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ABSTRACT

Prosthetics are used to substitute for the missing limb sections to aid the amputee's
mobility and quality of life. The shift towards electromyography (EMG) -controlled
hand prosthetics from mechanical ones is to offer multiple movements or gestures.
This transition in environments with electrically-powered devices results in the
challenge of noise interference. Capacitively-coupled electromagnetic interference

(CC-EM]) is the predominant noise source and it is found almost everywhere.

An example scenario is an upper limb amputee person grasping a household lamp’s
cable with their non-amputated hand. EMI is expected to galvanically circulate
through the body from the dipole source. Therefore, the suitable selection of the
instrumentation amplifier’s common mode rejection ratio (CMRR) is important.
Limited literature shows it is possible to determine the EMI in the body using MRI
scans-based FEM modelling, however, it is costly and time-consuming to process.
Human body electric circuit models are used for high electrocution scenarios but
are not applicable for the scenario. This research addresses the problem by
modelling the hand-to-hand (H2H) region of the human body as an electric circuit,

to determine the CC-EMI magnitude at the site of an EMG sensor.

The model developed has three sub-models: The capacitive-coupling (CC) circuit
model, the human body circuit model, and the EMI measurement circuit model. The
circuit model for the CC between the power cable and the grasping hand was
developed using COMSOL simulations. The measurement system circuit model is
considered to be a pair of voltage followers with hydrogel electrode inputs. The
human body model is the main model and the development was based on modifying

the Freiberger human body model. The Freiberger model was modified into a ladder
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network where the upper limb circuit path was split into two transverse paths using
parallel resistor theory. Along with genetic algorithm optimization, impedances for
the multiple loops were obtained between the two hands in order to mimic galvanic

circulation and its paths.

The model was applied for the scenario using 18 healthy, un-amputated participants
grasping an insulated, flat, two-core power cable for a lamp in a controlled
environment. The experiment evaluated four cases which covered the combinations
of using each hand to grasp the cable and two rotational orientations of the cable in
the grasp. The average error across all participants for modelling the four cases was
27.4 %. The lowest average error achieved for a single participant was 9.6 %. The
error magnitudes were considered acceptable because it was achieved using more

accessible equipment than using MRI scans-based FEM modelling.

Validation was conducted with a lightly modified scenario and confirms that
alternate scenarios can be simulated for the same participant by modifications to
the sensor position and/or the CC sub-model. Thus the CMRR can be determined

from the EMI evaluations of multiple scenarios.
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Chapter 1

INTRODUCTION

Surface Electromyography (EMG) is a common, non-invasive medical procedure
used to record muscle signals for prosthetic devices. The sensor used in this
procedure can easily amplify millivolt signals but have the disadvantage of being
corrupted by a variety of external electrical signals [1]. Electromagnetic
Interference (EMI) at power-line frequency is known to be particularly
troublesome. In literature, there are several techniques used to deal with EMI, such
as Common Mode Rejection (CMR) [2], active and passive shielding [3]-[5],
analogue filters [6] [7], and Digital Signal Processing (DSP) techniques [8]-[16].

Most EMG sensors use Instrumentation Amplifiers (IA) to provide CMR of EML
They are recommended to have a Common Mode Rejection Ratio (CMRR) greater
than 80 dB and result in a noise floor of 2 uVrwms in the 20 Hz and 500 Hz frequency
band [17]. However, one can only confidently specify a CMRR if the actual
magnitude of the EMI is known. To determine this EMI at the input positions of the
EMG sensors, empirical data and/or model projection of the current induced by

EMI flowing through the body, from the source to the sensor inputs, is required.

Finite Element Modelling (FEM) methods can provide this information, but at the
cost of accessibility and time, which is unfeasible for evaluating multiple people

and/or scenarios [18] [19]. More accessible methods that can model EMI
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magnitudes as it propagates through the body and the resulting interference at the

site of EMG measurement are unknown.

1.1. Context to Research Carried Out

A missing limb or a loss of a limb can occur congenitally or from the amputation
of a severely diseased, injured or dysfunctional limb [20], [21]. This limb loss can
affect the amputee's mobility, psychological well-being, quality of life,
socialization, and employability [20]. Prosthetics are used to substitute for the
missing limb section. Most mechanical prosthetics have one degree of freedom
which results in limited movement capabilities. Over the past decade, there has been
a shift towards EMG-controlled hand prosthetics from mechanical ones. This shift
is because EMG-controlled prosthetic hand offer multiple movements or gesture

control through the use of multiple EMG inputs and modern control systems.

1.2. Electromyography

EMG, defined by De Luca [17], “is the discipline that deals with the detection,
analysis and use of the electrical signals that emanate from contracting muscles”.
However, this term refers to the act of achieving a graphical representation of the
signal, which was more prevalent before the computer age. With the ability to store
data digitally, the more appropriate term to define electrical signals emanating from

muscles is ‘myoelectric’ signals, though the term EMG is still commonly used [22].

The current flow generated by the ionic chemical flow across the muscle fibres’
membranes is the source of EMG signals. The chemical changes result in the
contractions of muscle fibres and depends on the degree of stimulation. Muscle
fibres are grouped into Motor Units (MU) and share a common motor neuron. The
pulse voltages produced by the MUs are called Motor Unit Action Potentials
(MUAP). These are the most basic signal component into which an EMG signal

can be separated into.
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The frequency of EMG signals ranges between 2 Hz and 500 Hz [23] and the
dominant frequencies are between 20 Hz and 150 Hz, depending on the MU’s
density, the stimulation intensity and/or the stimulation duration [1], [24]. Smaller
muscle like the Flexor Carpi Radialis (the muscle that controls the wrist) mainly
emits signals at lower frequencies at 55 Hz — 95 Hz due to smaller set of MU. Larger
muscle like the Biceps Femoris mainly emits higher frequencies at 155 Hz— 195 Hz
because of a larger set of MU [25]. The myoelectric voltages are known to range
between 10 uV and 10 mV, however, it is expected that maximum myoelectric
voltage for amputated muscles to not peak above 1 mV because a portion of the
MU has been lost or shortened [24], [26]. Additionally, intensive muscle
stimulation over long durations results in a reduction in the muscle’s characteristic
frequencies and amplitude because the muscle fibres become fatigued. This is

called muscle fatigue [1].

The overlap in the characteristic muscle frequency and the frequency of various
electrical noise sources in the EMG measurement of amputated and/fatigued

muscles may lead to the poor performance of an EMG-controlled prosthetic.

1.3. Noise in EMG Sensors

Due to the small amplitude nature of EMG signals and a characteristic frequency
range of a few hundred Hz, the EMG sensors are required to be sensitive to changes

in signal voltages across the required frequency range.

The use of EMG-controlled prosthetics in environments populated by electrically
powered devices such as domestic homes and offices results in the challenge of
noise interference. Several noise sources are present in the EMG characteristic
frequency range of 10 Hz to 1 000 Hz, which deform or drown the EMG signal

measurements. These noise sources are:

e FElectrode Noise,
e Movement Artefact Noise,

e Electromagnetic Interference (EMI) Noise,
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e (Cross-Talk Noise, and

e Internal Noise.

Clancy et. al. [27], extensively reviews the above-mentioned noises. EMI is the
most common source of noise in EMG measurements, and it is found almost

everywhere.

1.4. Electromagnetic Interference (EMI) noise

Electrified spaces, such as homes and offices, contain wired electrical equipment.
Current flowing through cables generates electromagnetic waves which are
regarded as EMI. Continuous EMI noise sources in the EMG frequency bandwidth
below 1kHz are from the powerlines (at 50/60 Hz), power supplies and their
associated harmonics. Impulse EMI noise sources can be from switching of heavy
load appliances, electrostatic discharges and lightning. The human body is largely
a conductive composite, and the EMI noise can either be capacitively or inductively
coupled to the human body [27]. Inductively coupled EMI is taken care of by using
shielding techniques but increases the exposure to Capacitively-Coupled (CC) EMI

[31-15].

1.4.1.  Capacitively-Coupled Electromagnetic Interference (CC-
EMI)

CC involves charge movement from higher electrostatic potential surfaces to lower
potential surfaces. Figure 1 A show a diagram of an individual, attached to EMG
sensor probes, standing between an overhead powerline and a ground plane. The
gaps between the two different levels of potentials are parasitic capacitances and
result in stray charge flows from the powered cables to objects as shown in Figure
1 B [27] [28]. These potentials make the external environment influence the

outcome of the EMG measurement.
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Figure 1 — Electrostatic Coupling between the Overhead Cables and EMG system. A) Describes the inherent
electric field coupling between the EMG electrode wires and overhead power cables. B) Describes the

parasitic capacitances that exist between the subject, electrode wires and power cables.

In Figure 1 B the individual is in a uniform electric field. In environments that may
be experienced by an amputee equipped with an EMG-controlled prosthetic, the
EMI is influenced by powered appliances and equipment (like electric stoves and
fridges), active electrical components (like power cords, extensions and wall
switches), and non-grounded metallic surfaces (like metal frame tables) [31]. This
results in a non-uniform electric field unlike in the uniform electric fields shown in

Figure 1 A and B.

The location of the largest concentration of stray electric fields is expected to radiate
close to the source. As seen in Figure 2, where the subject’s hand is in proximity to
the appliance chassis or electrical component surface, the hand will provide a better
conduction medium, than air. A return path for the high potential electric field from
the live wire back to the neutral wire is established. Instead of parasitic capacitance
occurring across the air as shown in Figure 1 B, the capacitance is across the cable
insulation as shown in Figure 3. The contacts made by the hand results in a dipole
interaction and a potential difference develops between the areas of the hand that
are nearest to the live and neutral wires which would attribute to the EMI induced

current circulating through the body.
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Figure 2 — Electrostatic Coupling between Powered Cables and the subject describing the inherent electric
field coupling between the subject and power cables. Electric field direction indicates the positive half cycle.

The negative half cycle will reverse the field direction.
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Figure 3 — Describing the parasitic capacitances that exist between the subject and appliance or electrical

component chassis.

1.5. Problem Identification

Modifying the interaction found in Figure 2 and Figure 3 to the potentially common

scenario with an amputee person. As shown in Figure 4, the subject has an EMG
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sensor on the bicep of the amputated arm. The amputee would use their non-
amputated hand for grasping a household lamp’s power cable. It is expected that
the current induced by EMI will be conducted through the body, from the un-
amputated hand to the EMG sensor on the amputated arm. Therefore, a suitable
selection of an IA with an appropriate CMRR is important. However, there is

limited literature on the human body interacting with a dipole EMI source.

The conduction from the un-amputated hand to the EMG sensor is similar to the
galvanic circulation experiment conducted by Wegmiiller [32]. Galvanic circulation
is expected to occur in the body, where the flow will begin from the grasping hand,
through the torso, to the bicep-placed sensor on the amputated arm, and back to the

grasping hand. This is shown by the orange arrows in Figure 4.

.

Lamp }\ _/{.
SR
65_' QF\%/ 2 | o ql Input A
/""':/""/ lk ’[.}—c Input B
g ."__./" ] \ I-' I|I L (
/ :/ I| III | .'I"I_'_c Ref.
“1 / \\
|" | J
|
g | A I'
) I |
= I| |II ll' [
340 Vp, g | flll I'l‘ ,I
50 Hz F N3
Z |I II| |' I|
GND \ |/
- ) [ ] ¢

Figure 4 — Electrostatic Coupling between Powered Cables and the Amputee subject. The subject is grasping
a lamp’s insulated power cable with their un amputated hand. The flow of EMI induced current conducting
through the body is indicated with orange dashed lines (arrows’ pointing direction is arbitrary). The negative

half cycle will reverse the field direction.

1.5.1.  Model Requirements

The EMI measurements at various EMG electrode positions on the human body are

simple voltage measurements, often using buffer amplifiers to separate the subject
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from bench-powered oscilloscopes [31]. There are many different possibilities
involving a subject interacting with EMI sources in a household or office
environment and many more unique human body compositions. Therefore, a base
model that can be adjusted for the various possibilities and the subject’s unique
parameters can be developed to determine the potential range of EMI magnitudes
that an TA must account for. The ability to model copious quantities of possibilities
with reasonable accuracy would reduce the accumulated experimentation time and

resources.

Modelling the EMI due to grasping of the power cable as shown in Figure 4 requires

two types of sub-models:

1. sub-model of the capacitive coupling between the source and the surface of
the hand, and
2. sub-model of the electrical current flow pathways in the human body from

the grasping hand to the EMG sensor

The EMI source, being a two-core power cable, is a dipole because the electrostatic
potential will propagate from the live wire to the neutral wire, which is tethered to
the ground in the DB board. Modelling CC can be done using a physics-based
simulator, like “COMSOL Metaphysics”.

The human body model will need sufficient parameters to uniquely describe the
subject. Enough nodes are also needed to distinguish between the positions of the
EMG sensor’s inputs and the CC interception points. Since the body interacts with
a dipole, the EMI will galvanically circulate through the body, similarly to the
experiment conducted by Wegmiiller [32]. The circulation will begin from the
grasping hand, through the torso, to the sensor on the amputated arm where the

sensor is placed on the bicep, and back to the grasping hand.

Modelling the human body electrical pathways often occurs in two ways. The first

uses FEM to model the subject and the second uses electric circuit models.
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Finite Element Modelling (FEM)

FEM divides the human body’s three-dimensional volume into small blocks with a
certain characteristic or property [18]. FEM models can be constructed from CAD
models or MRI scans. MRI scans have the benefit of being true representations of
the subject however the model generated is not deformable. CAD models, being

inherently deformable, allows the model to perform a motion or a gesture.

Though FEM models may produce high-resolution data, the use of MRI as a source
of data has several shortcomings. MRIs are expensive to run and take a long time
to acquire complete data [19]. Highly detailed or high-resolution models also
require high-performance computing hardware to process the circuit analysis which
adds to the processing cost. Open-Source models are available online from several

sources; however, most models require procurement [18].

Electric Circuit Human Body modelling

The second method is to model the human body as an electric circuit which is
simpler and easier to compute. These models are often used to simulate the HV
electrocution of subjects due to lightning or coupling to HV power lines, but they
have not yet been implemented for EMG measurements. The circuit model can also

be adjusted for different scenarios as well as specific human body parameters.

1.5.2.  Research Question

As explained before, electrically modelling multiple human bodies using circuit
models is more viable to practice than using FEM due to accessibility reasons. The
unavailability of a human body electric circuit model to model dipole-sourced EMI

in EMG-sensors, lead to the following research question:

“What is the human body electric circuit model for the prediction of EMI due to a

dipole capacitively-coupled source, given the following conditions?”
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e The subjects are non-amputees that have right-handed dominancy,

e The EMI sensor is placed on the right arm’s bicep of the subject,

e The subjects are grasping a flat, two-core power cable used for lamp
applications, to induce EMI currents in the body

e The lamp will be powered by 230 Vrus (330 Veea), 50 Hz, and

e The subjects are measured in a controlled environment.

Constraints

The limited accessibility to research participants resulted in the following

constraints:;

e No access to amputee subjects. Therefore, modelling of non-amputee
subjects was carried out, and

e No dominant left-handed subjects were evaluated due to their low
prevalence. Therefore, modelling was conducted only on dominant right-

handed participants.

1.5.3. Research Contributions

The objective of this research is to develop a model that can determine the noise
voltages induced by EMI, at the inputs of the EMG sensor that are placed on the
upper limb, using empirical data. This model would be used to predict the voltages
induced by the EMI for an alternate but similar scenario. By achieving this

objective, some contributions made to this field of research are:

e Possible utilization or modification of the existing electric circuit model of
the human body.

e Providing an experiment method which can be used to examine the flow of
EMI interference that is due to near-field or capacitive coupling with
sources. This method was demonstrated for the events where the subject’s
measurements are not ground or common-node referenced to a non-foot

region of the human body.
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e Results of the experiment may provide useful empirical data to determine
the required CMRR specification for the sensor. Usually this is
approximated EMI noise “roof” value.

e Likewise, to the empirical EMI measurements, CMRR can be determined

using the model projections of scenarios similar to the base scenario.

1.6. Chapter Summary

This chapter has introduced the possibility of problems due to the impact of CC-
EMI on EMG-controlled prosthetics. Upper limb amputees seek these EMG-
controlled prosthetics to regain mobility and independence. But the EMG sensors
used to operate the prosthetic have CMRR that are not specified according to
empirical data or model projections. Therefore, when the prosthetic user is
performing a daily task that introduces higher than normal EMI noise conditions
for the sensor, the user may have difficulty in operating the prosthetic using
amputated or weaker arm muscles. This circumstance is because the EMG signal’s

characteristic frequency band overlaps with that of the EMI’s frequency band.

In particular, the purpose of this research is directed towards modelling the
magnitude of the CC-EMI, at 50 Hz, that conducts through the human body and
could interfere with the Bicep EMG measurements. To be able to model the
magnitude of the EMI, it is required that a model of the human body, as well as the

model of the capacitive coupling, be developed.

Achieving a functioning electrical model of the human body that accounts for the
current flow from one hand to the other will potentially reduce the time and
resources required to capture EMI magnitudes found when an EMG-user is
interacting with the various EMI sources found in homes or offices, and thus a

CMRR can be prescribed.

The research requires the understanding and modelling of electric fields and
parasitic capacitances in homes and office space, the electrical properties of human

tissue and the human body as an electric circuit. Chapter 2 provides some
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background knowledge on the human body electrical models and electrical nature

of human tissue.

Chapter 3 documents the theoretical development of the capacitive-coupling and

the human body circuit model.
In Chapter 4 the experimentation and the measurement results are discussed.

In Chapter 5, the final model derived from the sub-models discussed in Chapter 3,

and the parameters recorded in Chapter 4 is presented.

In Chapter 6, model validation is conducted and research work is critically

analysed. Potential future works are also discussed.

The research work is concluded in Chapter 7.
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Chapter 2

HUMAN BODY ELECTRIC CIRCUIT

MODELS & HUMAN TISSUE

ELECTRICAL CHARACTERISTICS

This chapter examines the literature on galvanic circulation, human body electric
circuit models and human tissue electrical characteristics. The magnitudes of body
impedance depend on several factors such as current path, touch voltage, duration
of current flow, frequency, degree of moisture of the skin, surface area of contact,
the pressure exerted and temperature. [33], [34]. The Freiberger Human Body

model [35] which does account for several of the factors is discussed in this chapter.

2.1. Galvanic Circulation

Wegmiiller [32] attempted to describe the portions of the human body as a signal
propagation mediums for Intra-body Communication. Considering the areas of the
body with simple anatomical structures like the arms and legs. The modelling of

the geometrical and physical properties was approximated by three types of tissue:
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skin, muscle, and bone. This is shown in Figure 5. experimental setup was described
as being similar to electrical impedance tomography [36]. Electrodes that were
attached to a low-amplitude current source were placed on the lower part of the
subject’s forearm and detection electrodes were attached to the upper part of the

forearm.

Ay LBI

Muscle

Figure 5 — Intra-body signal propagation through the fore-arm. A simplified view of the fore-arm with three

tissue-layered skin (i.e. skin, muscle and bone).

However, to describe the galvanic current flow between the transmission electrodes
and the receiver electrodes. Kibret et al. describes the processes better in a graphical
form and this is shown in Figure 6. In this figure, there are two groups of currents
flowing between the electrodes. The primary flow occurs between the transmission
nodes and it can be considered the transverse path. The secondary flow moves
laterally across the limb and is intercepted by the receiver electrodes which
measures across second transverse path and it would be a fraction of the input
voltage [37]. However, this diagram is for a single, homogenous medium and will

differ when a multi-medium model is developed.
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Figure 6 — Intra-body signal propagation through the fore-arm - Current flow paths for galvanic coupling,
where primary current flow (shown in green arrows) do not affect receiver signal and the secondary current
flow is the current that induces a potential difference across the receiver electrodes(shown in blue arrows).
Zr: represents the impedance of the primary flow path, Zr1 and Zv» refer to the impedance of the longitudinal
forward and return path of the secondary flow, respectively. Zr2 refers to the transverse path of the secondary

flow and / is the distance between transmitter and receiver electrode pairs.

2.1.1. Discussion

Current research into modelling CC-EMI on the human body is limited to scenarios
with overhead powerlines and its effect in electrocardiography measurements [38]—
[40]. Haberman [31] may have touched on proximity CC-EMI with the experiment
involving contact with a light switch. These works all reduced the human body
component of the model, between the electrodes, to arbitrary star or delta triple

resistor network or a potential divider pair.

Apart from the Freiberger model, to be discussed, human body circuit models have
been used to simulate the lightning or electrostatic discharge electrocution of
persons. These models are “stick-figure” human body impedance models and are
described in Andrews [41] and Sutherland [42]. However, these do not support or

cannot be modified to support galvanic circulation.

Galvanic circulation is considered an important concept in the developed model.
Like the current propagation in Figure 6, the current propagation in the CC-EMI
H2H Human Body model will also circulate, however, across a larger transverse

path, i.e., from one hand to the other and with more nodes.
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Adapting Figure 4 to describe the EMI coupling and propagation like the processes
occurring in Figure 6, the developed model will break up into three sub-models.
The transmission source containing the EMI source and the CC, the transmission
medium consisting of the human body model, and the receiver part consisting of
the measurement system. The developed human body model will essentially
perform as a two-port network, where two terminal inputs will interact with the CC

model and a three terminal output will connect to the EMI measurement sensor.

2.2. Human Body Impedance

Biegelmeier [43]-[45] conducted experiments showing the relationship between
dry Hand-to-Hand (abbreviated to “H2H”’) impedance and applied AC voltage for
various hand contact areas between 1 mm? and 8200 mm?. It was found that at 25 V,
the H2H impedance was inversely proportional to the contact area. The experiment

results are shown in Figure 7 [46].
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Figure 7 — Total body impedance as a function of applied voltage for various contact areas; dry hand-to-hand
electrodes measured by Beigelmeier [44]. The image was extracted from Reilly [47] and the various curves

illustrated are identified by the contact area on each hand.

Page 16 of 113



2.2.1.  Freiberger Human Body Model [35]

Over 80 years ago, Freiberger [35] determined the impedance contribution of
different segments of the body and the impedance contributions of the skin in
different areas of the body. Figure 8 depicts the distribution of body impedance for
various current paths. The numbers indicate internal impedance for various
electrode placements as a percentage of the total hand-to-foot impedance body. This
model was also adopted and is easily accessible in the International Electrotechnical

Commission (IEC) technical standard TS 60479-1 [33], [34]
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Figure 8 — Internal Partial Impedances of the Human body. The numbers indicate the percentage of the
internal impedance of the human body for the part of the body concerned, in proportion to the ‘hand-to-foot’

path. (Red arrows indicate skin impedances from the top layer to the nodes in the body). !
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Table 1 below, derived from Figure 8 lists the impedance contribution for each body
section and different skin contact areas. The total of 100 % ‘hand-to-foot’ path body
impedance does not include the outer skin impedance. Reilly [46] described that
50% of the internal impedance for hand-to-hand or hand-to-foot contacts resides in
the extremities, i.e., wrists or ankles, and is due to the prevalence of poorer
conducting bone and ligament. Reilly suggests that the impedance distribution in
Figure 8 is consistent with the investigations of Taylor [48], who used high-voltage

capacitive discharges on living people.

TABLE 1 — LIST OF INTERNAL PARTIAL IMPEDANCES PERCENTAGES OF THE HUMAN BODY, IN PROPORTION TO THE

‘HAND-TO-FOOT’ PATH

Body Part Areas Percentage
Head to heart 10

Heart to navel 1.3

Navel to Upper leg 5.1

Upper Leg 14.1
Lower Leg 323
Lower Arm 26.4
Upper Arm 10.9
Deltoid 6.9

Shoulder to Shoulder | 6.1
Upper Arm to heart 9.9

Waist 8.7

Skin Areas Percentage
Lower Arm 1.8

Upper Arm 33
Shoulder 3.9

Heart 5.2

Navel 8

Upper Leg 3.6

Lower Leg 33

2.2.2. Discussion

The Freiberger model is an appropriate foundation for developing the human body
electrical circuit model based on dipole inputs because the body is separated into
similar characteristic segments, like the upper arm, lower arm, upper leg, etc. The
benefit of segmentation by percentages is that each iteration of the model is unique

to the subject’s hand-to-hand or hand-to-foot impedances. The model also offers
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skin impedance percentages at numerous locations which allows more accuracy for

the measurement site’s position.

If the H2H impedance is measured with skin impedances are included, it will be
98.1 % of the hand-to-foot impedance measured below the skin surface. Therefore,
this model will require a scale adjustment to make it appropriate for H2H

impedance measurement matching up to 100%.

2.3 Electrical Properties of Human Tissue

To model a basic electric circuit model of the human body, one would need to know
the electrical properties, i.e., permittivity ¢ and conductivity o, of affected tissue
such as skin, muscles, blood, and bone. Gabriel [49] mentions that there are few
reliable datasets on the human body tissue for frequencies below 100 kHz because
the tissue degrades due to decomposition and electric current. Reilly [46] provides
an in-depth work on the dielectric properties of tissue, effects of electricity on the

human body for a wide range of voltages, current and frequencies.

Gabriel et. al. [50], [51] is often referenced in literature and is currently assumed to
be a reliable source of data for conductance and permittivity of human body tissue
for frequencies between 10 Hz and 10 GHz. Table 2 lists the permittivity and
conductivity of the human body tissue of interest [50], [51]. As shown in Table 2,
tissue with high electrolyte content, like blood and muscle, have higher

conductivities.

It should be noted that skin conductance can change due to sources of hydration and
salinity, like perspiration. Also, subcutaneous adipose tissue or fat is less
conductive than muscle. Therefore, one would expect the attenuation of signal
voltage to be proportional to the quantity of fat that lies between the skin and

muscle.
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TABLE 2 — PERMITTIVITY AND CONDUCTIVITY VALUES FOR HUMAN BoDY TISSUE AT 50 Hz AND 200 Hz [50],

Tissue & @50Hz E@200Hz | 0 @ 50 Hz | 0 @ 200 Hz
(m/S) (/S)

Blood 5.26 x 10° 5.26 x 10° 0.700 0.700

Muscle 1.77 x 107 3.70 x 10° 0.233 0.291

Subcutaneous Adipose Tissue | 4.58 x 10° 6.56x 103 4.04 x 102 | 4.08x 107

Cortical Bone 8.87 x 10° 4.79 x 103 2.01 x 102 | 2.01 x 10

Dry Skin 1.14 x 10° 1.14 x 103 2.00 x 103 2.00 x 103

2.3.1.  Assumptions

Based on Table 2, an assumption that wet tissues have negligible capacitances can
be made. Therefore, if capacitance is measured off the subject, it will be attributed

to the skin surface of the developed model.

2.4, Chapter Summary

In this chapter, human body electrical impedance and human body tissues
characteristics are discussed. The Freiberger human body model was presented and
discussed is expected to serve as a usable base for building the desired model.
Human body tissues are also discussed to identify the different degrees of
resistances and capacitances in the body. Making use of existing verified human
body models and data will benefit the development of the desired model by
reducing the difficulties and complexities of ‘starting from zero.” This base model
developed in the next chapter should serve to emulate the galvanic circulation as
well as to provide the inputs and output interfaces for the CC model and the EMI

measurement Sensor.

INOTE : In order to calculate the total body impedance Zr for a given current path, the internal
partial impedances Zi, for all parts of the body of the current path have to be added as well as the
impedances of the skin of the surface areas of contact. The numbers outside the body show internal
portions of the impedance to be added to the total, when the current enters at that point
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Chapter 3

PROPOSED MODEL

In this chapter, the sub-models that make up the CC-EMI model for EMG sensors
are developed. These sub-models are the capacitive-coupling (CC) source model

and the human body circuit model.

3.1. Capacitive-Coupling Source Model

The deliberate selection of grasping a flat, two-core, power cable (2 X 0.75 mm?)
as the source of EMI was done to reduce the complexity of the CC component in
the final model. These cables have Poly Vinyl Chloride (PVC) insulation for each
of their twin-cores and further surrounded by a PVC insulation sheath, forming an
elliptical cross-section profile. The cables are identified by the code

“HO3VVH2-F”.

Power cables come in various geometries and several core numbers. Therefore, the
CC model used for this cable is not expected to be directly usable for other cable
variations. For example, there are other two-core wire geometries used in common
household and office environments. Some have circular cross-sections, and some
have thinner wires. These properties affect the electric fields between the wires and

therefore affect the CC induced due to grasp.
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3.1.1.  Conceptualising the Electric Field on the grasped Type P3

cable

As mentioned in the last chapter, the subject can become capacitive coupled to the
power grid when the cable is grasped, as shown in Figure 9. This results in the tissue

that is in proximity and surrounds the cable becoming a floating potential medium.

NS

(00

Figure 9 — Hand grasping a flat power cable, with cable in the cross-sectional view. Blue and brown circles
indicates insulation around the neutral and live wire, respectively. Human fist outline adapted from

Wikimedia Commons [52].

The electric potential of the flat power cable is modelled in COMSOL V5.3 and the
cross-section is shown in Figure 10. The copper cylinders are 2 mm apart (from
their centres), the insulation is 0.5 mm thick, and the sheath thickness is 0.6 mm
[53]. The material domains which were PVC were given a relative permittivity of
4.5 [54]. The source potential is set to 330 Vpeak and is based on the rounded-up
average source voltage measured during the experimentation of 329.9 Vpea. The

result shows that the floating potential surface was at 165 Vpeak.
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Figure 10 — Simulated Electric Potential of a flat power cable with a floating potential boundary surrounding
sheath. The legend indicates the arrow potentials in V/m. Live and neutral conductors are on the right and the

left, respectively.

3.1.2.  Modelling Capacitance on a grasped, flat power cable

The analysis of the electric field lines in Figure 10, indicates two different travel
paths. The first path propagates directly between the Live and Neutral and is
concentrated in the region between the two conductors. The second path moves
from the live conductor to the floating potential, conducts along the floating

potential, and finally returns to the neutral conductor.

To convert the electrostatic model into an electric circuit model with minimal
elements, it can be assumed that the first path can be represented as a single
capacitor, C;. And the second path can be represented as two capacitors, C> and Cs,
each for the span across the dielectric. The regions transformed into capacitors are

shown in a graphical representation in Figure 11.

Capacitor C,

Figure 11 — Segmenting Cross-section of type flat power cable into three capacitance regions
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Essentially, Figure 12 is the result of the electric circuit transformation, where two
current paths are between the live and neutral conductors. The current path that
connects C, and Cs, can follow any path along with the floating potential along the
sheath and in the figure. In theory, the capacitances C> and C; have the same
capacitance because the geometry of the cable is symmetrical along the tangent

where the two insulators meet.

Figure 12 — Simplified current paths in a cross-section of a flat power cable

3.1.3.  Capacitance on a Grasped Flat Power Cable: COMSOL

modelling

COMSOL V5.3 was used to model the capacitance between Live and Neutral for
the region that is grasped. COMSOL Electrostatics solver has the capability of
measuring capacitances that lie between terminal voltages and ground. To use a
superposition type calculation to determine the three capacitor values, two
simulation geometries were conducted, where one had the sheath as a floating

potential surface and the other did not.

Capacitance C; was determined by simulating the electrostatic field of the flat
power cable without a floating potential where the charge moves directly from the
live wire to the neutral wire. When simulating the electrostatic field of the flat
power cable with the floating potential, the resulting capacitance measured is a
combination of series connected C and Cs; which is parallel connected to capacitor
Ci. In this case, the charge has two paths to flow, the first is directly like the last

case and the second is through the floating potential. Using the capacitor arithmetic,
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Equations (1) and (2), one can deduce capacitances for C> and Cs from the total

capacitance when floating potential is present.

Cparallel equiv = CL+C++Cy

1

1 1

:—+—+...+_

series equiv Cl

CZ Cn

Q)

@

Capacitances simulated and calculated were for the hand widths between 50 mm

and 100 mm at increments of 5 mm and are displayed in Table 3. The minimum

width is based on the average for 6-year-old child [55], and the maximum is slightly

larger than the 95™ percentile for a 40-year-old male [56].

TABLE 3 — SIMULATED CAPACITANCES FOR VARIOUS HAND WIDTHS BETWEEN 50 MM AND 120 MM

Capacitance Simulated Measurements Calculated

(pF) No Floating Potential With Floating Potential Values
" CLx=C; Cun=Ci+2%Cy CCy

50 3.65 6.15 5.00

55 4.02 6.77 5.50

60 4.38 7.38 6.00

65 4.75 8.00 6.50

70 5.11 8.61 7.00

75 5.48 9.23 7.50

80 5.84 9.84 8.00

85 6.21 10.50 8.58

90 6.58 11.10 9.04

95 6.94 11.70 9.52

100 7.30 12.30 10.00

105 7.67 12.90 10.46

110 7.93 13.30 10.74

115 8.38 14.10 11.44

120 8.76 14.80 12.08

Figure 13 is a plot of the values found in Table 3 which also contains the trend-lines

describing the linear relationship between the hand width and the Capacitances Ci,

C> and Cs. The linear relationships are described in Equations (3) and (4) . The
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relative errors between the linear Equations (3) and the simulated values are
described in Table 4 , along with the corresponding impedances at 50 Hz. Most

deviation errors were below 1 % except for the event with 110 mm hand width.

C; =729pF/m

3)
C, = C; = 99.8 pF /m
4)
16
—e—C 2-C3

14 | —8—cC L-N=C1 ¥ =0.0998% .-+

o || e Linear (C_2=C_3) }
e |[]] e Linear (C L-N=C 1)
H_’»‘:ﬂ_« 10 = = ¥-=0.0729%.-:
¥ A
o
5 8 o®
‘0
= -
= ar
: . IVQ/Q/OX

i P

3

0 Lt

0 20 40 60 80 100 120 140

Hand Width (mm)

Figure 13 — Simulated Capacitance Ci and Calculated Capacitances Cz and Cs for Various Hand Widths
Between 50 mm And 120 mm
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TABLE 4 — ERROR ON CAPACITANCE VALUES OBTAINED WITH LINEAR RELATIONSHIP EQUATIONS (3) AND (4)

Cin=C C=GCs
Har(lr(i1 rz;dth Cap?;;t)ance Error % Igr(l)pﬁdza?lffg(? Cap?;llst)ance Error % Img)lsldéglce
50 3.65 0.14% 873 4.99 0.20% 638
55 4.01 0.26% 794 5.49 0.20% 580
60 4.37 0.14% 728 5.99 0.20% 532
65 4.74 0.24% 672 6.49 0.20% 491
70 5.10 0.14% 624 6.99 0.20% 456
75 5.47 0.23% 582 7.49 0.20% 425
80 5.83 0.14% 546 7.98 0.20% 399
85 6.20 0.22% 514 8.48 1.13% 375
90 6.56 0.29% 485 8.98 0.64% 354
95 6.93 0.21% 460 9.48 0.41% 336
100 7.29 0.14% 437 9.98 0.20% 319
105 7.65 0.20% 416 10.48 0.18% 304
110 8.02 1.12% 397 10.98 2.22% 290
115 8.38 0.04% 380 11.48 0.32% 277
120 8.75 0.14% 364 11.98 0.86% 266
3.1.4.  Discussion

In this sub-section, the aim was to obtain an equation that estimates the coupling

capacitance values (Cz and Cs) that describe a hand grasping a flat power cable. The

coupling capacitance values were determined by comparing simulation values of

the use case that has a floating potential with a set of simulations that do not contain

floating potentials. It can be deduced that the coupling capacitances C> and Cs,

between the cable conductors and the subject grasping the cable, was between

4.99 pF and 11.98 pF (638 MQ and 266 MQ, respectively at 50 Hz), for hand widths

between 50 mm and 120 mm. The CC circuit model, to be used in the final model,

is shown in Figure 14.

Figure 14 — Capacitive-Coupling Model, where magnitudes of Cz and Cs are determined using Equation (4)
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3.2. Development of the Human Body Circuit Model

Using the Freiberger model as a base, several modifications are required to morph

it into the desired model with the following characteristics:

e Multiple circuit loops to mimic galvanic current flow, and
e Ability to divide the length of the bicep (or any other measured muscle) to
place the EMG electrodes,

To achieve the above characteristics, the below modifications to the Freiberger

model were made.

3.2.1.  Modification 1: Modifying Percentages of the Hand-To-Hand

Impedance

The focus of this research is on upper limb measurements. Using the hand-to-leg
impedance percentages in Table 1 yield 88.12 % for the H2H impedance using
Equation (5). This equation was derived by calculating the impedance between the
two hands of Figure 8, where the paths from the torso to the head and the torso to

the legs are considered open circuits.

The H2H impedance percentage values were recalculated to make Equation (5)
amount to 100% H2H impedance, including the skin impedance. This resulted in a
scale-up factor of 1.135 applied to each of the impedance values and the new

proportioned values are listed in Table 5 .

RHZH_O =2X (RskinLArm + RLArm + RUArm) + (2 X RUArmHean)”(z X RDeltoid

+ RShoulder)

®)
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TABLE 5 — FACTOR ADJUSTED PERCENTAGES OF BODY AREAS MENTIONED IN FREIBERGER MODEL TO RESULT IN A

3.2.2.

100% HAND-TO-HAND IMPEDANCE

Body Part Areas Abbreviated name | Original % | New %

Head to heart Head heart 10 11.35
Heart to navel Heart navel 1.3 1.48
Navel to Upper leg Navel Uleg 5.1 5.79
Upper Leg ULeg 14.1 16.00
Lower Leg LLleg 32.3 36.65
Lower Arm LArm 26.4 29.96
Upper Arm UArm 10.9 12.37
Deltoid Deltoid 6.9 7.83
Shoulder to Shoulder | Shoulders 6.1 6.92
Upper Arm to heart UArm_heart 9.9 11.23
Waist Waist 8.7 9.87
Skin Areas Abbreviated name | Original % | New %

Lower Arm skin LArm 1.8 2.04
Upper Arm skin UArm 33 3.74

Modification 2: Reducing original Model Scope to

hand Model

Hand-to-

The Freiberger model was potentially suitable for “far-field capacitive coupling”

where the person is some distance away from an EMI source and the EMI induced

currents will dissipate to the ground plane via the subject’s feet. In other words, the

current path flows from one extremity to another. The model was plotted in LTspice

and is shown in Figure 15. Terms Left Handl and Right Handl on the extremity

nodes refer to the right hand and left hand of the participant.
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Figure 15 — Original Freiberger Model with human body outline.

Based on the values in Table 5, it is assumed that the path of least resistance
between the hands does not pass through the head and legs. Therefore, the first
model modification was to remove parts of the model that would have a negligible

effect, which are the head and legs. The result is shown in Figure 16.

R2 R15 R19 R16 R22 R18 R21 R17 R4
Left_Hand1 M ——N N\ —Right_Hand1
{skin_LArm} {LArm} {UArm} {Deltoid} {Shoulders} {Deltoid} {UArm} {LArm} {skin_LArm}
R26 R27

{UArm_heart} {UArm_heart}

Figure 16 — Hand-to-hand Section of Freiberger Model
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3.2.3.  Modification 3: Introducing the 2" Pathway using Parallel-
Resistor Theory

Modification 2 simplified the original model for a H2H transmission case.
Modification 3 was done to introduce the anterior and posterior electrical pathways.
This modification was the next step in creating a closed loop between the noise
source and the measurement site. Another reason for having separated anterior and
posterior paths was because the bicep muscle is adjacent to the inner elbow and not
to the elbow bone. It should be noted that the EMG sensor reference is placed above

the elbow bone which implies that this separation is important.

The upper limb sections of the model were duplicated and placed in parallel to
connect to the UArm_heart resistors, as shown in Figure 17. Since the upper limbs
have two paths each, the resistance values of skin LArm, LArm and UArm, need to
be doubled to maintain the 100 % hand-to-hand impedance value. The resulting

H2H impedance is still 100 %.

Posterior Path
R2 R15 R19 R16 R22 R18 R21 R17 R4
Left Hand1 ight_Hand1
{skin_LArm} {LArm} {UArm} {Deltoid} {Shoulders} {Deltoid} {UArm} {LArm} {skin_LArm}
R1 R3 R5 R26 R27 R8 R7 R6
{skin_LArm} {LArm} {UArm} {UArm_heart} {UArm_heart} {UArm} {LArm} {skin_LArm}
Anterior Path

Figure 17 — Modification 2 of Hand-to-hand Human Body Impedance Model

3.2.4.  Modification 4: Introducing Inter-Pathway Resistances for
Multiple Galvanic Flow Paths and H2H Capacitance

This modification is to introduce resistors between the anterior and posterior paths,
thus creating multiple meshes for current to circulate. Based on the literature
presented in Section 2.3, it is assumed that current flow path preference is through
the body tissue with the least impedance, which in this modelling case is muscle

tissue. Current will enter the muscles at attachment points on the skeleton.
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As shown in Figure 18 , eight resistors crossing between the anterior and posterior
paths have been introduced. Ideally, these inter-pathway resistors placed between
the anterior and posterior paths represent higher impedance body tissue like bone
or tendon that connects opposite muscles at joints for the wrists, elbows, and
shoulders. The inter-pathway resistors are positioned to join at the existing eight
nodes on both arms of the Freiberger model. It is assumed that the current leakage
to higher impedance tissues like bone and skin are negligible, therefore, no inter-

pathway resistors partway between the upper arm or lower arm segments.

The sub-sections below describe the modifications to the inter-pathway resistances,

H2H capacitance and the extremity nodes.

Posterior Path
c4 R9 R1 R2 R4 R15 R14 R20 Cé
L_Hand1i—} |—=R_Hand1
{C_H2H}. | {skin_LArm} {LArm} {UArm} {2"Deltoid+Shoulders} {UArm} {LArm} {skin_LArm} | : {C_H2H}
R7 R11 R8 R12 R13 R1 R19 R22
{ResSkin} -~ {ResWrist} {ResElbow} {ResShoulder} {ResShouder} -~ {ResElbow} {ResWrist} -~ {ResSkin}

Cc5 R10 R5 R6 R3 R17 R16 R21 c7
L_Hand2—} {|—=R_Hand2
{C_H2H}  {skin_LArm} {LArm} {UArm} {UArm_heart*2} {UArm} {LArm} {skin_LArm}: {C_H2H}

Anterior Path

Figure 18 — Modification 3 of Hand-to-hand Human Body Impedance Model

Inter-Pathway Resistors

Assuming both arms have the same impedance composition, the four resistors,
ResSkin, ResWrist, ResElbow and ResShoulder, were added in each arm circuit to
represent the Stratum Corneum and the joints for the wrists, elbows, and shoulders,
respectively. It should be noted that the resistor skin_LArm represents the resistance
experienced by the current flow through the Stratum Corneum layer and into the
sub-Stratum Corneum layers of the skin. And ResSkin represents the resistance
across the skin surface. Based on the literature that states cortical bone is more
conductive than dry skin, it is assumed that the magnitude of ResSkin must be

greater than ResWrist.

It is known that a sizeable portion of the internal impedance for hand-to-hand

contacts resides in the extremities due to the prevalence of poorer conducting bone
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and ligament [46]. Subsequently, regions surrounded by a greater proportion of
muscles to joint tissue will have lower resistance. It is assumed that the magnitude

of ResWrist would be larger than ResElbow.

To maintain proportionality of the magnitudes of ResSkin, Res Wrist, ResElbow and
ResShoulder between participants, the values were derived as a factor of the Hand-

to-hand resistance, Ruon, magnitude resulting in Equations (6) to (10) .

ReSSkin =Y X RHZH (.Q)
(6)

ResWrist = X X Ry,y (2)
™

ResElbow = W X Ry,y (2)
®)

ResShoulder =V X Ry,y (2)
©)

ResSkin > ResWrist > ResElbow > ResShoulder
(10

The above mentioned four resistance values are unknown and are determined in

Chapter 5, Section 7.2.3.

Hand-to-Hand Capacitance (Crzr o)

Capacitors with a ‘Crpon’ capacitance magnitude were placed at the ends of
skin_LArm to represent the capacitance due to the Stratum Corneum. Assuming the
subject’s H2H series capacitance was measured and stored at the value ‘Crom o’.
The Cron value could be derived by converting the single capacitor magnitude to a
capacitor network of two series capacitors in parallel to another two series
capacitors, as shown in Figure 19. The result is that each capacitors magnitude is

equal to the total capacitance of the system, Cr2z o.

Crzn = 0.5 X Cyap o || 0.5 X Cyapy, = Crzu o
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Figure 19 — Network of two series capacitors in parallel to another two series capacitors (Labelling is

unrelated to the Human Body circuit model’s element numbering).

Extremity Node Modification

The nodes Left Handl and Right Handl in Figure 17 were split into two nodes due
to the addition of ResSkin in Figure 18. The naming was revised to L Handl and
L Hand? for the nodes on the left hand, and R _Handl and R_Hand? for the nodes
on the right hand. These nodes will be connected as the left-hand or right-hand pairs
to the Noise model developed in the CC Source Model in Section 3.1.

3.2.5. Modification 5: Dividing Bicep area of Upper Arm for

placement of Bipolar electrode nodes

This modification was to subdivide the right-hand side’s upper arm resistor (R/J5 in
Figure 18) into regions separated by the bipolar electrode positions. The result
shown in Figure 20 has the three resistors (R23, R24 and R25) with the values of
UArmA, UArmAB and UArmB, respectively. The nodes between them are labelled
Pad A and Pad B and represent the electrode position. It should be noted that the
resistance percentage values of UArmA, UArmAB and UArmB are proportional to

the length
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R15
{skin_UArm}

{skin_UArm}

Posterior Path

c4 R9 R1 R2 R4 R23 R14 R18 . C8
L_Hand1—{}—=—" N, » » +—|—R_Hand1
{C_H2H}' | {skin_LArm} {LArm} {UArm} {2*Deltoid+Shoulders} | {UArmB} {UArmAB}  {UArmA} {LArm} {skin_LArm} | ; {C_H2H}
R7 R11 R8 R12 R13 R20 R21 R22
{Resskin} .~ {ResWrist} {ResElbow} {ResShoulder} {ResShouder} {ResElbow} {ResWrist} - {ResSkin}
cs R10 RS RE R3 R17 R16 R19 c7
L_Hand2 : - - N AN —=R_Hand2
{C_H2H}!  (skin_LArm} {LArm} {UArm} {UArm_heart*2} {UArm} {LArm} {skin_LArm}: {C_H2H)}
R27
{skin_UArm}

Pad_Elbow

Figure 20 — Modification 5 of Hand-to-Hand Human Body Circuit Model
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each region occupies of UArm. The regions are described in Table 6.

TABLE 6 — DEFINING THE REGIONS FOR UARMA, UARMAB AND UARMB

Parameter Equation or Magnitude

A Length between Pad A and Elbow electrode (m)
B Length between Pad B and Shoulder bone (m)
AB Length between the Pad A and Pad B centres

The percentage resistance values of U4drmA, UArmAB and UArmB are calculated
using the mathematical equations (12) to (15). Using the assumption by Wegmiiller
[32] that the internal resistance across the length of the upper arm was uniform.

This allowed the simple subdivision described in the equations below.

UArm_Length = A+ B + AB (m)
(12)

UArmA = A X UArm/UArm_Length (%)
(13)

UArmB = B X UArm/UArm_Length (%)
(14)

UArmAB = AB X UArm/UArm_Length (%)
(15)

3.2.6. Discussion

In this sub-section, the aim was to obtain a human body electrical circuit model that
accounts for galvanic circulation using the knowledge found in the literature. The
developed model made use of the Freiberger model as a base. However, the model
is incomplete as there are undefined resistances, that account for current circulation
between anterior and posterior paths. The human body model requires experimental
data to derive unknown resistor values. The resulting body segment percentages

after all the modifications are shown in Table 7.
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Body Part Arcas Abbreviated New

name Percentage
Lower Arm LArm 59.91
Upper Arm UArm 24.74
Deltoid Deltoid 7.83
Shoulder to Shoulder | Shoulders 6.92
Upper Arm to heart UArm_heart 11.23
Skin Areas Abbreviated New

name Percentage
Lower Arm skin Larm 4.09
Upper Arm skin Uarm 7.49

TABLE 7 —PERCENTAGES OF BODY SEGMENT IMPEDANCES AFTER MODIFICATION 4

3.3. Chapter Summary

In this chapter, a basic CC-circuit model was developed for the flat, two-core power
cable using COMSOL electrostatic simulations, and the Human Body circuit model
was developed from the literature presented in Chapter 2. The CC-circuit model
was designed to provide capacitance across the insulation based on the subject’s
hand width. The relationship between the hand width and capacitance is linear and

is represented by Equation (4).

The Human Body circuit model was developed from the Freiberger model and
accounts for galvanic circulation of EMI due to a dipole source. However, the
circuit is incomplete as there are abstract resistors that represent the resistance
across the skin, and joints of the wrist, elbow, and shoulder. These abstract resistors
currently do not have specified magnitudes and will be determined by use of

experimental data.
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Chapter 4

EXPERIMENTATION & RESULTS

In this chapter, the experimentation procedure and the measurement results are
processed and discussed. The data obtained will be used for populating the input
parameters into the combined model and optimising to proximate the output
parameters in Chapter 5. The sections in this chapter will present the decisions taken
on and setup of the noise source, the component selections for the measurement
sensor, and the data collection procedure used during the experiment. The

measurement results are processed and analysed, and a sample data set is presented.

4.1. Experimental Environment and Component Design

The designed experiment will need to provide the input data, required to
characterise the participant based on their externally measureable parameters. As
well as output data required to calibrate the model for improved accuracy. To re-

iterate, the conditions are:

e The subjects are non-amputees that have right-handed dominancy,

e The EMI sensor is placed on the right arm’s bicep of the subject,

e The subjects are grasping a flat, two-core power cable used for lamp
applications, to induce EMI currents in the body.

e The lamp will be powered by 230 Vrms (330 Vpeak), 50 Hz, and
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e The measurements are done in a controlled environment.

The environment and lamp used during the experiment are discussed in Section
4.1.1 - Environment Setup. The component selection and design of the developed

EMI sensor are discussed in Section 4.1.2 - Measurement System.

4.1.1.  Environment Setup

The requirement for a controlled environment leads to the use of the School of
Electrical and Information Engineering’s Anechoic Chamber facility in the
Electromagnetic Laboratory. The chamber is virtually isolated from noise sources
such as power cables and telecom signals. The chamber’s one 230 Vims, 50 Hz plug
point source will be used for powering the lamp, as well as the oscilloscope that

will be recording the measurements obtained from the EMI sensor.

As shown in Figure 21 , a table was positioned in the chamber, and the lamp and
the oscilloscope were placed on the table. The 230 Vims, 50 Hz power source was

measured via a generic, 20:1 step down transformer with a 300mA current rating.

Figure 21 — View of Anechoic Chamber from the entrance
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Power Supply Characteristics

The power supply was measured using the step-down transformer to isolate the
oscilloscope’s grounding and the measurement ground reference. The
measurements were multiplied by 20 to compensate for the stepped-down voltage.
The measurement sample is shown in Figure 22 , and the RMS and peak voltages

were 230.7 V, and 329.84 V, respectively.

The 230 Vims, 50 Hz power supply sample’s frequency spectrum, with a 1 kHz
filter, is shown in Figure 23, where one can see that harmonics at 150 Hz, 250 Hz,

350 Hz, 450 Hz, 550 Hz and 650 Hz are above 50 mV,,.

V(power supply)

350V

280V

210V

140V

70V~

(1) 7/ N

-140V—

-210V+

-280V—

-350V T T T T T T T T T T T
Oms 10ms 20ms 30ms 40ms 50ms 60ms 70ms 80ms 90ms 100ms 110ms

Figure 22 — Sample measurement of the 230 Vms power supply found in the Anechoic Chamber

300B—— : —
B e
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_10dB
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Figure 23 — FFT of Sample measurement of the 230V ms power supply found in the Anechoic Chamber
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Noise Source — Cable and Lamp

The cable was a 1.8 m “Aberdare 300/300V HO3VVH2-F”, used for electrical

devices up to 3 A. The Type P3 cables dimensions are shown in Table 8 .

TABLE 8 — SPECIFIC REQUIREMENTS FOR FLAT, TWO-CORE CABLE

Number of Thickness of . Overall Overall width
cores and . . Thickness of Sheath .. L.
conductor insulation (mm) breadth limits limits

size (mm) (mm) (mm)
(mm?) minimum | nominal | minimum | nominal | lower | upper | lower | upper
2x0.75 0.35 0.5 0.41 0.6 3.2 3.8 5.2 6.3

An important aspect of the lamp’s cable to note was the orientation of the Live and
Neutral wires. With the flat sides of the cable facing as shown in Figure 24, the Live
and Neutral wires were on the left and right side, respectively. The light bulb used
in the experiment was a “Eurolux G541BC”, 6W, Warm White LED globe as it is
the most common source of illumination in homes and offices due to its energy
efficiency. It is known that LED lighting contain power regulation circuitry and are
known to possess switching frequency noise, it is expected that the switching

frequency will not occupy the frequencies adjacent to 50 Hz.

Figure 24 - Orientation of electrical connections to the lamp.
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4.1.2.  Measurement System

As shown in Figure 25, the EMI measurement system comprises of the Electrodes,
the PCB-mounted Voltage Followers circuit, the Oscilloscope and the DC (Direct
Current) Power Supply. The dual-rail DC power was provided by a pair of 7.2 V
batteries. The recorded data was collected using the “RIGOL MSO1104Z”

oscilloscope. In this subsection, the following are discussed.

e Hydrogel electrodes used and their characteristics, and

e The component selection and PCB design of the EMI sensor.

The oscilloscope will have some effect on the experiment as it is AC-powered. To
reduce the effects of the any residual uncontrolled EMI within the anechoic
chamber, a baseline measurement will required to acknowledge the ambient EMI

on the body before interacting with the lamp cable.

Voltage
Follower

Electrodes Oscilloscope

DC Power
Supply

Figure 25 - High-level System Diagram of sensor employed

Hydrogel Electrodes used and Characteristics.

The hydrogel electrodes obtained for the EMI measurements were “SKINTACT
FS-RG1/10 ECG Electrodes”. These electrodes have dimensions of 32mm X

40 mm.

The series impedance of the hydrogel electrode pads was measured by placing two
electrodes face to face and measuring the impedance between the two male press-
studs using the LCR meter. The meter read 99.24 Q and 44.02 pF for the resistance

and capacitance, respectively. For simplicity, the resistance and capacitance were
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rounded off to 100 Q and 45 pF, respectively. Calculating a single electrode’s
impedance yielded the values of 50 Q and 90 pF.

Voltage Follower Circuit

The op-amps TLO61 ACDR, TLO71BCD and TLO81BCD were screened from the
general-purpose op-amps section of the Texas Instruments free sample website

[57]. The op-amps chosen to have the following specifications.

e asingle channel, SOIC, 8-pin surface-mount packaging,
e can operate with dual-power supply, and

e has Typical Input Voltage Noise Density < 50 nV/ VHz

The comparison between the three op-amps is displayed in Table 9. The
TLO71BCD and the TLO81BCD specifications are similar in most categories.
Though the TLO71BCD is more purpose-built for low noise operation, the
TLO8ICDR was chosen due to the shorter rise time overshooting period which
should produce a more responsive circuit. It was expected that experiments would
yield measureable harmonics of 50 Hz thus for requirement of the faster op-amp.
However, this was not the case and therefore the TL071BCD would have been the
better op-amp. It should be noted that the use of either of the listed Op-amps will
provide a 1 TQ input impedance which is larger than any known human body

impedance.
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TABLE 9 — COMPARISON OF VARIOUS OP-AMPS CHARACTERISTICS. GREEN FILL INDICATES BEST

PERFORMANCE AND ORANGE FILL INDICATES POOREST PERFORMANCE

Parameter TLO61 TLO71 BCD TL0&1 BCD
ACDR [58] [59] [60]
Optimization Low Power Low Noise General

Input Voltage Offset Range (mV) 3to 7.5
Input Offset Current Range (nA) 0.005 to 3 0.005 to 10

Input Bias Current Range (nA) ‘

Typ. Peak Output Voltage Swing (V) + (Vee- 1.5)
Large Signal Differential Voltage 6
Amplification (V/mV)
Unity Gain Bandwidth (MHz) 1

Input resistance (Q2)

Max CMRR @ 1 kHz (dB) 86 86 |

Slew Rate (V/uS) 3.5
Input Voltage Noise @ 1 kHz (nV/NHz) 42
Rise-time overshoot factor (us) 0.2
Dual Power Supply Range (V) +5to+ 15
Max Supply Current per channel (mA) 0.25 2.5
Temperature Range (°C ) 0 to +70

Figure 26 shows the circuit diagram of the electrical components described in
Figure 25. The measurement circuit made use of a virtual op-amp and the settings
used in the virtual Op-amp is shown in Figure 27 and are based on the parameters
obtained for the TLO81BCD datasheet. The hydrogel pads impedances were also

added in series to Voltage Follower inputs.

To create a floating reference potential for the measurement sensor, a 100 MQ
resistor was placed between the DC ground node and ground and was used to
represent the air gap between the participant and the ground plane. The value of
100 MQ was chosen from a range between 25 MQ and 1.68 GQ which are
respectively ground separation and power line separation impedances of a person

standing in a middle of a room obtained from Serrano et. al. [39].
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Figure 27 — Virtual Op-Amp Settings
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PCB design for Voltage Followers

The PCB for the measurement sensor was designed in EAGLE (version 9.5.2) and
is shown in Figure 28. The footprint size for the resistor and capacitors were 1206.

Two 0.1 pF ceramic capacitors were used at the terminals as a non-DC bypass path.

Battery 1+
Battery 1 —/GND
Battery 2 —
Battery 2 +/GND

Out_A
Out_B

Elbow Ref /GND

Figure 28 — PCB design for the Measurement sensor

The two 5.5 mm diameter holes with pads, marked ‘A’ and ‘B’, were connected to
the inputs of the two voltage followers. The holes mounted female press-studs and
therefore able to fasten onto the male press-studs of hydrogel electrodes. The
centres of the 5.5 mm holes were 32 mm apart so that two hydrogel pads can be

positioned side by side without overlapping.

The terminals of the batteries were connected to wires that are soldered on the pads
on the top-left. The isolated Vcc and Vg for the op-amps require jumper wires to
connect them to the battery bus. The yellow lines in Figure 28 indicate the jumper

wire relationship.

The pad below E$23 was used to attach the wire that connects to the elbow electrode

to the DC ground bus.

To minimise inductive coupling noise in the sensor, a shielded seven-core cable
was used to connect the PCB to the batteries and the oscilloscope. The two
unmarked holes on the left were used to fasten down the cable to prevent strain on

the PCB’s pads, and thus prevent jitter from loose wires or contacts.
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4.2. Experiment Procedure

The experiment had three parts: The participant preparation, participant parameter

measurements, and the experimental measurements.

4.2.1.  Preparation

The areas on the participant’s right arm where the hydrogel electrode pads were to
be placed were cleaned using alcohol cleansing pads to provide the best adhesion
between the hydrogel electrode pads and the skin. As mentioned in the literature

review, the gentle cleaning of the skin surface reduces skin impedance.

The two hydrogel electrodes were placed on the bicep of the right arm’s such that
the span between the proximal electrode on the bicep and the shoulder would be
equidistant to the span between the distal electrode on the bicep and the elbow. The

reference hydrogel electrode was placed on the right elbow’s bone.

4.2.2.  Participant Parameter measurements

The participant parameter measurements comprised of taking dimensional

measurements and the H2H impedance measurements of the participants.

Dimensional Measurements

Dimensional measurements were recorded to enable calculations to be made using
Equations (12) to (15), from Section 3.2.5, for each participant. The dimensional

measurements recorded are listed below and shown in Figure 29.

e Hand-to-hand arm span,

e Hand widths (taken in the middle of the palm where the width is the widest),
e The span between Elbow electrode to Electrode A (Span A4), and

e The span between Shoulder to Electrode B (Span B).
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The distance between the two electrode centres was always 32 mm due to the

distance between the press-stud connectors on the sensor PCB

| '| [ ] Hand Width

Figure 29 — Pre-Experiment measurements of Body Parameter A) Measurement of placement of the
electrodes (marked with blue dots) and arms span. Human body outline adapted from Clker-Free-Vector-
Images [29]. B) Measurement region of hand width. Palm image was available through Creative Commons

Licence [61]

Hand to Hand Impedance Measurement Setup

An H2H impedance measurement experiment was devised to estimate the
impedance that would occur when grasping the flat power cable. Like the H2H
impedance measurement system described in Chinen et. al. [62], the devised
experiment used copper tape wrapped around a 2 x 0.75 mm?, flat power cable to
make grasping surfaces for each hand. These surfaces are intended to mimic the

grasping surface area of the participant’s hand.

Each of the copper pieces joined lead wires that connected to each of the LCR meter

terminals. When the participant grasps both the copper pieces with each hand, it
would close the path between the plates and impedance can be measured by the

inductance, capacitance and resistance (LCR) meter.
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The pieces of copper tape had the dimensions of 20 mm x 150 mm. When these
pieces were wrapped, there would be a 5 mm overlap which allows soldering a
seam. Figure 30 is the hand-to-hand impedance measurement setup. A “TECPEL
LCR 612” LCR meter was used to measure the series resistance and series

capacitance of the participants.

It was expected that the participants will grasp the copper surfaces with a
comfortable, medium force grasp as shown in Figure 31. Similar to the literature on
hydrogel pads, closing the skin surfaces from open-air increases skin moisture
retention and thus reduces the resistance, and increases the capacitance. It was

noticed that resistance and capacitance measurements stabilised after I minute of

grasping.

The approximate contact areas of the copper pieces were 1560 mm? for a 100 mm
hand width. Grasping directly on the cable sheath resulted in a contact area of

1410 mm? for the 100 mm hand width.

Figure 30 — Hand-to-hand Impedance measurement setup. A Type P3 (2 x 0.75mm) cable was wrapped with
copper tape on its end. The brown wire was connected to the copper plate on the left to the red node of the

LCR meter. The black node was connected to the right copper plate with a jumper wire.
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Figure 31 — Grasping the Hand-to-hand Impedance measurement setup

4.2.3.  Experiment

As described at the beginning of this chapter, the main experiment took place in an
Anechoic Chamber. Once the participant was in the chamber, the EMI sensor was
connected to the electrodes on the participant. The experimental setup is shown in

Figure 32.
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Oscilloscope Connections
Channels 1 & 2 — Sensor

Channel 4 — Transformer

B 20:1
| Trans-
former

[ 230 Vgys. 50 Hz J

Power Supply

Figure 32 — Simplified setup for the experiment in the Anechoic Chamber. Participant does not hold any
surfaces during baseline measurements. Figure of person was available through Creative Commons Licence
[63]

Observations during Experimental Setup Preparation

With the source measurement used as a reference. It was observed that the 50 Hz
EMI sine waves, measured at terminals Out A and Out B, both had phase
differences that changed depending on the orientation of the grasp and the angle of
the cable in the grasp. For example, when the left hand grasped the cable in such a
way that the live wire side of the cable was orientated closest to knuckles. The EMI
signal and the source signal looked as if they were almost in-phase. Whereas, if the
cable orientation was changed such that the neutral wire side of the cable was
closest to knuckles, i.e. a 180° rotation. The EMI signal and the source signal looked
as if they were almost 180° out-of-phase. This occurrence led to the decision to
record the two wire orientations within the left hand grasp which are shown in

Figure 33.

Case 1 was given the description ‘Live-in-Palm’ because the live wire’s position

was adjacent to the palm compared to the neutral wire. Case 2 was given the
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description ‘Neutral-in-Palm’ because the neutral wire’s position was adjacent to

the palm compared to the live wire.

Case 1 Case 2

Left Hand

Figure 33 — Two cases of the main experiment where the cable has are in two different rotational orientation
in the hand. Note that the experiment had the thumb was placed on the cable for a more natural grip. Figure of

fist was adapted through Creative Commons Licence [64]

Oscilloscope Measurement Procedure

Three groups of measurements were recorded on the oscilloscope. The 1% group
was the baseline measurement. The 2™ group was to collect the main experiment
measurements as described in the above observation section. And the 3™ group was

to collected additional measurements but with the right hand grasping the cable.

Oscilloscope Measurement 1: Baseline: A baseline measurement was
recorded where the participant was standing beside the table, but not touching any
surfaces, as shown in Figure 32. This baseline measurement was to record the
ambient EMI induced voltage and was used for yielding net measurements when
interacting with the cable. This ambient voltage may be due to inductive coupling
between the supply and the participant, or the EMI could be due to inherent noise

with the measurement sensor or oscilloscope.

Oscilloscope Measurements 2 and 3: Case 1 and Case 2 As shown in
Figure 34, the main experiment required the participant to grasp the lamp’s
insulated cable while the oscilloscope recorded the EMI measurements. This was
performed for both Case 1 and Case 2, which were Measurements 2 and 3
respectively. The participant was made sure to not be tramping any power cable or

grounding paths that would have affected the purpose of the experiment.
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Oscilloscope Connections
Channels 1 & 2 — Sensor
Channel 4 — Transformer

B 20:1
B Trans-
former

[ 230 Vyys. 50 Hz ]

Power Supply

Figure 34 — Simplified setup for the Case 1 and Case 2 experiment in the Anechoic Chamber. Figure of

person was available through Creative Commons Licence [63]

Oscilloscope Measurements 4 and 5: Case 3 and Case 4 In these two
cases, the EMI will be introduced to the body using the right hand instead, while
the EMI sensor remained in the same position as found in Measurements 1 to 3.
These purpose of these two additional measurements was for reducing the error in

the optimisation process of the human body model.

As shown in Figure 35, this experiment required the participant to grasp the lamp’s
insulated cable while the oscilloscope recorded the EMI measurements. Like the
main experiment measurements, there were two cases of wire orientation in the

right hand’s grasp, which are shown in Figure 36.

Case 3 was given the description ‘Neutral-in-Palm’ because the neutral wire’s
position was adjacent to the palm compared to the live wire. Case 4 was given the
description ‘Live-in-Palm’ because the live wire’s position was adjacent to the palm

compared to the neutral wire.
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Oscilloscope Connections
Channels 1 & 2 — Sensor
Channel 4 — Transformer

230 Viys. 50 Hz
Power Supply

Figure 35 — Simplified setup for the Case 3 and Case 4 experiment in the Anechoic Chamber. Figure of

person was available through Creative Commons Licence [63]

Case 3 Case 4
AN

Right Hand

Figure 36 — Two cases of the validation experiment where the cable has are in two different rotational

orientation in the hand. Note that the experiment had the thumb was placed on the cable for a more natural

grlp Error! Bookmark not dcﬁned..

4.2.4. Discussion

The benefit of measuring the four different cases was to observe the changes to the
EMI due to a change in tissue medium quantity between the sensor and the EMI
source, and the EMI’s galvanic circulation direction. As well as to validate the

model by changing the position of the EMI input position. The grasp had the thumb
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placed on the cable because participants found it a more natural grip and thus

increased the contact surface area for the CC.

The re-iteration of the case descriptions is below.

e (Case 1: Left Hand — Live-in-Palm

e C(Case 2: Left Hand — Neutral-in-Palm

e C(Case 3: Right Hand — Neutral-in-Palm
e (ase 4: Right Hand — Live-in-Palm

4.3. Results

In this sub-section, the participant parameters and experiment measurements are

analysed and discussed.

4.3.1.  Participant Parameter Measurements

THE EXPERIMENT WAS CONDUCTED WITH 18 NON-AMPUTEE, RIGHT-HANDED DOMINANT PARTICIPANTS. THE

GENDER DEMOGRAPHICS OF THE DATA SAMPLE WAS 11 MALES AND 7 FEMALES AND THE RANGES OF THE

PARTICIPANT CHARACTERISTICS ARE SHOWN IN TABLE 10.

Table 11 is a record of the participant parameter measurements.

TABLE 10 — RANGES OF NON-AMPUTEE PARTICIPANT SAMPLE SET

Participant Characteristics Minimum | Maximum | Mean
Hand Width (Both) (m) 0.090 0.115 0.100
Hand-to-hand Resistance () 1370 2540 1966

Hand-to-hand Capacitance (nF) | 22.52 93.15 45.17
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TABLE 11 — PARTICIPANT PARAMETER MEASUREMENTS RECORDED OFF NON-AMPUTEE PARTICIPANTS

Hand Width

Distance between

Hand- to-hand Impedance

Electrodes

.. Right Left Span Span B | Resistance Capacitance
Participant ID | Gender (m) (m) A(m) | (m) Q) (nF)
Participant A | Female 0.100 0.100 | 0.100 0.140 2085 55.94
Participant B | Male 0.105 0.105 | 0.140 0.130 2540 36.52
Participant C | Male 0.100 0.100 | 0.125 0.125 2222 40.06
Participant D | Male 0.115 0.115 | 0.130 0.130 1370 48.64
Participant G | Male 0.100 0.100 | 0.130 0.120 2193 22.52
Participant H | Male 0.100 0.100 | 0.130 0.140 2400 24.03
Participant I Female 0.095 0.095 | 0.110 0.150 1410 93.15
Participant ] | Male 0.095 0.095 | 0.120 0.180 1835 49.41
Participant K | Male 0.100 0.100 | 0.130 0.130 1650 62.26
Participant L | Female 0.090 0.090 | 0.140 0.130 1737 33.89
Participant M | Male 0.105 0.105 | 0.150 0.150 1667 55.26
Participant N | Male 0.100 0.100 | 0.100 0.140 1810 59.33
Participant O | Male 0.100 0.100 | 0.130 0.140 1938 33.50
Participant P | Female 0.100 0.100 | 0.130 0.140 2031 66.40
Participant Q | Female 0.095 0.095 | 0.120 0.130 2292 62.02
Participant R | Female 0.090 0.090 | 0.120 0.120 2316 36.70
Participant S | Female 0.095 0.095 0.120 0.130 2213 35.19
Participant T | Male 0.115 0.115 | 0.140 0.140 1792 35.19

4.3.2.  Experiment Measurements
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Table 12, Table 13 and Table 14 contain the peak voltage measurements when
processing all the non-amputee participants' raw data as described in the next sub-

section using Participant C as the sample.

Page 58 of 113



TABLE 12 — CONDENSED TABLE OF NON-AMPUTEE BASELINE MEASUREMENTS FOR MAIN EXPERIMENT

Hand-to-Hand .
Impedance Baseline

Participant ID Hand Width Resis. Cap. | Out A| Out B A Out | Source

(m) () mF) | (mV) | (mV) (1V) V)
Participant A 0.100 2085 55.94 0.966 0.928 37.7 330.0
Participant B 0.105 2540 36.52 0.763 0.746 16.7 330.0
Participant C 0.100 2222 40.06 0.773 0.775 -2.8 332.0
Participant D 0.115 1370 48.64 0.613 0.629 -16.3 330.0
Participant G 0.100 2193 22.52 0.959 0.939 20.4 329.6
Participant H 0.100 2400 24.03 0.813 0.815 -1.9 330.3
Participant I 0.095 1410 93.15 0.365 0.386 -21.2 328.0
Participant J 0.095 1835 49.41 0.758 0.753 5.4 330.8
Participant K 0.100 1650 62.26 0.926 0.935 -9.8 329.9
Participant L 0.090 1737 33.89 2.315 2.381 -66.0 328.0
Participant M 0.105 1667 55.26 1.750 1.765 -14.7 330.2
Participant N 0.100 1810 59.33 1.017 0.996 21.2 332.0
Participant O 0.100 1938 33.50 2.375 2.382 213 328.6
Participant P 0.100 2031 66.40 2.259 2.246 12.9 328.0
Participant Q 0.095 2292 62.02 1.754 1.754 0.6 330.6
Participant R 0.090 2316 36.70 1.810 1.824 -14.5 330.7
Participant S 0.095 2213 35.19 0.775 0.772 2.7 328.0
Participant T 0.115 1792 35.19 1.617 1.607 10.5 330.0

TABLE 13 — CONDENSED TABLE OF NON-AMPUTEE CASE 1 AND CASE 2

EXPERIMENT.

MAIN MEASUREMENTS OF THE

Case 1: Left hand, Live-in-Palm

Case 2: Left hand, Neutral-in-Palm

Participant ID Out A | Out B | AOut Source | Out A | Out B | AOut Source
(mV) | (mV) | V) ™) (mV) | (mV) | V) V)
Participant A 7.65 7.63 19.95 | 330.0 3.68 3.70 -0.02 | 330.0
Participant B 5.49 5.46 29.45 | 330.0 4.20 4.20 0.00 | 330.0
Participant C 13.24 13.18 56.65 | 332.1 15.32 15.32 0.70 | 330.0
Participant D 12.67 12.70 | -29.35 | 329.9 14.07 14.07 -6.95 | 328.0
Participant G 7.07 7.04 28.55 | 3294 11.36 11.30 58.05 | 332.0
Participant H 7.20 7.20 7.90 | 332.0 10.88 10.88 0.40 | 332.0
Participant I 8.18 821 | -25.15| 328.1 12.27 1229 | -17.30 | 3294
Participant J 10.89 1091 | -19.70 | 330.4 20.38 2043 | -58.60 | 330.8
Participant K 6.60 6.61 | -11.75| 330.0 12.69 12.72 | -3590 | 328.2
Participant L 6.36 6.32 45.05 | 328.2 8.69 8.67 20.30 | 328.1
Participant M 8.44 8.45 -2.40 | 330.1 21.70 21.65 50.60 | 328.9
Participant N 5.67 573 | -55.70 | 330.2 4.38 440 | -22.33 | 330.8
Participant O 12.75 12.75 0.00 | 330.0 9.69 9.69 -2.80 | 3294
Participant P 17.43 17.49 | -63.55| 328.0 24.66 24.69 | -24.30 | 328.0
Participant Q 10.69 10.69 -4.30 | 332.0 14.02 13.97 45.00 | 332.0
Participant R 11.47 11.51 | -35.15| 330.0 15.25 15.25 -1.80 | 332.0
Participant S 9.85 9.86 -7.40 | 328.2 15.67 15.66 7.25| 328.0
Participant T 11.74 11.70 39.50 | 331.8 13.44 13.39 41.75 | 332.0
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TABLE 14 — CONDENSED TABLE OF NON-AMPUTEE CASE 3 AND CASE 4 VALIDATION MEASUREMENTS OF THE

EXPERIMENT.

Case 3: Right hand, Neutral-in-Palm

Case 4: Right hand, Live-in-Palm

Participant ID Out A | Out B | AOut Source | Out A | Out B | AOut Source
(mV) | (mV) | V) ™) (mV) | (mV) | @V) V)
Participant A 10.47 10.45 0.02 | 330.0 9.29 9.29 0.00 | 330.0
Participant B 8.95 8.92 0.03 | 330.0 10.85 10.91 -0.06 | 330.0
Participant C 14.87 14.83 40.05 | 331.8 14.62 14.68 | -61.15| 3322
Participant D 17.00 17.04 | -32.85 | 328.0 11.52 11.46 59.15 | 328.0
Participant G 14.76 14.75 9.70 | 330.4 19.50 19.44 64.95 | 332.0
Participant H 10.64 10.66 | -18.50 | 330.0 4.60 4.61 -3.28 | 330.1
Participant | 8.53 855 | -19.65| 328.0 7.75 7.71 45.00 | 330.0
Participant J 10.12 10.08 3295 | 3292 7.86 7.83 33.65 | 329.8
Participant K 9.64 9.73 | -9245| 3292 7.88 791 | -31.00 | 328.2
Participant L 10.83 10.79 42.75 | 330.0 16.03 15.99 40.05 | 330.0
Participant M 19.80 19.75 54.60 | 329.0 4.20 4.18 23.73 | 3284
Participant N 7.71 7.61 94.50 | 330.0 5.76 5.76 -1.50 | 328.0
Participant O 16.89 16.95 | -60.80 | 328.0 8.49 8.49 -4.95 | 3282
Participant P 25.78 25.78 1.45| 328.0 21.91 21.84 72.30 | 328.0
Participant Q 11.63 11.62 11.50 | 332.0 9.71 9.69 22.80 | 330.0
Participant R 15.49 15.46 25.15| 3313 13.97 13.92 42.65 | 3319
Participant S 14.81 14.83 | -18.25 | 329.7 5.37 5.36 15.10 | 332.0
Participant T 22.27 22.20 62.90 | 3319 13.11 12.98 | 128.65 | 330.9

Sample Data — Participant C

THE PURPOSE OF PRESENTING THE SAMPLE DATA WAS TO DEMONSTRATE THE PHASE DIFFERENCES BETWEEN THE

FOUR CASES. PARTICIPANT C’S PRE-EXPERIMENT MEASUREMENTS ARE SHOWN IN TABLE 15 (SOURCED FROM

Table 11). Summary measurements, shown in Figure 37 to Figure 41.

Table 16, were obtained by processing the “Vp.p+ 2” values obtained from the plots

shown in Figure 37 to Figure 41. Terms “Filtered” or “10 kHz Filtered” are

described in the endnote on Page 60 1.

TABLE 15 — PARTICIPANT C’S PARAMETER MEASUREMENTS RECORDED FROM (SOURCED FROM
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TABLE 11).

Hand width Distance Grasping Hand-to-hand
Impedance
Arm . Elbow to Shoulder Resistance Capacitance
Span (m) | Right(m) | Left(m) | 0 0B m | Q) (nF)
1.65 0.10 0.10 0.125 0.125 2222 40.06
TABLE 16 — SUMMARY OF MEASUREMENTS RECORDED FROM PARTICIPANT C
. Out A Out B | 4 Out Source | A Phase
Vop =2 (Filtered = =
o2 (Filtered) M) |mv) @) v |y
Baseline 0.773 0.775 -2.81 332.0 N/A
Case 1: Left Hand —Live-in-Palm 13.236 13.179 56.65 332.1 19.57
Case 2: Left Hand — Neutral in-Palm 15.321 15.320 0.7 330.0 9.44
Case 3: Right Hand —Neutral-in-Palm 14.869 | 14.829 40.05 | 331.8 9.48
Case 4: Right Hand — Live-in-Palm 14.619 | 14.680 -61.2 | 3322 19.60
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Figure 37 — Baseline Measurements of Participant C. Measurements taken from the Voltage Follower

Outputs for Electrode A and B; and Plug point source with 20:1 Step Down Transformer.
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Figure 38 — Case 1 Measurement of Participant C. Measurements taken from the Voltage Follower Outputs

for Electrode A and B; and Plug point source with 20:1 Step Down Transformer.
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Figure 39 — Case 2 Measurements of Participant C. Measurements taken from the Voltage Follower Outputs

for Electrode A and B; and Plug point source with 20:1 Step Down Transformer.

Page 63 of 113



V(ia_in+ 10k filter)

18mV-
12mV—-—

OmV—-
-6mV—+ -

12mv

1Emy ‘ ‘ Ve 10k fie)
18mV: : (ia_in- 10k filter) :

T T T T T T T T T T T
Oms 10ms 20ms 30ms 40ms 50ms 60ms 70ms 80ms 90ms 100ms 110ms

Figure 40 — Case 3 Measurements of Participant C. Measurements taken from the Voltage Follower Outputs

for Electrode A and B; and Plug point source with 20:1 Step Down Transformer.
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Figure 41 — Case 4 Measurements of Participant C. Measurements taken from the Voltage Follower Outputs

for Electrode A and B; and Plug point source with 20:1 Step Down Transformer.
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Sample Data — Discussion

Several characteristics of the data were noted and listed below.

e Signals from Case 2 and Case 3, as shown in Figure 39 and Figure 40,
produce similar results for the IA inputs and display an almost 10 ms phase
delay after the source.

e Case 1 and Case 4, as shown in Figure 38 and Figure 41, produced similar
results for the IA inputs.

e The phase differences between the Cases 1 & 4 set and the Cases 2 & 3 set
indicate that there possibly was galvanic circulation and changing the
polarity of the EMI noise source, changes the polarity of the IA

measurements.

4.3.3.  Experiment Data Analysis

ANALYSIS OF THE DATA FROM
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Table 12 to Table 14 is processed using the column headings, Voltage Follower
Output Measurements and Source measurements, to do basic statistical

calculations.

Voltage Follower Output Measurements (Out_A and Out_B)

The “Out_A — Out_B” amplitudes are shown in Table 17. The range was found to
be between -92.45 uV and 128 pV. There was no particular correlation between the
Cases and the polarity of the difference. The percentage of the difference relative
to the average across both voltage followers was calculated and also shown in this
table. The range of the percentages was found to be between -0.98 % and 1.23 %.
The average and median percentages across all four channels were found to be

0.074 % and 0.002 %, respectively.

The average and median values above indicate the “Out, — Out_B” amplitudes
were small enough that averaging Out A4 and Out B magnitude for each participant
can be considered. Table 18 is the result of the calculation. The magnitudes across
the four cases ranged between 3.69 mV and 25.78 mV. The magnitudes for the

baseline measurements ranged from 0.38 mV to 2.38 mV.

TABLE 17 — ANALYSIS OF OUTPUT VOLTAGES DIFFERENCE BETWEEN ELECTRODES FOR ALL FOUR CASES

Output Dif ference
Out A — Out B (uV) d i 9

Output Average

Participant ID | Case 1 | Case2 | Case3 | Case4 | Casel | Case2 | Case3 | Case4
Participant A 19.95 -0.02 0.02 0.00 | 0.27% | 2.06% | 0.14% | 0.43%
Participant B 29.45 0.00 0.03 -0.06 | 0.27% | 0.59% | 0.14% | 0.76%
Participant C 56.65 0.70 40.05 | -61.15] 0.48% | 0.02% | 0.30% | 0.42%
Participant D -29.35 -6.95 | -32.85 59.15| 0.11% | 0.07% | 0.10% | 0.69%
Participant G 28.55 58.05 9.70 6495 | 0.13% | 0.36% | 0.08% | 0.24%
Participant H 7.90 0.40 | -18.50 -3.28 | 0.15% | 0.02% | 0.17% | 0.04%
Participant I -25.15 | -17.30 | -19.65 45.00 | 0.05% | 0.03% | 0.02% | 0.90%
Participant J -19.70 | -58.60 32.95 33.65| 0.25% | 0.33% | 0.29% | 0.40%
Participant K -11.75 ] -3590 | -9245| -31.00 | 0.03% | 0.22% | 0.94% | 0.30%
Participant L 45.05 20.30 42.75 40.05 | 2.78% | 1.36% | 1.28% | 0.78%
Participant M -2.40 50.60 54.60 2373 | 0.18% | 0.33% | 0.38% | 1.58%
Participant N -55.70 | -22.33 94.50 -1.50 ) 1.64% | 1.29% | 1.10% | 0.48%

Participant O 0.00 -2.80 | -60.80 -4.95 ] 0.07% | 0.06% | 0.37% | 0.04%
Participant P -63.55 | -24.30 1.45 7230 0.50% | 0.17% | 0.05% | 0.30%
Participant Q -4.30 45.00 11.50 22.80 | 0.05% | 0.36% | 0.11% | 0.28%
Participant R -35.15 -1.80 25.15 4265 021% | 0.09% | 029% | 0.47%
Participant S -7.40 725 -18.25 1510 0.11% | 0.03% | 0.15% | 0.27%
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| Participant T | 39.50 | 41.75] 62.90] 128.65] 0.29% | 0.26% | 0.25% | 1.03% |

TABLE 18 — AVERAGED OUTPUT VOLTAGES BETWEEN ELECTRODES FOR ALL FOUR CASES

Average Voltage (mV)

Participant ID | Baseline | Case | Case 2 Case 3 Case 4

Participant A 0.947 7.64 3.69 10.46 9.29
Participant B 0.754 5.48 4.20 8.93 10.88
Participant C 0.774 13.21 15.32 14.85 14.65
Participant D 0.621 12.69 14.07 17.02 11.49
Participant G 0.949 7.05 11.33 14.75 19.47
Participant H 0.814 7.20 10.88 10.65 4.60
Participant [ 0.375 8.19 12.28 8.54 7.73
Participant J 0.756 10.90 20.41 10.10 7.85
Participant K 0.931 6.60 12.71 9.68 7.90
Participant L 2.348 6.34 8.68 10.81 16.01
Participant M 1.757 8.44 21.67 19.77 4.19
Participant N 1.007 5.70 4.39 7.66 5.76
Participant O 2.379 12.75 9.69 16.92 8.49
Participant P 2.252 17.46 24.68 25.78 21.88
Participant Q 1.754 10.69 13.99 11.62 9.70
Participant R 1.817 11.49 15.25 15.47 13.94
Participant S 0.774 9.85 15.66 14.82 5.37
Participant T 1.612 11.72 13.42 22.24 13.05

The Baseline measurement was conducted to record the offset due to any residual
coupling in the Anechoic Chamber. By subtracting the offset from each of the Case
measurements, the EMI due to only interacting with the cable is obtained. The result
is shown in Table 19. Average and median calculations were taken across the four
Cases. The nine shaded entries in the table indicate a less than £5% difference
between the median and average measurements. The nine remaining unshaded
entries indicate that the dataset has a high level of skewness and may result in larger
errors when fitting the model to the data. Figure 42 describes the data found in Table
19 in a box-and-whisker graph. From the box-and-whisker graph, one can see that

there is a variety of values and a pattern is not easily discernible.

TABLE 19 — ANALYSIS OF AVERAGED VOLTAGE FOLLOWER OUTPUT VOLTAGES, BASELINE OFFSET REMOVED,
FOR ALL FOUR CASES. SHADED VALUES INDICATE A LESS THAN £5% DIFFERENCE BETWEEN THE MEDIAN AND

AVERAGE MEASUREMENTS

Average Voltage — Baseline Offset Removed(mV)
Participant ID | Case 1 Case 2 Case 3 Case 4 | Average | Median

Participant A 6.69 2.74 9.51 8.34 6.82 7.51
Participant B 4.72 3.45 8.18 10.13 6.62 6.45
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Average Voltage — Baseline Offset

Participant C 12.43 14.55 14.07 13.88 13.73 13.98
Participant D 12.07 13.45 16.40 10.87 13.19 12.76
Participant G 6.10 10.38 13.80 18.52 12.20 12.09
Participant H 6.39 10.06 9.83 3.79 7.52 8.11
Participant I 7.82 11.90 8.16 7.35 8.81 7.99
Participant J 10.14 19.65 9.34 7.09 11.56 9.74
Participant K 5.67 11.78 8.75 6.97 8.29 7.86
Participant L 3.99 6.34 8.46 13.66 8.11 7.40
Participant M 6.69 19.91 18.02 2.43 11.76 12.35
Participant N 4.70 3.39 6.65 4.75 4.87 4.72
Participant O 10.38 7.31 14.54 6.11 9.58 8.84
Participant P 15.21 22.42 23.52 19.62 20.20 21.02
Participant Q 8.93 12.24 9.87 7.94 9.75 9.40
Participant R 9.67 13.43 13.66 12.13 12.22 12.78
Participant S 9.08 14.89 14.05 4.59 10.65 11.56
Participant T 10.10 11.80 20.62 11.43 13.49 11.62
2500
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Figure 42 — Box and Whisker Diagram of Averaged Voltage Follower Output Voltages, Baseline Offset

Removed, for all Four Cases.
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Source

The power supply or source was measured to have a range between 328 V and
332.2 V across all the participants. The average and median were 329.9 V and

330 V, respectively.

4.3.4.  Experiment Discussion

A generalised deduction that the human bodies conduct EMI due to contact with
insulated, AC-powered objects can be made from the tables and figures in Section
4.3.2. The tables and figures presented to demonstrate that the four Case
measurements recorded when the participant was grasping the cable was noticeably

larger than the baseline measurements.

This controlled environment resulted in the EMI coupled to participants, which the
baseline offset is removed, ranged from 2.4 mV peak to 23.5 mVpeak. This magnitude
is higher than the EMG signals produced at low to mild stimulation. Given another
prepared environment with multiple EMI sources due to electrical equipment and
cabling. It is hypothesised that one can expect far higher EMI induced voltage
measurement circulating through the body. Capacitive coupling to multiple, parallel
sources would result in lower capacitive reactance due to Equation (1) and thus, the

human body is less insulated and allocated a larger potential difference.

Experimentation Reliability

As described in the IEC TS 60479-1, the values of body impedance depend on
several factors such as current path, touch voltage, duration of current flow,
frequency, degree of moisture of the skin, surface area of contact, the pressure
exerted and temperature [33], [34]. Since the pressure exerted, degree of skin
moisture and temperature were not controlled parameters or variables, there was a

mixture of consistent and inconsistent results collected.
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The experiments that yielded the shaded entries in Table 19 can be regarded as
reliable data sets as there was a small difference between the median and mean
values. The bulk of the data collected potentially infer larger chance of unreliability
as there was a noticeable difference between the median and mean. The usual way
to remove such inconsistencies require multiple repeated experiments per
participant and to have a larger sample of participants, which required more time

and resources.

4.4, Chapter Summary

In this chapter, the experimental setup, experimental procedure, and results were
discussed. The experiment took place in an Anechoic chamber to mitigate external
and uncontrolled EMI sources. A basic voltage follower sensor was used to detect
the EMI induced voltages at the participant’s bicep when interacting with a flat,

two-core cable as a noise source. The data was recorded using an oscilloscope.
The outcomes of the experiment’s results are as follows:

e Collections of participant parameters to populate models,

e Collections of participant voltage measurements at the electrodes to
determine the appropriate Inter-Pathway Resistance values, and

e A maximum EMI voltage magnitude of 23.52 mV was measured off

Participant P.

A wide range in the EMI induced voltage measurements could have been due to
various degrees of factors such as the participant’s skin characteristics, applied
pressure of grasp or the contact area of the grasp. Input parameters have been
collected to populated the unique models for each participant and the optimisation
process discussed in the next section will attempt to proximate to the output
measurements are to be used Overall, the data collected does have inconsistencies
due to the unique nature of the participants and their actions. Further developments
in this human body electric circuit model would benefit from a more intensive

follow-up experimentation and confirm the outcomes of this dataset.
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ii Plots and measurement described by “Filtered” or “10 kHz Filtered” means that the raw data was
passed through a 10 kHz Low Pass Filter to attenuate the noise produced by the equipment used in
the experiment but still maintain the EMG signal spectrum measured by the IA.
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Chapter 5

MODEL ASSEMBLY AND

OPTIMIZATION

In this chapter, the model will be assembled from the sub-models discussed in
Chapter 3, along with the parameters recorded in Chapter 4. Optimisation using a
basic genetic algorithm will be done to narrow the difference between the simulated

measurements and the experimental measurements.

5.1. Unified Model of Experiment

Combining the Noise Source model, the H2ZH human body circuit model and the
Measurement system model, we obtain the model in Figure 43 and the Noise Source
connection diagram in Figure 44. The colour used in Figure 44 indicates that each
of the cases has different connections. See Appendix A for an unabridged circuit

diagram of the four cases in the model.
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Figure 43 — Unified Model of Experiment, with the Noise Source connection shown in Figure 44
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Figure 44 — Noise Source Connection Diagram for the Four Different Cases.
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Constant Z
Due to:

e the “hydrating” effect of sanitiser used on the participants before the H2H
impedance measurement, and

e the process of correlating H2H impedance to galvanic circulation,

a correction factor constant ‘Z’ was introduced to scale up the measured H2H
impedance, now referred to as ‘Ruzn o’, to offset the effect of hydrating the
participants’ hands with sanitizing liquid before the H2H impedance measurements.
The resulting mathematical relationships are shown in Equations (16) and (17) and

will be used in the optimization process described in the next sub-section.

Ry = Z X Ryap o (2)
(16)

Crzn = Z X Cyap o (F)
(17)

52 Model Optimisation Results and Error Calculations

In order to develop the resistance values for ResSkin, ResWrist, ResElbow and
ResShoulder with the goal of maintain proportionality of the magnitudes with
respect to the participant’s H2H impedance, a genetic algorithm was developed.
The process is described in detail in Appendix C. The parameters Z, ¥, X, Wand V'
used in the optimization process correspond to the correction factor constant and
the resistance values for ResSkin, ResWrist, ResElbow and ResShoulder,

respectively.

The models for each of the 18 participants were simulated as described in Appendix
B and the results are shown in Table 20, Table 21, and Table 22. Table 20 describes
the Naturally Selected’ parameters Z, Y, X, Wand V corresponding to the Participant

Parameter inputs to the model.
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Table 21 compares the averaged output voltages from the experiment, which
follows from Table 19, and the simulation, along with a relative error calculation.
Table 22 is a comparison of V(Out A) — V(Out B) magnitude between the

Experiment and the Simulation measurements.

5.2.1. ‘Naturally Selected” Parameters Z, Y, X, W and V

Combinations
Table 20 shows the average, median and modes across all the participants. The

combination of Z = /0, and Y =X = W= V= 3.16228 appeared twice and was found

to be the only combination to be repeated across participants.
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TABLE 20 — PARTICIPANT PARAMETERS AND THE’ NATURALLY SELECTED’ PARAMETERS Z, Y, X, W AND V

Participant Parameters (Inputs)

Optimised Parameters Result

Participant ID Win?l?‘(im) RE*;ZH)—" C(‘I*IZFH)—" SIZ?;I)A SIE?I‘:)B zZ Y X ' A%

Participant A 0.100 | 2085 | 55.94 0.10 0.14] 2683 ] 10000 10.000| 1259 1.000
Participant B 0.105 | 2540 | 36.52 0.14 0.13| 5179 | 2154 2154| 2154 2.154
Participant C 0.100 | 2222 | 40.06 0.125 0.125| 7.197| 6813| 6813| 6813 6813
Participant D 0.115| 1370 | 48.64 0.13 0.13| 10.000 | 10.000 | 10.000 | 6310 6310
Participant G 0.100 | 2193 | 22.52 0.13 0.12| 5.179 | 100.000 | 10.000 | 10.000 | 3.981
Participant H 0.100 | 2400 | 24.03 0.13 0.14 | 7.197 | 4642| 3.687| 3.687| 2326
Participant I 0.095 | 1410 | 93.15 0.11 0.15| 10.000 | 6813 | 6813] 6813 6813
Participant J 0.095 | 1835 | 4941 0.12 0.18 | 10.000 | 3.162| 3.162| 3.162| 3.162
Participant K 0.100 | 1650 | 6226 0.13 0.13| 10.000| 3.162| 3.162| 3.162| 3.162
Participant L 0.090 | 1737 | 33.89 0.14 0.13| 5.179 | 100.000 | 39.811 | 25119 | 1.585
Participant M 0.105 1667 | 55.26 0.15 0.15| 10.000 | 100.000 | 3.981 | 2512 6310
Participant N 0.100 | 1810 | 59.33 0.10 0.14 | 10.000 | 1.000| 1.000| 1.000| 1.000
Participant O 0.100 | 1938 | 33.50 0.13 0.14 | 10.000 | 4642 | 4.642| 4642 4642
Participant P 0.100 | 2031 | 66.40 0.13 0.14 |  7.197 | 100.000 | 10.000 | 10.000 | 10.000
Participant Q 0095 | 2202 62.02 0.12 0.13| 10.000 | 3.162| 2512| 2512| 2512
Participant R 0.090 | 2316 | 36.70 0.12 0.12| 10.000 | 4642 2326| 1.848| 1848
Participant S 0.095 | 2213 | 35.19 0.12 0.13| 7.197| 6813 6813| 6813| 5412
Participant T 0.115| 1792 | 35.19 0.14 0.14 | 10.000 | 6813 | 4299 | 4299 | 4299
Average 0.100 | 1972 | 4722 0.126 0137 8.167] 26323| 7287] 5672 4074
Median 0.100 | 1985 | 44.35 0.13 0.135| 10.000 | 6813 | 4470| 3993 3572
Mode 0.100 0.13 0.140 | 10.000 | 6813 | 10.000| 6813 | 1.000
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5.2.2.  Averaged Output Voltages with Relative Error

Table 21 describes the simulation error relative to the experiment measurements.
The model’s overall average error of 27.42 % was found reasonable due to the
inconsistencies in the experiment data and the amount of correction that can be
afforded by parameter sweeping five variables. The model’s overall median error
was 25.14 %. The difference between the average calculation and the median
indicates that the model accuracy is skewed and may be due to probabilistic nature

of a genetic algorithm coinciding with poorer consistency for Case 4 measurements.

Comparing the average voltages between the simulated values and the experiment
measurements for each case. Case 2 and Case 3 appears to be roughly similar by
being 1 mV apart or deviating 8.82% and 7.91% for the respective cases. The
average for Case 1 and Case 4 were larger than 2 mV, thus less consistent with a
24.1 % and 44.8% deviation respectively. See Figure 45 for a box-and-whisker
representation of the each cases’ relative errors shown in Table 21. It is shown that
the optimisation yielded a range of relative error values as each person is unique.
However, if one is gauging the average relative error across participants, one can

see that the lower and upper quartile is around 20 % and 30% respectively

Heat Map and Colourisation Analysis

The colour scheme for the heat map was defined as:

e Green is for errors 10 % and lower,
e Yellow is for errors around 20 %, and

o [REd is for errors 40 % and higher

By analysing the relative errors for Cases, one can see that 39 % of the individual
case entries have green fills, 22% have yellow/orange fills and 39 % have red fills.
Collectively, one can see that Case 3 attained the lowest set errors, whereas Case 4

got the highest.
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TABLE 21 — COMPARISON AND ERROR CALCULATION OF AVERAGED OUTPUT VOLTAGES BETWEEN EXPERIMENT AND SIMULATION

24.18%

Average

20.32%

27.46%

27.75%

32.89%

18.43%

25.27%

Experiment Average Voltage (mV) | Simulation Average Voltage (mV) Simulation Relative Error %
Participant ID || Case 1 | Case2 | Case3 | Case4 | Case 1 | Case2 | Case3 | Case 4 | Case 1 | Case?2
Participant A | 6.69] 274 951| 834] 25| 280 3.14] 234
Participant B | 4.72| 345| 8.18| 1013 | 461 | 541 551| 354
Participant C | 12.43 | 14.55| 1407 | 1388 751 | 1411] 1580] 625 3.00% | 12.25%
Participant D || 12.07 | 1345 | 1640 | 1087 | 7.53| 1450 ] 1647 7.02 781% | 0.42%
Participant G | 6.10 | 1038 | 13.80 | 1852 582 | 1218 | 13.95| 554 | 4.64% | 17.30% | 1.05%
ParticipantH | 639 | 1006 | 983 | 379| 634 875] 980 471 0.76% | 13.02% | 0.36%
Participant | 782 1190 816| 735| 637| 11.89| 1347 533 18.53% | 0.07%
Participant] || 10.14 | 19.65| 934| 7.09| 640| 11.89] 966 | 4.76
Participant K | 567 | 1178 | 875| 697 6.09| 819| 886 | 456 7.43% | 30.44%
Participant L 399 | 634| 846| 1366 383 693| 838| 361 3.94% | 9.38% | 1.04%
Participant M | 6.69 | 1991 | 18.02| 243] 6.67] 11.02]| 1258] 543 0.20%
Participant N || 470 | 339 | 665| 475| 470 493| 462| 358] 0.17% 30.60%
Participant O || 1038 | 731 | 1454 | 611 792 1260 1409 | 6.05 | 23.68% 3.06%
Participant P || 1521 | 2242 | 2352] 1962 885 2237 2486 8.68 0.24% | 5.68%
Participant Q | 893 | 1224 | 987] 794 750] 9.68] 1043] 528 16.01% | 20.94%
ParticipantR | 9.67 | 1343 | 1366 | 12.13| 673 | 835] 899 | 4.54]3042%
Participant S 908 | 1489 | 1405 459 694| 1276 | 1439 | 563 |23.56% | 1431% | 2.47%
Participant T | 10.10 | 11.80 | 20.62 | 1143 | 811 | 12.82] 1446 | 6.73 | 19.70% | 8.63% | 29.88%
Average 838 | 11.65| 12.64| 942| 636] 1062 ] 1164 | 520 20.54% | 23.56%
Median 838 | 1185 1176 8.14| 654 1146 | 1150 | 531 19.12% | 15.80%

5.69% | 33.53%

22.54%

18.12% 27.42%
5.69% 25.14%

25.02%

19.05%

15.72%
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Figure 45 — Box-and-Whisker diagram describing the clustering of relative error data shown in Table 21 for

the four different cases.

Participant H’s Best Performance

Participant H’s model was found to produce the least amount of errors. The overall
error recorded was 9.58%. The good performance was due to the order of the
voltage magnitudes where Case 2 and Case 3 both held the higher values, followed
by Case 1, and lastly, Case 4 had the smallest value.

5.2.3. V(Out_A) — V(Out_B) Magnitude Comparison

The V(Out _A) — V(Out B) measurements in the simulations were used as a fitness
criterion for selecting the most suitable parameters for each participant. Due to
allowing the magnitude of the difference to be 200 pV, the resulting average for

each case being higher than when compared to the experiment results.
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TABLE 22 — COMPARISON OF V (IA_Input+) - V(IA_Input—) BETWEEN FROM THE EXPERIMENT AND THE

SIMULATION MEASUREMENTS

V(IA_Input+) - V(IA_Input—) (uV)
Experiment Measurements Simulation Measurements
Participant ID || Case 1 | Case2 | Case3 | Case4 | Case 1 | Case2 | Case3 | Case4

Participant A 19.95 | -0.02 0.02 0.00 | 3433 | 45.77 | -80.11 | -25.75
Participant B 29.45 0.00 0.03 -0.06 | 68.67 | 91.55| -99.20 | -41.96
Participant C 56.65 0.70 | 40.05 | -61.15 | 61.05 | 129.70 | -186.95 | -55.30
Participant D || -29.35 | -6.95 | -32.85 | 59.15| 45.80 | 114.45 | -190.70 | -61.05
Participant G 28.55 | 58.05 9.70 | 6495 | 2285 | 61.05 | -190.75 | -56.25
Participant H 7.90 0.40 | -18.50 | -3.28 | 72.45| 106.85 | -183.10 | -59.12
Participant I -25.15 | -17.30 | -19.65 | 45.00 | 45.80 | 106.85 | -152.60 | -42.00
Participant J -19.70 | -58.60 | 32.95 | 33.65| 76.30 | 106.85 | -144.95 | -45.78
Participant K || -11.75 | -35.90 | -92.45 | -31.00 | 83.95 | 118.25 | -144.95 | -51.50
Participant L 45.05 | 2030 | 42.75| 40.05 3.82 | 11.40 | -175.45 | -46.74
Participant M -2.40 | 50.60 | 54.60 | 23.73 | 72.50 | 137.30 | -144.95 | -45.75
Participant N || -55.70 | -22.33 | 94.50 | -1.50 | 129.70 | 137.33 | -106.81 | -64.85
Participant O 0.00 | -2.80| -60.80 | -4.95| 76.30 | 144.95 | -190.75 | -61.00
Participant P || -63.55 | -24.30 145 7230 | 38.15 | 114.45 | -198.35 | -57.20
Participant Q -4.30 | 45.00 | 11.50 | 22.80 | 114.45 | 164.05 | -198.35 | -76.30
Participant R || -35.15 | -1.80 | 25.15| 42.65 | 122.05 | 167.85 | -198.35 | -70.57
Participant S -7.40 7.25| -18.25 | 64.95 | 57.20 | 114.45 | -186.90 | -53.40
Participant T 39.50 | 41.75| 62.90 | 128.65 | 76.30 | 145.00 | -198.35 | -68.65
Average -1.52 3.00 7391 2478 | 66.76 | 112.12 | -165.09 | -54.62
Median -3.35 | -0.01 557 | 2326 | 70.56 | 114.45 | -185.00 | -55.77

5.2.4. Discussion

The developed H2H Human Body circuit model estimated the CC-EMI voltage due
to the grasp of an insulated flat, two-core power cable, with an overall error of
27.4 %. These errors ranged from 9.58 % to 50.85%, indicating that for some
participants, the model does well and for some participants it does not do well.
Achieving average errors in the twenties can be considered acceptable because of a

relatively novel approach to electrically modelling the human body

5.3. Chapter Summary

In this Chapter, the unified model was created from the sub-models and a genetic

algorithm was devised to determine the unknown parameters that represent the
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internal resistance of the body. The model’s average error across 18 participants

was found to be 27.4 %.

The magnitude of the errors was considered acceptable because it was achieved
using more accessible equipment than an MRI-based human body impedance
measurement procedure. It is a possibility that the approach of inducing EMI into
the body using CC maybe the primary contributor to the varying outcome errors
since there would be a probabilistic nature in the way a participant would grasp the
lamp cable. A more intensive experimentation method that involved repeated tests
of participants and a larger participant sample would have improved the quality of

the developed model.

Achieving lower errors may benefit from optimising with more than three
generations of genetic algorithm., a larger sample and an automated genetic
algorithm process. Model validation is required to evaluate the model for

consistency.
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Chapter 6

MODEL VALIDATION AND CRITICAL

ANALYSIS

In this chapter, the process of model validation was conducted to verify the
consistency of the developed model. A similar experiment to the one described in
Chapter 4 was conducted to collect measurements which the model would need to

predict using the inter-pathway resistor parameters obtained in Chapter 5.

A critical analysis of the developed model and research conducted is also discussed,
along with potential supporting works that could improve the attempt in modelling

the H2H region of the human body as an electric circuit.

6.1. Model Validation

Further inspection of the resulting optimised parameters for each participant in
Table 20 indicated there is a loose clustering of similar parameter combinations. As
shown in Table 23, there are roughly three clusters. One participant from each
cluster returned to participate in the validation experiment so that there was a spread
across the participant pool. These participants are Participant K, Participant C and

Participant P.
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TABLE 23 — CLUSTERING OF PARAMETERS Z, Y, X, W AND V' IN PARTICIPANTS

Participant ID Z Y X w \% Cluster

Participant B 5.179 2.154 | 2.154 | 2.154 | 2.154
Participant Q || 10.000 3.162 | 2.512 | 2.512 | 2.512
Participant J 10.000 3.162 | 3.162 | 3.162 | 3.162
Participant K 10.000 3.162 3.162 3.162 3.162 Cluster 1
Participant H 7.197 4.642 | 3.687 | 3.687 | 2.326
Participant R || 10.000 4.642 | 2.326 1.848 1.848
Participant O || 10.000 4,642 | 4.642 | 4.642 | 4.642
Participant S 7.197 6.813 | 6.813 | 6.813 | 5412
Participant C 7.197 6.813 | 6.813 6.813 | 6.813
Participant T || 10.000 6.813 | 4.299 | 4.299 | 4.299 Cluster 2
Participant I 10.000 6.813 | 6.813 6.813 | 6.813
Participant D | 10.000 10.000 | 10.000 | 6.310 | 6.310
Participant G 5.179 | 100.000 | 10.000 | 10.000 | 3.981
Participant L 5.179 | 100.000 | 39.811 | 25.119 1.585

Participant P_| 7.197 | 100.000 | 10.000 | 10.000 | 10.000 Cluster 3
Participant M_|| 10.000 | 100.000 | 3.981 | 2.512 | 6.310
Participant A || 2.683 | 10.000 | 10.000 | 1.259 [ 1.000

Ungrouped

Participant N || 10.000 1.000 | 1.000 | 1.000 | 1.000

6.1.1.  Validation Experiment

The validation experiment procedure is a mirror of the main experiment procedure
discussed in Section 4.2, where the participant is prepared for the EMI sensor to be
placed on the left-hand bicep. The reason for mirroring the main experiment was to
maintain consistencies with the main experiment and to take advantage of the
human body’s tendency for bilateral symmetry[65]. This advantage was most
beneficial to the model circuitry which only required to be “flipped on the vertical

axis” thus saving time on modifying the model for the validation model.

Oscilloscope Measurement Procedure

The same three groups of measurements were recorded as discussed in Section
4.2.3, however the left hand is used instead of the right hand, and vice versa. Each

measurement procedure is described below.
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Oscilloscope Measurement 1A: Baseline: A baseline measurement was
recorded where the participant was standing beside the table, but not touching any

surfaces.

Oscilloscope Measurements 24 and 3A: Case 1 and Case 2 these

two cases required the participant to grasp the lamp’s insulated cable with their
right hand while the oscilloscope recorded the EMI voltage measurements. This
method was performed for both Case 1 and Case 2, which were Measurements 2
and 3 respectively. The participant was made sure to not be tramping any power

cable or grounding paths that would have affected the purpose of the experiment.

Oscilloscope Measurements 44 and 5A: Case 3 and Case 4 In these two
cases, the EMI will be introduced to the body using the left hand instead, while the

EMI sensor remained in the same position as found in Measurements 1A to 3A.

Comments

The light modification of the main experiment into the validation experiment
verifies whether the optimised models of the participants still holds true while still
keeping most parameters constant. Since the modification was to mirror the main
experiment, this tests confirms that the human body impedance is practically

symmetrical along the vertical axis if similar EMI voltage results can be obtained
The re-iteration of the case descriptions is below.

e (ase 1: Right Hand — Live-in-Palm

e (ase 2: Right Hand — Neutral-in-Palm
e C(Case 3: Left Hand — Neutral-in-Palm
e C(Case 4: Left Hand — Live-in-Palm
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6.1.2.

Validation Experiment Results

In this sub-section, the participant parameters and experiment measurements are

discussed.

Participant Parameter Measurements

The experiment was conducted with 3 non-amputee, right-handed dominant

participants. The gender demographics of the data sample was 2 males and 1

female. Table 24 is a record of the new participant electrode position measurements.

The hand width and H2H impedance measurements was carried over from the main

experiment conducted in Section 4.2.3.

TABLE 24 — PARTICIPANT PARAMETER MEASUREMENTS RECORDED OFF NON-AMPUTEE PARTICIPANTS

Distance between Electrodes
Participant ID | Gender | Span A (m) Span B (m)
Participant C | Male 0.125 0.125
Participant K | Male 0.130 0.130
Participant P | Female 0.130 0.140

Validation Experiment Measurements

TABLE 25,

Table 26 and Table 27 contain the peak voltage measurements when processing all

the non-amputee participants' raw data as described in the next sub-section using

Participant C as the sample.

TABLE 25 — CONDENSED TABLE OF NON-AMPUTEE BASELINE MEASUREMENTS FOR VALIDATION EXPERIMENT

Hand-to-Hand .
Baseline
Impedance
Participant ID Hand Width | Resis. Cap. Out A | Out B A Out | Source
(m) (€2 (nF) (mV) (mV) (mV) V)
Participant C 0.100 2222 40.06 1.10 1.09 14.28 336.6
Participant K 0.100 1650 62.26 1.21 1.23 -21.43 3373
Participant P 0.100 2031 66.40 0.85 0.85 -2.50 3359
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TABLE 26 — CONDENSED TABLE OF NON-AMPUTEE CASE 1 AND CASE 2 MEASUREMENTS FOR VALIDATION

EXPERIMENT

Case 1: Right hand, Live-in-Palm

Case 2: Right hand, Neutral-in-Palm

Participant ID Out A | Out B | AOut | Source | Out A | Out B | AOut | Source
(mV) | mV) | (uV) ™) mV) | mV) | (uV) V)
Participant C 12.79 12.68 | 110.15 | 337.7 16.44 1646 | -17.75 | 336.4
Participant K 7.08 7.10 | -22.80 | 338.0 10.65 10.63 20.55 | 336.0
Participant P 7.98 7.96 12.25 | 3374 28.03 28.13 | -98.60 | 338.0

TABLE 27 — CONDENSED TABLE OF NON-AMPUTEE CASE 3 AND CASE 4 MEASUREMENTS FOR VALIDATION

EXPERIMENT

Case 3: Left hand, Neutral-in-Palm

Case 4: Left hand, Live-in-Palm

Participant ID Out A | Out B | AOut | Source | Out A | Out B | AOut | Source
(mV) | mV) | (uV) ™) (mV) | mV) | (uV) V)
Participant C || 17.87 | 17.86 | 9.55| 338.0| 1240 | 1241 | -13.00 | 338.0
Participant K | 1068 | 1068 | 025] 3380 628] 632] -42.75| 3380
Participant P | 2293 2291 ] 1675] 3380 936| 935] 11.90] 3368
6.1.3.  Validation Experiment Data Analysis

Analysis of the data from Table 25 to Table 27 is processed using the column

headings, Voltage Follower Output Measurements and Source measurements, to do

basic statistical calculations.

Voltage Follower Output Measurements (Out A and Out_B)

Table 18 below is the result of averaging Out A and Out B for each case. The

magnitudes across the four cases ranged between 3.69 mV and 25.78 mV. The

magnitudes for the baseline measurements ranged from 0.38 mV to 2.38 mV.

TABLE 28 — VALIDATION EXPERIMENT: AVERAGED OUTPUT VOLTAGES BETWEEN ELECTRODES FOR ALL FOUR

CASES

Average Voltage (mV)
Participant ID | Baseline | Case 1 Case 2 Case 3 Case 4
Participant C 1.09 12.73 16.45 17.86 12.41
Participant K 1.22 7.09 10.64 10.68 6.30
Participant P 0.85 7.97 28.08 22.92 9.35
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The result of baseline offset removal is shown in Table 29. The data contained in
the table appears to be fairly symmetrical when comparing Case 1 with Case 4, and

Case 2 with Case 3.

TABLE 29 — VALIDATION EXPERIMENT: ANALYSIS OF AVERAGED VOLTAGE FOLLOWER OUTPUT VOLTAGES,

BASELINE OFFSET REMOVED, FOR ALL FOUR CASES.

Average Voltage — Baseline Offset Removed(mV)
Participant ID Case 1 Case 2 Case 3 Case 4
Participant C 11.64 15.35 16.77 11.31
Participant K 5.87 9.43 9.46 5.09
Participant P 7.12 27.24 22.07 8.51
Source

The power supply or source was measured to have a range between 335.9 V and
338.0 V across all the participants. The average and median were 337.3 V and
337.7 V, respectively.

6.1.4. Validation Model

The unified circuit diagram for the validation experiment is shown in Figure 47 and
the corresponding connection diagram for the CC model is shown in Figure 46.
Since this validation experiment was a mirror of the main experiment, the only
difference is the swapping the positions of the left- and right- hand interface nodes.
The inter-pathway parameters Z, Y, X, W and V used in each participant’s model

was obtained from Table 20.

Due the slight change in supply voltage experienced during the experimentation,
the models of the participants will be simulated with a supply of 337.5 V instead of

the 330V used during the main experiment.
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Figure 46 — Noise Source Connection Diagram for the Four Different Cases. A) Case 1, B) Case 2,
C) Case3, and D) Case 4
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Input Parameters

Combined Model Parameters

.param R_H2H_0=7 C_H2H_0=7 HandWidth=7? A=7 B=7? AB=0.032

Impedance Equations

.param skin_LArm=0.040%"H2H skin_UArm=0.0749"H2H

.param LArm=0.5991"H2H UArm=0.2474"H2H Deltoid=0.0783"H2H
Shoulders=0.0692"H2H Uarm_heart=0.1123"H2H
.param UArmlength=A+B+AB UArmA=A*UArm/UArmlength
UArmAB=AB*UArm/UArmlength UArmB=B*UArm/UArmlength

Cable Capacitance Equation

param C_Hydrogel=30u R_Hydrogel=50

|
|
|
|
|
| Hydrogel Parameters
|
|
|

Jparam C_cableB=99.Tp"HandWidth

]
i

{C_Hydrogel}

11
{C_Hydrogel}

Pad_A
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Figure 47 — Unified Model of Validation Experiment, with the Noise Source connection shown in Figure 46
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The re-iteration of the case descriptions is below.

e C(ase 1: Right-Hand grasp — Live-in-Palm cable orientation
e (ase 2: Right-Hand grasp — Neutral-in-Palm cable orientation
e (ase 3: Left-Hand grasp — Neutral-in-Palm cable orientation

e C(Case 4: Left-Hand grasp — Live-in-Palm cable orientation

6.1.5. Simulated Results of Validation Model

Table 30 below describes the simulation error relative to the validation experiment
measurements. The average error for the model during validation testing was found
to be 15 %. This was considered good result; however, the result is tentative due to

the small sample size.

Comparing the overall errors for each case, Case 2 and Case 3 again appears to be
best performing cases. This time round, Case 1 had the worst average error of

22.4 % instead of Case 4, which now achieved an average error of 18.7%.

6.1.6. Discussion

Using the same heat-map colour scheme from main experiment data analysis, which
are defined as; Green is for errors 10 % and lower, Yellow is for errors around 20
%, and - is for errors 40 % and higher. The heat-map is now predominantly
green, coinciding with the lower errors. When comparing the validation data to the
main experiment data of the selected participants in Table 31, Case 2 and Case 3
have similar errors for both experiments. A big reduction in errors was found for

Case 1 and Case 4.

Overall, the results of the validation experiment and simulation favourably confirms

the plausibility of the developed human body electric circuit model.
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TABLE 30 — COMPARISON AND ERROR CALCULATION OF AVERAGED OUTPUT VOLTAGES BETWEEN VALIDATION EXPERIMENT AND SIMULATION

Experiment Average Voltage (mV) Simulation Average Voltage (mV) Simulation Relative Error %
Participant ID Case 1 Case2 | Case3 | Case4 | Casel Case2 | Case3 | Case4 | Casel Case 2 Case 3 Case 4 Average
Participant C 1164 | 1535] 1677] 1131| 768 1444] 1617] 639 | 33.98% | 596% | 3.58% |43 21.75%
Participant K 5.87 9.43 9.46 5.09 6.23 8.38 9.07 4.66 6.17% | 11.12% 4.19% 8.33% 7.45%
Participant P 7.12 27.24 22.07 8.51 9.05 22.89 25.44 8.88 | 27.06% | 15.96% | 15.24% 4.42% 15.67%
Average 22.40% | 11.01% 7.67% | 18.74% 14.96%

TABLE 31 — EXTRACT OF TABLE 21: COMPARISON AND ERROR CALCULATION OF AVERAGED OUTPUT VOLTAGES BETWEEN EXPERIMENT AND SIMULATION

Experiment Average Voltage (mV) Simulation Average Voltage (mV) Simulation Relative Error %

Participant ID Casel |Case2 |Case3 |Case4 |Casel | Case2 | Case3 | Case4 | Casel Case 2 Case 3

Case 4 “ Average

Participant C 12.43 14.55 14.07 13.88 7.51 14.11 15.80 6.25 3.00% | 12.25% 27.45%
Participant K 5.67 11.78 8.75 6.97 6.09 8.19 8.86 4.56 7.43% | 30.44% 1.25% 34.61% 18.43%
Participant P 15.21 22.42 23.52 19.62 8.85 22.37 24.86 8.68 0.24% 5.68% 25.87%

Average 8.38 11.65 12.64 9.42 6.36 10.62 11.64 5.20 | 29.62% | 11.22% 6.39% 23.92%
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6.2. Critical Analysis

Modelling the human body as an electric circuit and determining the CC-EMI that
flows through the body is not a straightforward task. There is a complex relationship
between the measurable external parameters of the participants and the impedances
of the electrical current paths within the body. And there are few more parameters,
like grasp pressure, that could have been considered and/or controlled to reduce the

variations in the EMI measurements.

For the model to obtain a successful outcome, it would have needed to meet the
requirements that were discussed in Section 1.5. The sub-sections below discuss the
successes and failures of this research, as well as the satisfaction of the problem

statement.

6.2.1. Successes

The following objectives were met by the model:

e Developed a higher detailed electrical model of the hand-to-hand path of the
human body.

e The Model of the hand-to-hand path of the human body has sufficient
complexity, or elements, to further modify the model for alternate scenarios
regarding the position of the EMG sensor on the arm.

e The Model of the hand-to-hand path of the human body is designed to
interface with dipole EMI sources.

e Simulations of Case 2 and Case 3 models in both the main and validation

experiment yield low errors, indicating the acceptability of the model.

6.2.2. Failures

The following objectives were not met by the model:
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e Errors yielded from the simulations of Case 1 and Case 4 models do not
confirm nor deny the plausibility of the developed model as the main
experiment had mainly satisfactory to poor errors, and the validation model
had acceptably low errors.

e The ability to simulate varying phase differences between the different

cases, using the source as a reference.
The shortcomings of the model were due to the inability to incorporate:

e the op-amp TLO81’s SPICE model into the simulation, and
e the power supply sample recording from the experiment as the power source

in the simulation.

6.2.3.  Satisfying Problem Statement

The research was able to identify electrical circuit models that appropriately
represents the CC-EMI on EMG measurements conducted on the upper arms of

non-amputees.

This model serves as a foundation for future CC-EMI scenarios that would affect
persons who use EMG sensors. These potential future scenarios may involve left-
hand dominant subjects, amputees, other EMI sources, multiple EMI sources, or

other measurement location on the human body.

Common Mode Rejection Ratio

Returning to the objective of determining the CMRR for EMG-sensor design
development, the two sources of the data are the empirical experiment measurement
and the simulated measurements. The minimum, median and maximum voltage
measurements of the empirical data are 2.43 mV, 9.97 mV and 23.5 mV,
respectively. The required CMRR required to attenuate these measurements below

the required noise of 2 uVrwms are 58.7 dB, 70.9 dB and 78.4 dB, respectively.
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For the simulated results, the minimum, median and maximum voltage
measurements are 2.34 mV, 7.26 mV and 24.8 mV, respectively. The required
CMRR required to attenuate these measurements below the required noise are

58.3 dB, 68.18 dB and 78.9 dB, respectively.

The outcome of the empirical data is a straight forward deduction which tells the
observer that the required CMRR would be at least 78.4 dB. However, for the
simulated data, the deduction is prone to error which is 27.4 % on average. The
minimum and maximum CMRR required are in proximity to the empirical data but

there was a much bigger difference between the CMRR from the median values.

If one were to compare the simulated measurements that are associated with the
minimum and the maximum from the empirical data described in the paragraph
above, the simulated measurements are 5.43 mV and 24.8 mV. The corresponding
CMRR required for these two values are 65.7 dB and 78.9 dB. In this case, the
minimum is definitely a distinct value but ultimately, the maximum values are of
more importance in noise attenuation design and the simulated values correspond

to the empirical values.

6.2.4. Research Contributions

The objective of this research is to develop a model that can represent the EMI on
EMG measurements taken on an upper limb amputee in a home/office setting. By

achieving the objective, some contributions made to this field of research are:

e The expansion of the existing electric circuit model of the upper limbs and
upper torso region of human body into the ladder network that can simulate
galvanic flow due to a dipole signal source. Thus the model has the ability
to detect the polarity change from the EMI source.

e Providing an experiment method which can be used to examine the flow of
EMI interference that is due to near-field or capacitive coupling with

sources. This method was demonstrated for the events where the subject’s
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6.3.

measurements are not ground or common-node referenced to a non-foot
region of the human body.

The experiment method may provide useful data on the magnitudes of the
EMI which can assist in EMG sensor design and development. Especially
in the noise attenuation techniques where the system is designed for
approximated EMI noise “roof” value, and thus the effective CMRR can be
determined.

The model, as a tool, can be used to estimate the EMI magnitude that could
be circulating through the subject’s body. However, the model requires a
reference scenario to calibrate the model with the subject’s unique
characteristics.

Results of the simulations may provide the EMI measurements required to

calculate the required CMRR against the 20 pV noise floor value.

Chapter Summary

Through the processes of model validation, the developed model was found to

produce favourable results with a small sample of participants. The average errors

obtained were 15 % which was an improvement from 23.9 % obtained from the

main experiment for the three participants.

The magnitude of the errors was considered acceptable because it was achieved

using more accessible equipment than an MRI-based FEM human body impedance

measurement procedure. A more intensive experimentation method that involved

repeated tests of participants and a larger participant sample would have improved

the quality of the developed model.
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Chapter 7

FUTURE WORKS AND CONCLUSION

This chapter concludes the research presented in this document. The objectives,
methods and results of the research are discussed. As well as the main deductions

from the discussion in the previous chapter.

This research was aimed towards the improvement of EMG devices utilised for
prosthetic arm devices by assisting in the prediction of CC-EMI magnitudes that
the device user will experience in home or office environment. Knowledge of the
EMI at the site of the EMG sensor will aid specifying the CMRR required on the
device, thus reducing the likelihood of amputees experiencing an unresponsive or
uncontrollable prosthetic device that is a burden. To do so, this research address the
general problem of the lack of an electric circuit model of the human body that can
be applied for the subject capacitively-coupling with a dipole EMI source, like a

lamp cable.

Literature on human body electric circuit modelling and electrical properties of the
human body was presented. The existing Freiberger human body model was
modified to apply for the experiment scenario of a participant grasping a lamp cable
with their hands with the EMI sensor placed on the right arm’s bicep. A basic
equation that describes the relationship between the participant’s hand width and

the coupling capacitance was developed using COMSOL simulations. This
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equation was subsequently used to introduce the EMI to the developed human body

circuit model.

The EMI voltage measurements collected during the experimentation phase were
used to optimise the participants’ unique models for lower errors. The main model
achieved an overall error of 27.4 % and an error ranged between 9.58 % to 50.85%.
This indicating that for some participants, the model does well and for some
participants it does not do well. A validation experiment was conducted and
simulated to confirm the optimisation parameters produced by the main
experiments data is applicable for more than one scenario. The acceptable average
error of 15 % resultant of the validation process indicates that the flexibility of
developed model. However, the acceptable outcome is a story of averaged results

where one set performs well and the other not so well.

There is a complex relationship between the measurable external parameters of the
participants and the impedances of the electrical current paths within the body. And
modelling the human body as an electric circuit and determining the CC-EMI that
flows through the body is not a straightforward task. A more intensive approach is
required for the experimentation process requiring multiple recordings of each case
measurement or a segment of the hand-to-hand model needs to be scrutinised before

wholly confirming the validity of the developed model.

Overall, the model developed can determine EMI induced currents conducting
through the hand-to-hand region of the body and delivers plausible results.
Therefore, the developed model should be able to contribute to assisting the CMRR
specification of EMG devices in the future.

el Possible Improvements and Future Works

Through the process of the experimental data collection and the model
development, the need for accurate and confidently repeatable data as necessary to
develop a model with low errors. The sections below discuss some improvements

that could be made to improve the experiment and model development.
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7.1.1.  Experiment

Regarding the experiment, improvements can be made with more data and

modifying the scope and experiment design.

More Data

As mentioned several times, the opportunity to conduct multiple data sets for each
participant and sampling over a larger and more diversified population would have
improved the research outcome. However, due to the health risks and cost
implications of such a study during a pandemic, more intensive data collection was

not pursued.

Scope and Experiment Design

Possibly, attempting to model the internal impedance of the entire Hand-to-hand
span with EMI as a signal source was ambitious. Reducing to modelling objective
to a smaller region and adding more measurement nodes for both anterior and
posterior paths could have resulted in a model with a lower error deviation. Example
cases would be modelling the impedances across the wrist, the lower arm, upper
arm, etc. If models of these smaller regions were available, it would reduce the
reliance for the genetic algorithm to determine the theoretical impedances between

the anterior and posterior pathways.

Alternatively, if the focus was more on the hand-to-hand human body circuit model
rather than the EMI, then the access and use of electrical muscle stimulation
equipment would have provided a clinically safe way of inducing a controlled
electrical signal into the body for the sensor to measure. Controlling more of the

parameters discussed in Section 4.3.4 may contribute to more consistent data.

Once the model achieves a more consistent and lower error percentage, then
experimenting with inducing EMI with other electrical objects and environments

will demonstrate the durability of the model.
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7.1.2.  Model Development

Regarding the model development, improvements can be made by considering

Matlab as the development platform.

LTspice versus Matlab

The main desire to use LTspice was the ease of loading SPICE models of the
component used in the sensor circuitry. However, compatibility issues between the
parameter sweeping genetic algorithm and the SPICE-coded op-amp resulted in

replacing the SPICE-coded op-amp with a virtual op-amp.

Assuming that the use of virtual components was the only option, then it makes
more sense to redevelop the model in Matlab. Where the circuit model will reside
in Simulink form and the parameter sweeping genetic algorithm would be generated

through the Matlab code and interact with the Simulink model.

7.2. Chapter Conclusion

This chapter concludes the research aimed towards improving the EMI noise
predictions for EMG-controlled prosthetic hand applications and therefore assist in
the development of reliable EMG-controlled prosthetics. Providing amputees with

a future with reliable prosthetics will greatly improve their quality of life.
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APPENDIX A — CIRCUIT FIGURES OF

UNIFIED MODEL

The four circuit figures A1, A2 A3 and A4, are the proposed model for each of the
four cases of the main experiment and the validation experiment. Figure A1 and A2
are diagrams of Case 1 and Case 2, respectively were the participant introduced the
electromagnetic interference into the body by grasping the lamp’s insulated cable
with their left hand. Figures A3 and A4 are diagrams of Case 3 and Case 4,
respectively were the participant introduced the electromagnetic interference into
the body by grasping the lamp’s insulated cable with their right hand and served as

the validation experiment for the model.
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Figure A2 — Model of Experiment for Case 2 Measurements
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Combined Model Parameters

Input Parameters

.param R_HZH_0=7? C_HZH_0=7 HandWidth=7 A=2 B=7 AB=0.03

Impedance Equaticns

-param skin_LArm=0.0409"HZH skin_UArm=0.0745"HZH
-param LArm=0.3331"H2H UArm=0.2474*H2H Deltoid=0.0783*H2H Shoulders=0.0692"H2H Uarm_heart=0.1123"HIH

.param UArmlength=A+B+AB UArmA=A"UArm/UArmlength UArmAB=AB*UArm/UArmiength UArmB=B*UArm/UArmlength

Hydrogel Parameters

.param C_Hydrogel=30u R_Hydrogel=50

Undefined Parameters
-param Z=2?¥=? X=?W=2V=2

(a3 o
1 Non-Domininant

Cable Capacitance Equation
.param C_cableB=593.7p*HandWidth

R25
{skin_UArm}
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{skin_UArm}
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{R_Hydrogel} {C_Hydrogel}
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Figure A3 — Model of Experiment for Case 3 Measurements
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Combined Model Parameters

Input Parameters

.param R_HZH_0=7? C_HZH_0=7 HandWidth=7 A=2 B=7 AB=0.03

Impedance Equaticns
-param skin_LArm=0.0409"HZH skin_UArm=0.0745"HZH
-param LArm=0.3331"H2H UArm=0.2474*H2H Deltoid=0.0783*H2H Shoulders=0.0692"H2H Uarm_heart=0.1123"HIH

.param UArmlength=A+B+AB UArmA=A"UArm/UArmlength UArmAB=AB*UArm/UArmiength UArmB=B*UArm/UArmlength

Hydrogel Parameters

.param C_Hydrogel=30u R_Hydrogel=50

Undefined Parameters

param Z=7¥=2 X=2 W=7 V=2

Neon-Domininant

Cable Capacitance Equation
.param C_cableB=593.7p*HandWidth
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Figure A4 — Model of Experiment for Case 4 Measurements
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APPENDIX B — APPLICATION SAMPLE

OF GENETIC ALGORITHM —

PARTICIPANT A

Using the input parameters that describe Participant A from

Table 11 and the desired outputs found in Table 17 and Table 19, the parameter
sweep models were generated on LTspice. The setting and results of the generations

are shown in the sub-sections below.
The LTspice measurement commands used in the simulation are listed below:

o .meas TRAN BicepA PP V(Out A)-V(pad_elbow) FROM 0.02T0 0.12
o .meas TRAN BicepB PP V(Out B)-V(pad_elbow) FROM 0.02 T0 0.12
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Generation 1

The generation was conducted with the sweep commands listed below.

.step dec paramZ 1100 5
.step dec param Y1 100 5
.step dec param X 1 100 5
wW=X

V=X

The desired parameters that the optimisation needs to obtain are shown in Table 32

and were obtained from Table 19.

TABLE 32 — DESIRED AVERAGE OUTPUT VOLTAGES THAT THE MODEL NEEDS TO OPTIMIZE TO (VALUES OBTAINED
FROM TABLE 19)

Case 1 Case 2 Case 3 Case 4 | Average | Median

6.69 2.74 9.51 8.34 6.82 7.51

Based on a visual inspection of the desired voltage follower measurements in Table
32, one can infer that the voltage measurement for Case 2 is an outlier because it is

the furthest from the median.

The 10 best combinations for Case 1 and Case 2 yielded error percentages between
42 % and 44 %, with Z=6.31 and X=1I being popular parameters. The 10 best
combinations for Case 3 and Case 4 yielded error percentages between 11 % and

22 %, with Z= 15.8 and X=1 being popular parameters

One trend that was identified was that the magnitude of the V(Out A) — V(Out_B)
difference was proportional to the magnitude of the Z value. As seen in Figure 48
and Figure 49, the values of Z greater than 10 can have a difference in voltage
greater than 250 puV which is greater than the fitness criterion magnitude. The result
of evaluating V(Out A) — V(Out B) was that values of Z should not be greater than

10 and therefore it is a condition for re-definition of the sweep parameters.
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Figure 49 — Comparison of V(Out_A) — V(Out_B) against Z Values used in Parameter Optimization for

Case 3 and Case 4, for Participant B — Generation 1

Generation 2 — Main Experiment Data

The generation was conducted with the sweep commands listed below. The total

number of combination in this setup is 1 352.
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.stepdecparamZ 1107
.step dec param Y 1 100 6
.step dec param X 1 100 6
w=X

V=X

The 10 best combinations for Case 1 and Case 2 are shown in Table 33, yielding
error percentages between 42 % and 44 %, with Z= 7.2 and X=1/ being popular
parameters. The combination that produces the best fit for then main dataset was
Z=7.19686, Y=1 and X=1. However, Y=1 is the smallest number within the range
swept values. Therefore, the parameter combination Z=7.19686 and Y= 3.16228
for the next generartion because it will allow a wider variation of X, W and V values
to be swept.

TABLE 33 — GENERATION 2 — TOP 10 COMBINATIONS OF VARIABLES Z, Y AND X THAT PRODUCED LOWEST
RELATIVE ERROR FOR MAIN EXPERIMENT AND MEET NATURAL SELECTION REQUIREMENTS.

Average
Case 1 Case 2 Relative
Error

7.20 | 1.00 | 1.00 | TRUE 22.17% | 99.84% | 41.59%
720 | 147 | 1.00| TRUE 21.94% | 101.78% | 41.90%
720 | 2.15| 1.00 | TRUE 21.77% | 103.66% | 42.25%
720 | 3.16 | 1.00 | TRUE 21.66% | 105.12% | 42.53%
720 | 4.64| 1.00 | TRUE 21.55% | 106.31% | 42.74%
720 | 6.81 1.00 | TRUE 21.46% | 107.28% | 42.92%
7.20 | 10.00 | 1.00 | TRUE 21.43% | 107.84% | 43.03%
7.20 | 14.68 | 1.00 | TRUE 21.37% | 108.46% | 43.15%
7.20 | 21.54 | 1.00 | TRUE 21.32% | 108.67% | 43.16%
7.20 | 31.62 | 1.00 | TRUE 21.32% | 108.88% | 43.21%

IsY>X

Z Y X 9

Generation 2 —Validation Experiment Data

The generation was conducted with the sweep commands listed below. The total

number of combination in this setup is 1 352.

.step dec paramZ1 107
.step dec param Y 1 100 6
.step dec param X 1 100 6
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w=X
V=X

The 10 best combinations for Case 3 and Case 4 are shown in Table 34, yielding
error percentages between 21.7% and 25.3 %, with Z= 7.19686 and X=2.15443
being popular parameters. The combination that produces the best fit for then
verification dataset was Z=7.19686, Y= 10 and X= 2.15. Therefore, the parameter
combination Z=7.19686 and Y=10 for the next generartion.

TABLE 34 — GENERATION 2 — TOP 10 COMBINATIONS OF VARIABLES Z, Y AND X THAT PRODUCED LOWEST
RELATIVE ERROR FOR VALIDATION EXPERIMENT AND MEET NATURAL SELECTION REQUIREMENTS

Z Y X Is Y?E X Case 3 Case 4 ﬁzgtzilgz
) Error
720 | 10.00 | 2.15| TRUE 0.68% | 42.70% 21.69%
7.20 6.81 2.15| TRUE 1.49% | 42.75% 22.12%
720 | 14.68 | 2.15| TRUE 2.32% | 42.62% 22.47%
7.20 4.64 | 2.15| TRUE 4.32% | 42.77% 23.55%
5.18 | 4642 | 3.16 | TRUE 0.07% | 47.46% 23.77%
5.18 | 68.13 | 3.16 | TRUE 0.72% | 47.35% 24.03%
5.18 |1 100.00 | 3.16 | TRUE 1.12% | 47.27% 24.19%
5.18 | 31.62| 3.16 | TRUE 0.73% | 47.67% 24.20%
5.18 | 21.54| 3.16 | TRUE 1.93% | 47.90% 24.91%
7.20 3.16 | 2.15| TRUE 791% | 42.68% 25.29%

Generation 3 — Main Experiment Data

A third-generation on the main experiment model was conducted with the sweep
commands are listed below. The aim was to select intervals for the three variables
that would at least range between 1 and constant ¥’s value and result in a minimum
of 1 331 possible combinations across the three variables. Since Y = 3.16228, ten

intervals per logarithmic decade was required.

.step dec param X 0.316228 3.16228 10
.step dec param W 0.316228 3.16228 10
.step dec param V 0.316228 3.16228 10
Z=7.19686

Y=316228
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The 10 best combinations for Case 1 and Case 2 are shown in Table 35, yielding
error percentages between 40.9 % and 41.6 %. The combination that produces the
best fit for then main dataset was Z=7.19686, Y=3.16228, X=W=1.58 and
V=0.316228.

TABLE 35 — GENERATION 3 — TOP 10 COMBINATIONS OF VARIABLES Z, Y AND X THAT PRODUCED LOWEST
RELATIVE ERROR FOR MAIN EXPERIMENT AND MEET NATURAL SELECTION REQUIREMENTS.

X | w | v | BX2] casel | Case2 ﬁvle e
W > V? ase ase elative
- Error

158 | 1.58 | 032 | TRUE | 21.72% | 98.58% | 40.93%
126 | 126 | 032 | TRUE | 24.68% | 89.89% | 40.98%
200 | 2.00| 032 TRUE | 19.01% | 107.00% | 41.01%
1.00 | 1.00 | 032 | TRUE | 27.70% | 80.99% | 41.02%
251 | 251 | 032 TRUE | 16.53% | 114.79% | 41.09%
200 | 1.58| 032 TRUE | 21.32% | 100.46% | 41.10%
126 | 1.00 | 032 | TRUE | 2736% | 82.38% | 41.12%
158 | 126 | 032| TRUE | 2431% | 91.63% | 41.14%
079 | 079 | 032 TRUE | 30.81% | 72.15% | 41.15%
251 | 2.00| 032 TRUE | 18.58% | 108.88% | 41.16%

Generation 3 — Validation Experiment Measurements

A third-generation on the verification experiment model was conducted with the

sweep commands are listed below.

.step dec param X 110 10
.step dec param W 110 10
.step dec paramV 110 10
Z=7.19686

Y=10

The 10 best combinations for Case 3 and Case 4 are shown in Table 36, yielding
error percentages between 23.1 % and 34.67 %. The combination that produces the

best fit for then verification dataset was Z=7.19686, Y=10 and X=W=V= 2.51189.
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TABLE 36 — GENERATION 3 — TOP 10 COMBINATIONS OF VARIABLES Z, Y AND X THAT PRODUCED LOWEST
RELATIVE ERROR FOR VALIDATION EXPERIMENT AND MEET NATURAL SELECTION REQUIREMENTS

Average

X \\% \Y Isi( =W Case 3 Case 4 Relative
V?
- Error

2.51 2.51 2.51 TRUE 6.41% 39.83% 23.12%
2.51 2.00 2.00 TRUE 4.54% 44.18% 24.36%
2.00 2.00 | 2.00 TRUE 9.27% 44.24% 26.75%
2.51 2.00 1.58 TRUE 8.47% 45.76% 27.11%

2.00| 2.00| 1.58| TRUE 12.88% | 45.79% | 29.34%
3.16 | 1.58 | 1.58 | TRUE 10.80% | 48.08% | 29.44%
2.51 1.58 | 1.58 | TRUE 14.61% | 48.22% | 31.41%
2.00| 158 | 158 | TRUE 18.54% | 48.17% | 33.35%
2.51 1.58 | 1.26 | TRUE 17.99% | 49.57% | 33.78%
398 | 1.26| 1.26 | TRUE 17.81% | 51.71% | 34.76%

Simulation Considerations

A few changes and processes were considered to reduce errors, unnecessary

computations and simplify the population for the parameter sweeping.

Number of Generations Required

The simulations of the genetic algorithm conducted in the last section had two
generations to determine the constants Z and Y, and one generation to determine the
constants X, W and V. Since the trend of V(Out A) — V(Out_B) difference was
proportional to the magnitude of the Z value was seen with the first participant. It
was decided that to reduce computation time, the remaining participants will begin
their genetic algorithm at Generation 2. This is assuming that a similar outcome
would occur and it was considered unnecessary to evaluate combinations that do

not meet the Fitness criteria.

Population Control

The natural selection process involved generating the simulation and transferring

the text file data to a spreadsheet, to perform calculations. The manual operations
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required a template spreadsheet to be devised for speeding up the calculation

process.

Generation 2, being a starting point, was straight-forward in determining the
parameter settings and was shared across all the participants. The parameters for
Generation 3, being dependant on the constant ¥ from Generation 2, would require
different rules based on the constant Y’s value. To maintain either the population at

1 000 combinations and nine intervals per logarithmic decade.

If constant ¥ < 10, then the minimum limit would be equal to 0.1 X Y and the
maximum limit would be equal to Y, which would result in 1 000 combinations if
there was 9 interval per logarithmic decade. The additional benefit to this is that
common numbers between limits will exist and will ease median and mode

calculations.

If constant Y > 10, then the minimum and maximum limits will be ‘1’ and ‘Y,
respectively. But due to the computing limit of 1 400 combinations for parameter
sweeping, a custom parameter setup will need to be devised to find a good

compromise between the use of higher-order intervals and computational time.
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APPENDIX C - DETERMINING INTER-

PATHWAY RESISTANCES USING

GENETIC ALGORITHM

Currently, the model is incomplete due to the unknown parameters Z, ¥, X, W, and
V, which represent the resistances between the anterior and posterior paths for the
Stratum Corneum surface, wrist region, elbow region and shoulder region, as a

scaled factor of the H2H impedance.

It was decided to perform a Genetic Algorithm-based method using the known

inputs and outputs, listed below, to determine the five constants.

e Inputs
o Hand-to-hand Resistance (Ru2w 0)
o Hand-to-hand Capacitance (Cuzn 0)
o Hand Width
o The span between Elbow electrode to Electrode A (Span A)
o The span between Shoulder to Electrode B (Span B)
o Source
e Outputs
o IA Input Voltages
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o Difference between voltages

Genetic Algorithm takes inspiration from the concept of natural evolution where
the organisms with ‘high suitability’ or ‘fitness’ given environment survive to
populate the next generation. This algorithm is a probabilistic search method based
on natural selection and genetic recombination principles and uses historical

information to evaluate new search points with the better performance [66].

7.2.1. Model Amendments

The three aspects of the model development that were amended due to modelling

complications and reducing model complexity are:

e Use of Phase Difference for model optimisation,
e use of power supply Source Recording, and

e using the op-amp TLO81 SPICE model.

Phase Difference

Using the phase differences between the power source and the Out A and Out B
phases as an optimisation parameter may have a benefit in producing a more
accurate Human Body circuit model. However, concurrent optimisation for two
important parameters add complexity and may hinder the viability of the model

proposed.

Power Supply Source Recording

Initial plans involved using the source measurement recording, taken during each
case measurement, as an input waveform for the CC model. However, due to the
model not producing 50 Hz waveforms at the voltage follower outputs, it was

replaced by a pure sine wave source.
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A further simplification was to make all the participant’s models use 330 Vpeax, 50
Hz sine wave as an input waveform for the CC model because the median for the
source voltage peak was 330 V. The range of the minimum and maximum Vpgak
was at most a 0.6% deviation from the median. and it is assumed that fixing all the
at 330 V would simplify the modelling process and contribute a negligible error to

the final model accuracy.

TLOS1 SPICE model

The measurement sensor was included as part of the components that influence the
measurements. Originally, the TLO81’s SPICE netlist was intended to be used in
the model, however, there were compatibility complications with the SPICE model
and the floating ground reference. To maintain the floating ground, the virtual op-

amp with the settings described in Figure 27 was used to compensate.

7.2.2.  Genetic Algorithm Pseudo-Code

The flow of the pseudo-code for the desired algorithm is shown in Figure 50. The
process begins with definitions which in this case are the model developed, the

known inputs and outputs described in the section above and undefined constants.
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4 N
Define:
Type of Representation
Optimization Variables
Parameters

v

Generate Population
based on Variables
Parameters

- J

y

Evaluate Fitness of
Individuals in Population

Achieved
Termination
Criteria?

Refine:
Optimization Variables

End

Figure 50 — Flowchart of the Pseudo-code for the desired Genetic Algorithm [66]

Population

The population will be composed of the combinations of the undefined parameters.
Since the model is developed on LTspice, there is a limit of three parameters that
parameter sweep function (.sfep) can process in one simulation, Therefore, the
algorithm will have two stages of tuning. The first stage will evaluate the unknown
parameters Z, ¥ and X. Once a suitable Z and Y constant are found, then the second

stage begins where the parameters X, W, and V will be swept. The unknown
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parameters values will be swept logarithmically across the decades at a given
number of intervals. Ideally, the total number of combinations was set between
1 000 and 1 400. Since the unknown parameters are scaling up factors, the range of

values was arbitrarily selected between 1 and 100.

Fitness Evaluation

The population fitness was evaluated by the measurement:

e Relative error percentage between the experiment’s Out A and Out B’s
combined average magnitude, and the simulation’s average magnitude for
each Case, and

e Difference between the Out 4 and Out B’s magnitude voltage for each

Case,

Due to the experimental dataset’s skewness found in Table 19, the best combination
of parameters Z, Y, X, W and V was the combination that produced the least relative
error. This relative error was determined in two different way depending on the
outcome of Table 19 which separates the participants into those with relatively un-
skewed data (shaded grey in Table 19) and the relatively skewed data (unshaded in
Table 19).

The relatively unskewed data will have equal error weighting in the fitness
evaluation of 50% because the main experiment measurements and the validation
experiment measurements are evaluated separately. The skewed data will have
unequal error weighting, where the outlier will have a lower weighting of 25%
instead of eliminating it. This unequal weighting can occur in either the main
experiment measurements and the validation experiment measurements, but never
in both. This was done to reduce the effect of error percentages due to a case with

outlier measurements.
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If several combinations yield adequate results in the first stage, the combination
with the higher Y value will be selected as it allows for a greater range of X, I and

J values. The combinations also had to meet the following criteria:

e Equation (10) which describes thatY > X > W >V, and
e The difference between the IA input voltages for each Case should have a
magnitude less than 200 pV which was an approximately a 50 % deviation

on the maximum of 128 uV found in the experiment data.

Note that the voltage follower outputs were measured with reference to the DC
ground or the elbow electrode. The node math for Out A and Out B respectively

was defined as Equations (18) and (19) below.

V(Out_A)- V(Pad_Elbow)
(18)

V(Out_B) - V(Pad_Elbow)
(19)

Termination Criterion

The genetic algorithm will end after the third generation has been developed.
Therefore, there is no criterion directly implemented on the data produced by the

model.

Refine Population

Originally, this part of the pseudo-code involved the genetic recombination
processes such as genetic selection, genetic crossover, and genetic mutation [66].
However, due to the non-automated approach to optimising the variables in the
model, it was preferred to increase the precision on a range of numbers that yield

successful fitness criteria.
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7.2.3.  Applying the Genetic Algorithm

From the experience of processing the experiment data, it is known that there may
have flaws in the application of the experiment and due to the multivariable nature
of defining a human into a measurable set of parameters, it was decided to model
each participant individually to obtain minimal errors in the model. Appendix B
demonstrates the application of the devised genetic algorithm using Participant A

as a sample.
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