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A Method for In-Situ Characterization of
Human-Induced ESD
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Abstract— The probability of electronic products being affected
by electrostatic discharge (ESD) depends on the probability of the
device being subjected to ESD and the voltage level. By
determining this statistical probability, product risk assessment
and the selection of appropriate ESD test levels can be performed
to ensure the targeted field reliability is reached. Obtaining the
necessary statistical information about ESD requires methods that
can detect and quantify its parameters. Traditional ESD detection
methods are predominantly stationary, requiring reference
potential, and lack adaptability for portable devices and
wearables. This paper demonstrates a novel, portable in-situ
detection method based on on-body electric and magnetic field
measurements. The proposed method integrates a wearable ESD
sensor, capable of detecting discharge events, estimating voltage
and current levels, and differentiating between human skin and
human metal discharges. This sensor’s design allows the
characterization of the complex ESD environments of a person,
offering a significant improvement over existing methods.
Additionally, integration with a mobile application enables
detailed analysis of the discharge scenario through user
questionnaires for the first time.

Index Terms— Electrostatic discharge, electrostatic interference, in-
situ measurement, ESD detection, risk assessment, threat
assessment.

I. INTRODUCTION

S electrostatic discharges (ESD) have the potential to

disrupt or even permanently damage electronic devices

and components, it is essential to understand the risk

posed by these events. Therefore, the IEC 61000-4-2

[1] regulatory framework describes a measurement setup which

is used to test the ESD robustness of electronic devices.

Depending on the product category, requirements on minimum

robustness are also defined. An analysis of the FDA database in

[2] revealed that even for ESD-compliant medical devices, ESD

failures occur in the field. In order to ensure high field

reliability, test levels exceeding the minimum requirement can

be selected. To achieve a good balance between the cost of ESD

protection and the reliability of the product, it is essential to
determine the ESD threat for the device.

The majority of traditional ESD detection methods, such as

charge voltage measurement and discharge current
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measurement, rely on stationary systems and reference
potentials, prohibiting their applicability in dynamic
environments. In [3], Wan et. al. analyzed walking voltages for
various combinations of footwear and flooring materials.
Charge voltages resulting from activities such as standing up
from a chair or removing a sweater have been reported in [4]
and the voltage after exiting a car seat in [5] and [6]. The
characterization of specific tasks and materials, facilitates the
understanding of potential risk for a product in a certain
environment. However, as only charge voltages are measured,
information on the occurrence and voltage level distribution of
actual ESDs cannot be derived. Different studies have been
conducted to obtain this information. Simonic in [7] and [8]
used a current transformer to measure the ESD current of
human- and furniture-induced ESD. In [9], Frei used field
probes to capture radiated field of ESD events. Information
obtained from the measurement of radiated fields can be used
to characterize indirect ESD, but it is challenging to correlate
this data with discharge currents or charge voltages.

The ongoing trend towards portable and wearable electronic
devices also brings new challenges for ESD on these products,
as previously described in [10]. A portable detection method is
needed to characterize this complex and dynamic ESD
environment. Portability allows to characterize the ESD threat
across a mixture of environments and daily activities of people.
Environments of people vary in flooring material, shoe
material, material of frequently used tools or furniture, but also
in ambient temperature and humidity. Activities such as
frequent standing up from a chair, cloth removal or exiting a car
can significantly influence the probability for high ESD voltage
levels. Using a wearable detector, increases the usability for the
participants, as ESD events are automatically monitored
without requiring actions of a participant. In this paper, the
authors’ concept of a wearable ESD sensor, with the concept
initially presented in [11], is subject to a comprehensive
analysis. A comprehensive analysis of the on-body electric and
magnetic fields is performed across different scenarios enabling
judgement on the accuracy of on-body field measurement for
ESD detection. Methods for utilizing this data to estimate ESD
charge voltage and discharge current are presented, along with
a novel wearable sensor device that integrates all these
functionalities for the first time. The device allows for the
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detection of ESD events induced by an individual, estimation
of voltage and current levels, and determination of whether the
discharge was a human skin discharge or with a metal object.
This method may be the most suitable for overcoming
limitations to specific environments present in other methods.
Potentially the device will be used in participant studies to
collect statistical information on ESD for participants
performing their daily activities.

II. HUMAN-INDUCED ESD OCCURRENCE AND SEVERITY
DETECTION METHODS

Several methods have been established to collect information
on the occurrence and severity of ESD events. Each method has
its own strengths and weaknesses. This section presents the
most appropriate methods for collecting statistical information
about human induced ESD.

A. Direct Voltage Measurement

Since the most commonly used parameter to rate ESD or
define test levels is charge voltage, the most direct approach is
direct voltage measurement. Direct measurement provides high
accuracy and reduces uncertainties due to conversion, for
example from discharge current to voltage level. In order to
measure the voltage between a person and ground, this method
requires ground as a reference potential and therefore prohibits
its application in portable detection systems. Many studies have
been conducted on charging levels in certain scenarios or
material combinations using direct voltage measurement. In [5],
[6] for persons after exiting a car, in [3], [12], [13] after walking
on different floors, in [4], [14] after standing up from a chair or
removing a sweater.

Commercial contact and non-contact voltmeters are available
for the measurements. For example the ESDEMC ES105
contact voltmeter or Trek 347 non-contact voltmeter.

It should be mentioned that measurement of charge voltage
is only possible prior to the discharge event itself, since during
the ESD the voltage is reduced by voltage-dividing effects
between the source, spark and target impedance. This means
that the method is best suited for measuring body voltage before
certain objects are touched, assuming that an ESD event would
have occurred if the object had been touched.

B. Discharge Current Measurement

As discharge current is known to be a crucial parameter for
upsetting or damaging electronics, the measurement of
discharge current can provide deep insight into the severity of
an ESD. This method can be used in specific objects/products
for example by installing a current transformer or broadband
shunt resistor. Measurement of discharge current also makes it
possible to determine the occurrence of a discharge event. The
measurement itself has demanding requirements on the
bandwidth of the equipment, thus ESD currents can reach
frequencies beyond 1 GHz, especially for human-metal
discharges and low-voltage air discharges [15].

The method has been used by Simonic in [7] and [8].
Commercial current clamps such as the Fischer F-65, a current
target as in [1] and [16], or a 1Q disk resistor as in [17] can be
used in combination with fast acquisition instruments.

C. On-Body Electric-Field Measurement

People carrying static charges exhibit an electric field on their
bodies. This electric field depends on the potential, the
geometry at the location on the body, and the distance/geometry
of the surrounding environment. This means that if certain
assumptions are made about the environment in the vicinity of
the field measurement location, the charge voltage of a person
can be estimated, such a method has been presented in [10],
[18]. Further this method allows the detection of discharge
events by detecting a rapid collapse of the electric field on the
body, as demonstrated in [11]. Information on the accuracy of
this method is not available as a comprehensive analysis has not
been published yet. This paper will show that the accuracy
suffers from the assumptions about the sensor environment
needed to relate field strength to charge voltage, but can be
improved by measuring field strength at multiple locations on
the body. A major benefit of this method is that no reference
potential is needed, so that it can also be used in portable
systems.

Currently the only commercial product available is the StatIQ
Band from Ionatech, which aims to improve ESD mitigation in
manufacturing processes by measurement of the electric field at
the upper arm.

D. Radiated Field Measurement

Not only can ESD disrupt or damage devices when applied
directly, but the radiated fields caused by the rapid change in
current and potential can reach field strengths of several kV/m
[15], [19]. The radiated fields can be monitored using antennas.
While this method does not allow the observation of direct ESD
on a product, it can be used as a supporting method to
characterize the overall electromagnetic environment. For
example, a measurement system could be placed in various
locations similar to the location of the product in the
application, as in [9], [20]. Measurement of radiated fields is
also a common method to detect ESD in manufacturing
environments. Multiple antennas can be used to localize the
event based on multilateration, as in [21] and [22], or based on
cross-correlation with simulation data, as in [23].

E. Comparison

A comparison of the different detection methods is presented in
Table I. Direct voltage measurement is the most used method
to determine charge voltage levels, but has major limitations, as
it cannot detect actual ESD events and therefore their
occurrence rate. Further a reference potential is required
prohibiting portable operation. Measurement of the discharge
current has the advantage, that the actual ESD event happened
and is detected. Therefore the occurrence rate can be
determined, also portability is possible but has not been
implemented in a device or study according to the knowledge
of the authors of this paper. Measurement of the on-body
electric field for ESD event detection, has many advantages for
measuring occurrence, charge and ESD voltage and further can
be used portable without reference potential. The In-Situ
detection system presented in this paper combines discharge
current measurement and on-body electric field measurement,
by the usage of electromagnetic field sensors.
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TABLE I
Comparison of ESD Detection Methods

Discharge current
On-Body electric
field measurement

Direct voltage
measurement
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ESD current
ESD voltage
Charge voltage
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III. IN-S1TU ESD MEASUREMENT SYSTEM

A. System Architecture

The ESD event detection principle based on the on-body
electric field, as presented in [11], has been enhanced and
integrated into a novel fully portable measurement device, as
illustrated in Fig. 1(a). The device is capable of detecting ESD
by measuring changes in a person’s electric field and recording
the amplitude of the field strength. Additionally, a magnetic
field sensor has been incorporated to capture information
related to the discharge current when located near the main
discharge current path. The device employs a humidity and
temperature (H&T) sensor to measure the humidity of the
environment. The sensor is necessary because ESD occurrence
is dependent on humidity. The data collected by the device is
transferred to a smartphone via Bluetooth Low Energy (BLE).
As the device is intended to be used for collecting statistical
data on ESD with a large number of study participants, usability
and comfort were also of concern in the design. Therefore, the
device has the form factor of a large smartwatch and a battery
life of more than one day, so that it will be recharged overnight.
This novel device combines on-body electric field measurement
for human induced ESD event detection, voltage level
estimation and current estimation. Herby closing the gap
between individual detection methods presented in the previous
section.

The block diagram in Fig. 2 illustrates the various features of
the sensor device. The device is charged via a micro USB port,
with the battery management unit (BMU) responsible for
charging the battery and supplying the microcontroller unit
(MCU) and power management integrated circuit (PM-IC). The
PM-IC provides +5 V and -4 V for the analog peak detect and
hold (PDH) circuit. The device employs a push button as the
user interface for power on/off and BLE visibility (advertising)
control. Optical and acoustic feedback is provided by an
onboard buzzer and LED, which signalize power status
changes. The electric field sensor is connected to a high
impedance buffer amplifier, which is followed by the internal
analog to digital converter (ADC) of the MCU. As the magnetic

field sensor delivers pulsed signals with a narrow pulse width
in the range of 3 ns, an analog peak-hold circuit is employed to
hold the peak value for a duration of multiple hundred
microseconds [24]. The almost constant output signal can then
be sampled using the slow ADC of the MCU, which operates at
160 kSa/s. As the PDH circuit requires up to 35 mA from the
battery, continuous operation would result in a battery life of
less than one day when using a small 450 mAh lithium polymer
(LiPo) cell. To address this, the PDH circuit is deactivated when
there is no motion and reactivated as soon as any motion is
detected. This approach assumes that an ESD event on the hand
can only be caused by moving towards an object. For instance,
approaching an object with the hand. This configuration enables
the reduction of power consumption, thereby extending the
battery life to at least one day.
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Fig. 1. In-Situ ESD measurement system (a) Structure of the
sensor highlighting key components (b) PCB layout of the
magnetic field sensor (c) Rendering of the 2-layer electric
field sensor PCB.
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Fig. 2. Simplified block diagram of the in-situ ESD detector.
H&T: humidity and temperature sensor, PDH: peak detect
and hold, PM-IC: power management IC, BMU: battery
management unit.

B. Electric Field Measurement

The sensor depicted in Fig. 1 (c) is an electric field sensor
known as a D-dot sensor. A two-layer printed circuit board
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(PCB) is used, where one layer serves as an electrode and the
other layer is ground. In the presence of an electric field, it
generates an output current that is proportional to dD/dt. To
obtain the field strength, the signal must be integrated, which
can be achieved through either digital or analog signal
processing. The transfer characteristic of this type of sensor can
be altered by the loading condition. Beyond a certain corner
frequency the derivative behavior is compensated by a low-pass
network formed by the intrinsic capacitance of the sensor and
the load impedance. This technique is commonly known as
“self-integration” and described in more detail in [25]. The
corner frequency also determines the decay time of the step
response. Fig. 3 shows the schematic of the interface for the
electric field sensor. By biasing the sensor electrode with
VDD/2, positive and negative changes can be measured using
the ADC of the MCU. The load capacitance Cg determines the
sensitivity of the sensor, while the load impedance sets the time
constant, which is given by T = Rz /2 - Cs. The final sensor,
constructed using the values presented in Fig. 3, exhibits a
lower corner frequency of approximately 12 Hz. This frequency
is sufficiently low to enable readout using a slow ADC.

In order to get accurate sensor responses, a skin-contact PCB
is installed on the bottom side of the sensor device. This PCB
ensures that the system ground is on the same potential as the
body of the person. An ohmic connection might be the best
option, although a defined capacitive coupling for example with
a coated PCB also enables accurate functionality.

VDD
Vin Ry R
o = R
Co== Ry v
ouT

Fig. 3. Schematic of E-field sensor interface. Voltage
follower circuit with component values: Cs = 2.68 nF, Ry =
10 MQ and Ry = 10 kQ.

C. Magnetic Field Measurement

Fig. 1 (b) depicts the magnetic field sensor which is
integrated into the device. The sensor is based on a two-turn
loop structure and has ground shielding layers to reduce
unintentional electric field coupling. The use of two turns in
combination with a large loop area of 47 mm? results in a
reasonable sensitivity. This also simplifies the application of the
self-integration principle to the B-dot sensor. With a load
resistance of 50 Q which is the input impedance of the peak
detector, a corner frequency of 80 MHz is reached while
maintaining good sensitivity. Due to the narrow width of the
initial peak of ESD currents, which can be shorter than 3 ns, the
field sensor produces a response with a similar short pulse
width. To capture the peak value of this fast response, an ADC
with a sampling rate of at least 500 MSa/s and signal processing
hardware capable of processing the data stream at high speeds
would be required. However, such high speeds typically result

in high power consumption, making them unsuitable for small
battery-powered devices. To determine the peak value of the
sensor response without significantly reducing battery life, we
use an analog peak detect and hold (PDH) circuit, which has
been presented in [24]. A high-level schematic is shown in Fig.
4, where a high-speed operational transconductance amplifier
(OTA) is used in conjunction with a rectifying common base
npn-transistor to charge a capacitor. This capacitor is capable
of holding the peak value of the input signal for multiple
hundred microseconds. The OTA is constructed from fast
discrete bipolar transistors and the fast buffer using a n-channel
JFET. The circuit is capable of detecting these pulses with a
dynamic range of 37 dB. While the polarity of the magnetic
field sensor response is determined by the direction of the
discharge current, the PDH circuit is only able to detect positive
pulses. If the probability for positive and negative ESD events
is equal, information on the discharge current would only be
available for 50 % of the discharges.

Vi
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b 7l‘CH J_ L D_ Vour
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Fig. 4. High-level schematic of PDH circuit from [24], with
the OTA and buffer built from discrete components.

IV. ESD DETECTION VIA ON-BODY ELECTRIC FIELD

A. ESD Event Detection

The on-body electric field is proportional to and varies with
the changing potential of the body. There are multiple reasons
for these changes in the potential:

e Triboelectric charging

e Slow discharge via resistive path to GND

e  (Charge compensation from ions in the air

e Movement that changes the surroundings, like
walking through a door path (capacitance variation)

e Actual ESD

Fig. 5 (a) illustrates the on-body electric field to the
surroundings and Fig. 5 (b) depicts the qualitative nature of the
on-body electric field before and after an ESD to ground. The
inherent speed of the discharge event can be utilized to identify
the occurrence of an ESD as demonstrated in Fig. 5 (c).

On the MCU, this detection method is implemented by
continuously calculating the difference between two samples,
which is proportional to the derivative of the sensor signal since
the sampling interval is constant. If this difference exceeds the
set threshold value, it is considered as ESD event, and the
amplitude of the electric field sensor and magnetic field sensor
responses are extracted as parameters of the ESD.
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Fig. 5. (a) Person with on-body electric field lines (b)
Principle of on-body electric field before and after an ESD
(c) Method to identify ESD event in electric field.

B. Field Strength Dependencies and Voltage Level Estimation

The field strength on the body depends on several parameters,
including:

e Body voltage

e Location on body

e  Vicinity to conductive objects in the surrounding

e Posture of the person

Therefore, in order to relate field strength to body voltage,
assumptions must be made for the other parameters. The
location of the field measurement is typically known and fixed.
However, the person’s posture and proximity to conductive
objects vary over time. To analyze the effect of the person’s
posture and proximity to conductive objects, an electrostatic
simulation was performed using CST Microwave Studio [26].
Fig. 6 (a) shows the postures of the person used to simulate the
electric field at the wrist and shoulder locations. The
corresponding simulation result is shown in Fig. 6 (b), where
the field strength is normalized to posture2, which is
considered to be the most common discharge gesture when
reaching for an object. At the wrist location, the variation across
postures is in the range of +10 %. In contrast, at the shoulder
location, a worst-case error of -30 % is observed in posture 4.
Fig. 6 (c) shows the normalized field strength versus distance
to a perfectly electric conducting (PEC) wall on the side of the
electric field measurement. For distances greater than 0.5 m, the
change is relatively uncritical. However, towards 0.1 m, the
error can exceed several times 100 %.

For a known location on the body and a distance greater than
0.5 m from conductive objects, the charge voltage level can be
estimated using the following equation:

Vcharge =E-CFg (1)

In this equation V4, g, represents the charge voltage of the
person, E is the electric field strength at the body location, and
CFy is the calibration factor which relates field strength to
charge voltage in the described scenario. It is crucial to
recognize that this calibration factor is only precise within the
context for which it was derived. In particular, if the distance to
metallic objects is less than 0.5 m, the elevated field strength

would result in a significant overestimation of charge voltage.
To mitigate the likelihood of overestimation due to proximity
to conductive objects, the electric field can be measured at
different locations on the body. The estimated charge voltage is
then calculated by combining the two electric field
measurements using a minimum function. It is assumed that the
lower value of the voltage level estimation is farther away from
any metal, thus approximating the calibration scenario more
closely.
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Fig. 6. (a) Postures used for simulation of on-body
electrostatic field strength. (b) Simulation result of electric
field at wrist and shoulder (upper arm) location (c) Simulated
increase in electric field when approaching PEC wall on
sensor side for wrist and shoulder location in posture 1.

C. Consecutive Discharges

As discussed in [27], air-discharge ESD events typically
consist of multiple successive discharges. The time intervals
between these pulses can be as short as 10 pus or as long as
multiple hundred milliseconds. One potential explanation for
this phenomenon is that the arc quenches when its current is
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insufficient to sustain air ionization. As the finger approaches
the electrode, the energy required to initiate a spark decreases,
allowing the spark to be reignited. This procedure can repeat
until the individual is fully discharged.

Such consecutive discharges are also evident in the electric field
on the body of a person that is subject to an ESD. Fig. 7 shows
the sensor response of an electric field sensor to an ESD at
different charge voltages. The waveforms exhibit multiple
steps, while the delay and amplitude of the consecutive event
increase with voltage level. While each of these consecutive
discharges is detected individually by the measurement device,
they are treated as a single event consisting of multiple pulses.
The summation of the individual pulses of an event then gives
the charge voltage of the person, as the person is discharged in
multiple steps. The events are considered a consecutive if they
take place within 50 ms, as within this time recharging and a
second contact is unlikely.

D. Calibration of Electric Field System Factor

Equation (1) relates the on-body electric field to body charge
voltage. By means of calibration, the calibration factor CFy can
be replaced by a system factor. For calibration purposes, we
have selected normal standing and reaching for an object
(pose 2 in Fig. 6 (a)) without any nearby metallic objects as the
scenario. In order to calibrate the system, a person wearing the
sensor is charged to known voltage levels (ranging from 1.5 kV
to 12 kV) and causes an ESD by touching a small grounded
metallic plate. During the procedure, the sensor response is
recorded, and the system factor is calculated as the charge
voltage divided by the sensor response. This is given by the
following equation:

V,
SFp == )
sensor

With SF; as system factor, with Venarge representing the
charge voltage of the person, and V,,,,,, representing the peak
value of the electric field sensor. For consecutive discharge
events, Vipnsor is the sum of the individual consecutive
amplitudes. The resulting sensor responses for different charge
voltage levels are shown in Fig. 7. From this procedure the
system factor is determined to a value of 25 kV/V for the wrist
sensor and 26 kV/V for the shoulder sensor. Further, a value of
120 V is added to compensate for systematic offset in the
system. The charge voltage and measurement of the sensor
response during the calibration is very accurate. The main
uncertainty comes from the variation in the electric field caused
by the dependency on the posture as shown in Fig. 6 (b). To
minimize this uncertainty during calibration, multiple
discharges per voltage level are recorded and the results are

averaged.

V. ESTIMATIONS OF DISCHARGE CURRENT

A. Magnetic Field Around Wrist

In an ESD event being triggered by contact with an object
with the hand, the majority of the discharge current flows
through the hand and wrist. The initial peak of an ESD current
does not pass the wrist region, since the current comes from
displacement currents of the local capacitance of the hand. This

flow of current results in the generation of a magnetic field
around the wrist, which is proportional to the discharge current.
The magnetic field can be approximated for a round wrist as
follows:

H= lgsp wrist 3)
2w r

Where H is the circular magnetic field around the wrist,
igsp wrist 18 the discharge current passing the wrist and 7 is the
distance from the center of the wrist to the location of the field
measurement. When the magnetic field is measured right above
the skin at the wrist, (3) shows that the measured field strength
is expected to vary for wrists with different diameters. The
average wrist circumference for males and females has been
analyzed in [28] and is 17.42 cm £ 0.83 cm for males and
15.12 cm £+ 0.69 cm for females. A range of 16.34 cm + 1.91
cm includes more than one standard deviation between males
and females. With the assumption of a round wrist, this range
would result in variations of approximately +11.5%. By
accepting this variation, the same calibration factor can be used
to estimate the ESD current of different persons. The estimated

discharge current is calculated using the following equation:
igspwrist = H* CFy “)
With iggp wrist @s the discharge current to be estimated, H as
magnetic field at the measurement location, and CF, as a
calibration factor which relates the magnetic field to the
discharge current. As the initial peak of the current does not
pass the wrist location, iggpyrise Would not be the full

discharge current.
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Fig. 7. Measured waveforms of electric field sensor at wrist
location during calibration measurements. Person charged
from 2 kV to 8 kV.

B. Calibration for Discharge Current System Factor

The use of a B-dot sensor with self-integration allows for a
flat frequency response, above 80 MHz. This enables the use of
a constant system factor for the conversion from sensor voltage
to discharge current, provided that the majority of the frequency
spectrum exceeds this corner frequency. By means of
calibration measurements, a system factor which relates peak
sensor voltage to peak ESD current can be determined. Such a
factor compensates for the blind current of the hand, which does
not pass through the wrist. The system factor can thus replace
the calibration factor from (4) and is given by:
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SFy =5 )

With SFy; as system factor of the magnetic field sensor, I5gp
as peak ESD current, and V,; as peak sensor response voltage.
This system factor is determined by measuring the response of
the magnetic field sensor while a person wearing the sensor on
the wrist is charged to a high voltage and then touches an ESD
current target. This is done directly with the finger or with a
small piece of metal. An optical link with a bandwidth of 3 GHz
from the field sensor to the oscilloscope allows for the analysis
of the sensor response while the individual remains insulated
from the ground. Fig. 8 illustrates the captured peak values from
the magnetic field sensor versus the peak discharge current. The
measurement results were generated using charge voltages
ranging from 2 kV to 8 kV, with and without a piece of metal
in the hand. The fit of a line to the data illustrates how well a
system factor SFy; of 4.9 A/V can be used for the conversion.
Deviations from the linear fit can be attributed to the finite
lower corner frequency of the sensor and variation of the blind
current before the wrist. The combination of the different
charge voltages and metal object results in various different
amplitudes for the discharge current. The nature of the air
discharges leads to strong variations in rise times due to the
spark.

C. Human Skin or Human Metal Discharge?

A human metal discharge, which is often referred to as a
human metal model (HMM), is considerably more severe than
a human skin discharge, which is modeled using the human
body model (HBM). At a given voltage level, a HMM results
in a significantly higher current than HBM. Since the voltage
level can be estimated from the electric field, the estimation of
the discharge current can be used to determine the type of
discharge.
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Fig. 8. Measured peak sensor response of the magnetic field
sensor on the wrist of a person while discharging to an ESD
current target. Charge voltages from 2 kV to 8 kV with
human skin and human metal discharges.

To validate this hypothesis, measurements were performed
for HMM and HBM discharges. Fig. 9 depicts the estimated
peak discharge currents which were calculated by multiplying
the magnetic field sensor response by the conversion factor SFy

for HMM and HBM discharges at different charge voltages.
The results demonstrate that HBM discharges lead to rather
small currents below 5 A, while almost all HMM discharges
yield responses exceeding this value.

From the standard [29] the peak discharge current for HBM
is 0.66 A/kV compared to 3.75 A/kV for HMM [l1].
Nevertheless in the real application the discharges are air
discharges with a spark resistance depending on environmental
conditions, field strength and approach speed leading to
deviating peak currents. Also the size of the metal piece for a
HMM discharge influences the peak current as explained in
[30]. In [31], 0.8 A/kV to 0.5 A/kV were reported for HBM
discharges showing a decreasing trend for increasing voltage
levels as the spark length increases. Because of this large range
of peak discharge currents at HBM and HMM there is no
ultimate unique solution to categorize ESD events as HBM or
HMM. Rating events having currents higher than the 0.66 A/kV
from the HBM standard as HMM would overestimate the
majority of discharges in a similar way as considering events
lower than 3.75 A/kV as HBM would underestimate.

For this application, the threshold used to distinguish HBM
from HMM in the measurements was empirically determined
from the measurements in Fig. 9. The threshold value is
calculated for the different voltage levels as the mean between
the maximum current for a HBM and minimum current of a
HMM. This threshold value is visualized as red vertical line in
the plot. To determine the ratio of occurrence between HMM
and HBM, both must lead to a measurable sensor response
across the measurement range. If no current was measured for
an ESD event, it can be assumed that it did not originate from
the hand equipped with the sensor. In the measurements, the
minimum of the estimated discharge current in the
measurement was 0.2 A and the system is capable of detecting
even smaller currents, down to 0.1 A. The results demonstrated
that the sensor’s sensitivity makes it possible to distinguish
HMM from HBM.
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Fig. 9. Estimated discharge current from H-field sensor for
HBM and HMM discharges. For HMM discharges an air
discharge tip has been used.
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VI. SENSOR APPLICATIONS

The in-situ ESD measurement system enables the collection
of data on the occurrence rate and severity of human-induced
ESD. It provides information such as the event rate (number of
ESDs per hour), voltage and current level, and type of
discharge, when a discharge occurred at the arm equipped with
the sensor. One significant advantage of the system is its
portability, which allows for monitoring ESDs during various
activities and locations. The method described, overcomes the
limitation of monitoring only a single room or product,
allowing for a more comprehensive understanding of human-
induced ESD. The concept for such a study is shown in Fig. 10,
where participants would wear two sensor devices on opposite
arms and the collected data would be transferred to the user’s
smartphone.

As data is transferred to a custom phone application, such a
study can be supported by prompting users to answer a
questionnaire when a discharge was detected. This
questionnaire might address the following questions:

e  What were you doing just before the ESD?

e  What object did you touch during the ESD?

e Take a picture of the discharge scenario
If this additional information is collected from study
participants, it is possible to identify possible charging
mechanisms. Furthermore, the information about the object
touched and the ESD occurrence can be related to certain
devices or products.

Fig. 10. ESD sensor arrangement on body including
accessories. Data transfer using BLE to custom application
running on smartphone.

VII. DISCUSSION

The relationship between electric field strength on the body
and charge voltages is subject to variation in different
electrostatic environments. Local field strength may be
increased by a nearby metallic object or, conversely, slightly
decreased by a posture that shields the sensor with another body
part. Both scenarios have the potential to result in estimation
errors. The use of two sensor measurement locations effectively
mitigates this variation in most cases, although it cannot be
entirely eliminated. In a statistical approach, the risk of outliers
can be accepted. For a quantitative analysis of individual events
further information provided by the user can be used to ensure
that the electric field was not artificially enhanced by nearby
objects. Taking a picture of the discharge scenario in the mobile
application would be such an option.

For the sensor located on the wrist, the magnetic field sensor

response correlates well with the discharge current. Although
some variation is present, the sensor can give reasonable
estimates for the discharge current. Especially the blind current
from the hand, which does not pass the wrist, contributes to this
variation. For statistical analysis, this variation in current
estimation may not have a significant influence as errors that
are symmetrically distributed will average out.

VIII. CONCLUSION

The collection of statistical data on ESD requires the use of
advanced detection methodologies. In particular, the increasing
prevalence of portable devices and wearables necessitates the
ability to detect ESD events in a portable manner, as also
devices are not operated in a single environment anymore. The
in-situ detection method presented here addresses critical gaps
in existing methodologies for characterizing complex ESD
environments with respect to event occurrence, charge voltage
level estimation, discharge current estimation, and the
determination of the discharge type. Electromagnetic
simulations of the on-body electric field in different scenarios
and postures of a person showed, that the wrist location is less
sensitive to changes in posture. Simulations showed strong
increase in the field strength for conductive objects in close
vicinity, leading to errors in voltage level estimation. These
results show the necessity to use multiple sensor locations to
avoid overestimation based on local field enhancement by
nearby objects. For the first time, the magnetic field around the
wrist is shown to be able to be used for estimating the ESD
current through this hand. Further the combination with the
implemented voltage level estimation, allows to determine the
type of the discharge event. The in-situ sensor device, along
with its underlying methods, has the potential to be utilized in
large-scale participant studies to effectively characterize ESD
environments of interest. Data transfer to a custom mobile
application allows for the addition of study participants as a
source of information, thereby facilitating the collection of
background information on the discharge event. The collection
of such background information right after the occurrence of an
ESD allows for the correlation of captured events to specific
activities, environments, or objects. This provides information
that would otherwise be immeasurable through conventional
measurement techniques. The in-situ detector with its ability to
monitor the ESD activity of a person across various
environments has the potential to provide a comprehensive
understanding of real-world ESD occurrence. Statistical results
obtained with the in-situ detector together with a
comprehensive comparison to other ESD statistics are
presented in [32].
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