manufacturers have considered children, pregnant
women, the elderly, and very thin individuals to be at higher
risk for a serious injury. A study of 25 healthy police volun-
teers (21 men and 4 women) found no difference in the out-
comes between men and women and no significant changes
in ventilation, acid-base status, electrolyte concentrations
(Ca2+,Na+, K+), troponin I, or ECG’s of a clinically relevant
nature.”® The persistence of public controversy surrounding
the use of the CEW culminated in October 2007 with a
highly publicized incident at the Vancouver International
Airport, during which Robert Dziekanski died after being
shocked with a taser by Royal Canadian Mounted Police.»*
A computer model of the shock hazard from this tragic event
was derived by a group of researchers*! who would eventually
be contracted by NASA to become the NASA shock team!” to
perform a similar analysis on the ISS EVA shock hazard.

Because large sensory and motor neurons are significantly
more susceptible to electric field activation than direct stimu-
lation of skeletal muscle, the NASA Shock Team'® chose to
consider only nerve excitation to determine the maximum
severity of the electrical hazard. Neurons are activated if the
E-field or its gradient along the length of the neuron exceeds
ion channel activation thresholds which will subsequently
propagate further E-field changes along the neuron resulting
eventually in neuro-transmitter release to another neuron or
an end-effector (muscle, gland, etc.).'® The E-fields needed to
exceed these ion channel activation thresholds are inversely
proportional to the diameter of the neurons and the duration
of the stimulation.'®

In order to compute the magnitude and direction of E-fields
within the human body, the NASA shock team'® and NASA
Medical Operations'*!? investigated two different current paths
through the astronaut based on analysis of over 100 previous
EVAs."! The objective of this analysis was to predict anatomical
regions in which neurons of different diameters would be
excited by electrical shocks consistent with those anticipated
during an EVA.

Accordingly, NASA’ ISS program contracted several experts
to perform the “NASA Extra Vehicular Activity Shock Hazard
Research Study”!"'>!° to model the effects of these electrical
hazards on astronauts in an EMU. To understand the effect of
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E-field exposure on the human a 3-step process was be
performed:

Step 1. Use alternating direction implicit-finite-difference
time-domain method to solve for the E-field distribution
inside the human body.'>*!

Step 2. Use the Spatially Extended Nonlinear Node method
to predict occurrence of nerve action potentials second-
ary to the previously calculated E-fields."

Step 3. Establish the physiological reaction to these action
potentials such as a startle reaction or involuntary muscle
or cardiac activation in the confined EMU.

METHODS

Step 1. Using the ADI-FDTD Model to Estimate E-Field
Magnitudes

The Shock team used an Alternating Direction Implicit-Finite-
Difference Time-Domain (ADI-FDTD) model to calculate
the distribution of E-fields in the body using a multiresolution
variant of the admittance method.'>*' The current paths were
determined by the location of electrical contact with metal cou-
pling rings in the EMU, each having 5000 mm? area. The first
current path was from the sweat-soaked left anterior chest (the
EMU body seal closure) to the right waist metal ring where the
conductive tether system was attached (Fig. 1, Panel B). A sec-
ond path was from the left wrist ring to the right waist metal
ring (Fig. 1, Panel B). The electrical stimulus waveform used in
the computer model was a 4-ms 15-volt, electrical pulse, with a
submillisecond rise time. This model is linear and therefore
voltages can be scaled from this 15-volt exposure to estimate
E-fields from -40 to 160 volts.'® To address the probability of
involuntary nerve excitation, the electric field distribution
within major peripheral nerves was determined, as well as cur-
rent densities and total current injected in the vicinity of the
metal contacts.

The ADI-FDTD model was applied to an impedance
array derived from a total body magnetic resonance image
(Fig. 3, Panel A) of the a modified version of the Naval
Medical Research Unit San Antonio (NAMRU-SA) ana-
tomical man (Fig. 3, Panel B) which is composed of 586 X
340 X 1878 million 1 mm? voxels."** Tissue conductivities
were taken from Gabriel et al.” at 10 kHz and reported in
Table I. Each voxel was assigned a conductivity based on
tissue type and then included as an element in a network of
335 million lumped impedances.

These impedances are connected to each other using
Thevenin circuit theory which results in the calculation of
electrical potential at every point (voxel) in the body. Because
of the 335 million voxels in the model, the multiresolution
meshing algorithm of Cela et al.*> was used to reduce the
number of elements in the model by joining adjacent voxels
inside large homogeneous portions of the body, while pre-
serving higher level of detail at anatomical tissue boundaries
(Fig. 3, panel C).

SHOCK HAZARD DURING EVA—HAMILTON

Fig. 3. A. The ADI-FDTD model was applied to an impedance array derived
from a total body magnetic resonance image. B. This was used to derive the
Naval Medical Research Unit San Antonio anatomical man. Each voxel was
assigned a conductivity based on tissue type and then included as an element
in a network of 335 million lumped impedances. C. Because of the very large
model size a multiresolution meshing algorithm was used to reduce the num-
ber of elements in the model by joining adjacent voxels inside large homoge-
neous portions of the body, while preserving higher level of detail at anatomical
tissue boundaries. (From ‘NASA Extra Vehicular Activity (EVA) Shock Hazard
Research Study — Phase 11."°) [Note: Color version of this figure is available
online: https://www.ingentaconnect.com/contentone/asma/amhp/2021/
00000092/00000004/art00004.]

This model was based on similar analysis performed by Singh
et al*! which derived the E-field distribution on the human body
from a Taser exposure on a subject in Canada. This model was
modified to replace the small taser contact areas with two circu-
lar cutaneous electrode pads to simulate the contact area of a
sweat soaked astronaut and garment to the EMU metal rings.

The contact impedance was modeled based on the exten-
sive human electrical shock measurements for a large surface
area and the contact resistance (including skin) was estimated
to be 300 () per contact.” Thus, current circulating through
the body meets contact resistance at each of the two elec-
trodes. The internal resistance of the body is calculated using
the detailed anatomical model of the human body and the
multiresolution impedance method and considering a 1-A
current injection between electrodes; under these conditions,
the resulting voltage between electrodes is numerically equiv-
alent to the impedance between electrodes. Capacitive effects
are considered negligible.'®

At 1 mm resolution, a radius of 56 voxels was used for each
electrode pad to approximate a total contact surface of 5000
mm? (Fig. 4). The current return electrode was positioned on
the right side of the lumbar region where the astronaut touches
the metal waist ring.

Two different stimulating electrode placement cases were
studied: 1.) from the chest metal ring to waist ring; and 2.) from
the left wrist ring to the waist ring.

The skin was removed from the first analysis under the elec-
trodes to obtain perfect contact and then included as a 300-Q)
per contact series resistance later in the numerical simulation.
The admittance method was used to numerically solve the
resulting distribution of E-fields in the Visible Human Male."**
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Table I. Tissue Conductivities at 10 kHz (from Gabriel et al)).®

TISSUE o [Q)-m] TISSUE o [Q)-m]
Bladder 2.13E-01 Lens 3.35E-01
Blood 7.00E-01 Liver 5.35E-02
Blood Vessel 3.13E-01 Lung Deflated 243E-01
Body Fluid 1.50E+00 Lung Inflated 9.32E-02
Bone Cancellous 8.26E-02 Lymph 5.30E-01
Bone Cortical 2.04E-02 Metal 1.00E+04
Bone Marrow 2.74E-03 Mucous Membrane 2.93E-03
Brain Gray Matter 1.15E-01 Muscle 341E-01
Brain White Matter 6.95E-02 Nail 2.04E-02
Cartilage 1.76E-01 Nerve 4.24E-02
Cerebellum 1.35E-01 Pancreas 5.30E-01
Cerebro Spinal Fluid 2.00E+00 Retina 5.10E-01
Colon 2.40E-01 Skin Dry (body) 2.04E-04
Cornea 443E-01 Small Intestine 5.60E-01
Eye Sclera 5.10E-01 Spleen 1.11E-01
Fat 2.38E-02 Stomach 5.30E-01
Gall Bladder 9.00E-01 Tendon 3.86E-01
Gall Bladder Bile 1.40E+00 Testis 4.30E-01
Gland 5.30E-01 Tooth 2.04E-02
Heart 1.54E-01 Vitreous Humor 1.50E+00
Kidney 1.38E-01

The ADI-FDTD calculated body impedance was consistent
with measured values under condition of wet skin by the
IEC'" decades ago. The peak current injected by a 15-V con-
tact was 18 mA for the chest-to-hip current path (Fig. 5) and
15 mA for the wrist-to-hip current path; both of these values
are well within the order of the current threshold for startle
response.'” Based on these preliminary results, a conclusion of
no electrical hazard during an ISS EVA was not supported by
the model.

Step 2. Using the SENN Method to Estimate Sensory and Motor
Nerve Activation

Since calculated total body impedances derived from the ADI-
FTDT method agrees with the measurements over the last
century documented by the IEC,” the calculated E-fields inside
the subject must now be correlated to the subject’s neuro-
muscular anatomy.'> To predict occurrence of sensory and
motor nerve action potentials secondary to the E-fields from
an electrical shock, the well-established Spatially Extended
Nonlinear Node (SENN)' model of myelinated nerve fiber
activation by extracellular E-fields was used by the NASA
Shock Team investigators.'® To estimate the risk of involuntary
neuromuscular activation, it was necessary to calculate the
E-field strength induced in the body that acts directly on the
nerves (Fig. 5).

The magnitude of the E-field needed to stimulate a periph-
eral nerve when the field is not parallel to the nerve fiber and
applied to the distal ends of the fiber was 6.15 V/m for axons of
~20 wm diameter (Table II).!>* The threshold, or minimal
stimulus, required to stimulate neuronal tissue is inversely pro-
portional to the nerve diameter and was exceeded in most of
the neural tissue in the left arm for the hip-to-wrist shock path
scenario.'>*

Fig.4. The NAMRU anatomical model with the location of the major peripheral
nerves shown in dark gray (color blue online). Electrode geometry and place-
ment (black circle; color red online) is shown for: A. Chest to Hip exposure; and
B. Wrist to Hip exposure. (From 'NASA Extra Vehicular Activity (EVA) Shock Hazard
Research Study — Phase I1.") [Note: Color version of this figure is available online:
https://www.ingentaconnect.com/contentone/asma/amhp/2021/00000092/
00000004/art00004.]

The advantages of this modeling method are illustrated in Fig.
5 where the current densities vary with anatomy. Fig. 5 shows a
transverse slice through the center of the chest electrode in the
chest-to-hip shock configuration. Current density distribution in
the proximity of the chest electrode illustrates current-preferred
current path around high impedance of the inflated lung.

RESULTS

Posture, locomotion, and sensory stimulus response are pri-
marily controlled by the central nervous system. The spinal
cord controls the patterns of spinal neuron action potential
pulses which translate into coordinated motor responses so that
flexor and extensor muscles are always in balance. An external
nonphysiological excitation of a motor neuron by an electrical
shock might cause a nonpurposeful and possibly harmful mus-
cle response. Furthermore, the stimulation of sensory neurons
by external nonphysiological signals could also trigger reflex
movements mediated by the spinal cord and/or brain. In both
situations, stimulation of a peripheral nerve by an electrical
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Fig. 5. Chest-to-hip current density at the transverse slice through center of
the anterior chest electrode. Current density distribution in the proximity of
the chest electrode illustrates current-preferred current path (white arrows;
yellow online) around the high impedance inflated lung. [From ‘NASA Extra
Vehicular Activity (EVA) Shock Hazard Research Study — Phase 11."%] [Note: Color
version of this figure is available online: https://www.ingentaconnect.com/
contentone/asma/amhp/2021/00000092/00000004/art00004.]

shock could result in an astronaut’s injury and/or damage to
equipment.

Different diameter nerves have different physiological func-
tions and therefore the response to exciting these different
nerve types would differ. This is important when predicting the
body response to an EVA shock. Fig. 6 (See color version online
at: https://www.ingentaconnect.com/contentone/asma/amhp/
2021/00000092/00000004/art00004) reveals that a 15-V elec-
trical shock between the wrist and the waist is likely to excite
Type I and Type II peripheral nerve fibers along major nerve
tracts in the extremity through which the current passes. This
would cause a possible startle response and/or involuntary and
simultaneous flex and extensor muscle activation.'® Therefore
a 15-V electrical shock to the left wrist is likely to cause invol-
untary movement of the left upper extremity mediated by
either direct motor nerve stimulation in the median, ulnar, or
radial nerves. In addition, a generalized involuntary motor
response in the entire body could be triggered by direct stimu-
lation of left upper extremity sensory nerves which may trigger
a spinal reflex. In the case of the chest to waist exposure, only
the largest diameter Type I myelinated fibers would be excited
(Fig. 6).

A strong neuromuscular response resulting from direct stim-
ulation of a major nerve trunk is unlikely for a 15-V electrical
shock if the electrode path is from the waist to anterior chest.
However, if one electrode was immediately adjacent to the bra-
chial plexus, a more likely outcome would be an involuntary
startle reaction mediated by spinal reflexes or simultaneous

Table Il. Action Potential Threshold Criteria for Nerve Stimulation When the
E-Field Is Parallel to the Nerve Fiber*

FIBER DIAMETER (.m) THRESHOLD E-FIELD (V/m)

20 6.15
10 123
5 243
25 492

* For largest diameter mammalian nerves, a field threshold of approximately 6.15 (volts/
meter) of at least 2 milliseconds is required for excitation of an action potential.
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Fig. 6. Frontal view of predicted nerve activation for 10-20 wm diameter
peripheral nerves (dark grey; green online) and 5-10 wm diameter peripheral
nerves (light grey; yellow online). These are shown for a left wrist to right hip
exposure (Panels A and B) and left anterior chest to right hip exposure (Panels C
and D). The black circles represent where the electrodes made body contact.
(FromNASA Extra Vehicular Activity (EVA) Shock Hazard Research Study — Phase
I1.”®) [Note: Color version of this figure is available online: https://www.ingenta-
connect.com/contentone/asma/amhp/2021/00000092/00000004/art00004.]

stimulation of flexor and extensor motor nerves with possible
muscle trauma. '

DISCUSSION

The E-fields measured from a 15-V source across the body at
specific contact points in the EMU resulted in nerve activation
with its physiologically harmful sequalae. This demonstrates
that even low voltages can be harmful under certain circum-
stances. If the E-fields in those regions exceed the perception
threshold by a sufficient factor, subjects can experience a reflex
reaction. This is confirmed by the fact that the magnitude of
current induced by the 15-V shocks is well in excess of the
2-mA current magnitudes required to produce a startle
response in humans according to the IEC.” This startle response
is primarily mediated by stimulation of sensory nerves. Thus,
the NASA Shock Team concluded that the risk of involuntary
motor response is predicted to be substantial with a 15-V elec-
tric shock under the assumptions of the model.'®

Further investigation is needed to verify this model. In the
limited exposure scenarios in this study a conservative contact
resistance of 300 () per contact point was used (Fig. 7). If the
skin was soaked with perspiration, the contact resistance could
be closer to subepidermal tissue which was modeled as no con-
tact resistance. (Most cardiac defibrillators are calibrated
assuming a 25-() transthoracic impedance.) These results sug-
gest the EVA shock prime mover resembles a voltage source
and the added 600 () series resistance of intact moist skin
reduced field strength in the body by roughly 50% (Fig. 7). This
study could not confirm, nor rule out, a cardiac shock hazard
with a chest to waist exposure.

To determine the shock hazard severity in any industrial
environment, several sequential tasks need to be performed.
Fig. 8 itemizes the steps needed to determine the shock hazard
severity for an EVA on the ISS using the additional modeling
tools described in this study. To properly verify this model, we
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Fig. 7. Frontal view of E-field magnitude distribution along nerves, heart, and
spinal cord when electrode contacts are left wrist and right waist for conditions
of no skin resistance [0€) panel (A, left)] and saturated wet skin [300€) panel (B,
right)]. Major peripheral nerves, central nerves and heart color coded accord-
ing to the induced electric field magnitude. The contact electrodes (shown as
light gray circles; pink online) are located on the anterior chest and right hip. The
E-field scaling between panels has changed; nonetheless the presence of skin
reduces the E-fields in the body by 50%. (From ‘NASA Extra Vehicular Activity
(EVA) Shock Hazard Research Study — Phase I1."®) [Note: Color version of this fig-
ure is available online: https//www.ingentaconnect.com/contentone/asma/
amhp/2021/00000092/00000004/art00004.]

would need further study involving models and possible animal
and human studies with safe continuous and toggled direct cur-
rent waveforms. Human experiments are needed to confidently
define the skin impedance model for the exposure conditions
expected in the ISS for inputs to the multiresolution admittance
method model. Solving for the E-field magnitudes in the skin
under the metal-skin interface would allow for more accurate
prediction of cutaneous sensory response and withdrawal
reflexes.

Although this shock hazard has been remediated due to
changes in space weather and a better understanding of the
conducting plasma, this modeling method can be used for
other shock exposures. This new electrical hazard analysis tech-
nique shows promise in helping control low voltage electrical
hazards in areas such as aerospace, automotive, gaming, and toy
industries.

Shock Hazard Severity Analysis

patially
)

Determine car Node
Difference to Determine
Ne ion Potential

Distribution

Distributions

Fig. 8. Steps needed to determine the shock hazard severity for an EVA on the
ISS using the additional modeling tools described in this study.
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