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The emergence of some technological systems and smart devices that realize home-
based or tele rehabilitation has exposed alternative delivery forms to promote patients’ hand
recovery from common physiological conditions. However, due to the motion difficulty of
most patients with an impaired hand, extra effort should be made to effectively stimulate their

engagement without compromising the clinical outcomes.

The discussion about home-based medical equipment in both the market and academic
realms indicates that a good recovery outcome of a home-based rehabilitation device seems to
be closely related to the ease of use. The purpose of the research presented in this thesis is to
investigate the feasibility of home-based hand rehabilitation with emphasis on ease of use.
Towards this target, measurement techniques compatible with the overall aim are explored and
selected. The framework of the measuring system is based on a MGC3030 capacitive sensing
microcontroller, which allows the noncontact form of measurement of small fingers
movements and potentially the thumb. This thesis reports the following parts to improve the

stability and accuracy of the targeted measuring techniques:

e A Finite Element Method simulation based on the MGC3030 electrode stack-
up design was carried out to guide the practical design of the electrodes. The
original simulation model and the modified design with extra ground electrodes
placed in between each pair of receive electrodes were compared and analysed.

e Algorithm compensation introduced nonlinear fitted equations to describe the
inherent relationship between distance of finger motion and voltage signals. The
signals were detected both in the receive electrode underneath the moving finger
and the neighbouring ones, in an electrical field generated by an electrode layer
stack-up design based on MGC3030 of two fingers’ motion (index finger
together with the middle finger).



A validation experiments was conducted to evaluate the prediction model on
multi-finger noncontact measuring under laboratory conditions. Twenty-three
healthy subjects with normal hand and finger functions participated. An
independent near field distance measurement was developed and compared to

the output from an optical sensor.
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MGC3030 motion sensor. It uses the principle of quasi-static electrical near
field sensing for advanced proximity detection to provide gesture and
positional data of a human hand in real time.

Finite element method.

Activities of daily living.
Electromyography.

Three dimensions (three-dimensional).

Both MGC3030 and MGC3130. They are the same series of motion sensors
based on electric near field sensing for gesture and position measurement.

Electrical field.

Receive electrode of the MGC3030 three-layer electrode design.
Transmit electrode of the MGC3030 three-layer electrode design.
Ground electrode of the MGC3030 three-layer electrode design.
Index finger.

Middle finger.
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The distance between the under surface of a finger and the top of the cover
layer. D1, D2, D3, D4 reflect the movement of index, middle, ring and little
finger respectively.

The potential of Rx electrode to ground. V1, V2, V3, V4 are corresponding to
the voltages of the Rx electrodes under the index finger the middle finger, the
ring finger and the little finger respectively.

The smaller ground electrodes placed at the midpoints neighbouring the Rx
electrodes pairs in the modified electrode design (Section 3.4).

The rate of change of the voltage value (V) at a certain distance point (Dx).

The MGC3030 signal detected by the Rx electrode. Si, S», Ss, Ss are
corresponding to the MGC3030 signal detected by the Rx electrode under the
index, middle, ring and little finger respectively.

Participant identification number.

Optical sensorl for index finger.

Optical sensor2 for middle finger.

Angle of incidence.

Two dimensions (two-dimensional).

The predicted distance value for index finger.
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The predicted distance value for middle finger.

The signal change of MGC3030 Signall (S1) for the first step in one sample
movement: the index finger extension and then flexion.

The signal change of MGC3030 Signall (S1) for the second step in one
sample movement: the middle finger extension and then flexion.

The predicted distance change of the index finger for the first step in one
sample movement: the index finger extension and then flexion.

The predicted distance change of the index finger for the second step in one
sample movement: the middle finger extension and then flexion.

The predicted distance change of the index finger for the third step in one
sample movement: both the index finger and the middle finger extension and
then flexion.

The signal change of MGC3030 Signal2 (S>) for the first step in one sample
movement: the index finger extension and then flexion.

The signal change of MGC3030 Signal2 (S.) for the second step in one
sample movement: the middle finger extension and then flexion.

The predicted distance change of the middle finger for the first step in one
sample movement: the index finger extension and then flexion.

The predicted distance change of the middle finger for the second step in one
sample movement: the middle finger extension and then flexion.

The predicted distance change of the middle finger for the third step in one
sample movement: both the index finger and the middle finger extension and
then flexion.
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Chapter 1 Introduction
1.1 Introduction

Technological systems and smart devices that realize home-based or tele-hand
rehabilitation have provided an alternative rehabilitation, to encourage hand recovery from
some physiological and pathological conditions [1], including: stroke, tremor and
Parkinsonism [2]. These investigations are especially important, given the noticeable economic
burden on patients and the whole society, as well as the great reliance on healthcare facilities
and professionals.

The shared challenge for all home-based devices, however, is to enable people to
perform their rehabilitation sessions at home regularly and correctly, without the help from the
therapists or carers. People with impaired hand usually suffer from reduced hand or finger
functions, which naturally requires more effort from them on both setting and using the
rehabilitation device. If a system requires complicated setups and contraptions to be worn, it is
unlikely to be a daily rehabilitation choice, for patients’ independent usage at home. In addition,
a complicated system also makes it difficult for patients to stick to using it. For instance,
without continuous supervision from a therapist, they might be unable to correctly comply with
the procedures, or even misinterpret the therapy and may potentially lead to injury. In other
words, the device should improve the ease of use to improve the efficiency of patients’ current

practice.

Home-based devices that allow patients to perform regular exercise on their own
without continuous involvement of health experts, could assist the rehabilitation process to a
large extent and allow significant monetary savings [1]. However, the increasing public health
burden associated with chronic stroke-related disease are driving a search for more cost-
effective methods for post stroke rehabilitations [3]. A popular rehabilitation device should not
increase the cost of health care. Instead, it is supposed to be affordable for patients yet profitable

for manufacturers [3].

Therefore, new technological approaches that realize home-based rehabilitation in a
user-friendly, low-cost equipment should be investigated. The device should have a minimum
set up and operating requirement, for people with impaired hands to use at home easily, without
the help of neither the therapist nor their family members. Additionally, targeted stroke therapy
systems should provide a cost-effective means for individuals with chronic stroke to maintain

movement ability after receiving standard inpatient and outpatient rehabilitation. This is
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achieved by both the reduced costs for therapists and public transportations, as well as the low

price of the device itself.

1.2 Research questions and novelty contributions
This research investigates the feasibility of home-based hand rehabilitation with
emphasis on ease of use. In order to achieve this, it is possible to formulate several research

questions:

« What are the key requirements for an easy-to-use finger displacement sensor for the

home-based hand rehabilitation, and what is the current state of the art? (Chapter 2)

» What techniques offer the best performance and what level of solution can it give?
(Chapter 3, 4)

» How well does the developed technique perform on human subjects? (Chapter 5, 6)

The answers to these research questions will allow a conclusion to be drawn on how
well the overall aim of assessing the feasibility of an easy-to-use system for home-based
therapy is, using the measurement of finger displacement as an example. The novel

contributions of this research are:

. The development of a home-based rehabilitation application for patients with
impaired hand and finger functions based on contactless multi-finger movement measurement.
The three-dimensional gesture and tracking controller from Microchip, MGC3030, is selected
as an input sensor. Approaches using the MGC3030 motion sensor to realize noncontact finger

motion detection were explored as mentioned below.

. Hardware design: based on the MGC3030 motion sensor. A customizable
three-layer electrode and receptacle design for the MGC3030 microcontroller is proposed, to
realize the noncontact measurement simultaneously for multi-fingers (index, middle, ring and
little).

. Prediction models: for compensating the cross impact of multi-finger
movement in the electrical field generated from the three-layer MGC3030 electrodes design.
A nonlinear model for the movement of two fingers is shown to have uncertainty less than
1mm, over a range of 30mm. This thesis also discusses the prediction model for three-finger

and four-finger cases.



. Validation: experiments to validate the hardware design and the prediction
model. The MGC3030 measuring system was validated under laboratory conditions with 23
healthy participants. An optical measuring system was selected to make an independent
comparison of finger movements and shown to have operational disadvantages and unreliable

measurements for some participants.

1.3 Report structure

This report is divided into 7 chapters. Chapter 1 highlights the introduction and research
questions of this research. Brief description of background is presented in the first section of
Chapter 2 to conclude a home-based rehabilitation system addressing ease of use. Further to
the discussion of the first section, Chapter 2 reviews medical equipment for hand rehabilitation
and sensing technologies that could be used to read finger movements, along with their
limitations. A three-dimensional gesture and tracking controller from Microchip, MGC3030,
is selected as an input sensor. The working principle and system architecture for this sensor are
described in detail in 2.4.

Simulated work related to the design and implementation of the MGC3030 system is

described in Chapter 3. In the first section of this chapter, the theory of detection for the

designed system is provided. A Finite Element Method (FEM) simulation model in Comsol
Multiphysics is described in Section 3.2, with details related to the design of three-layer
electrodes and the discussion of potential fingers movement. Quasi-static electric fields
generated by two MGC3030 electrodes stack up designs are introduced and analysed in
sections 3.3 and 3.4, respectively. Here, the noncontact form of measurement is realized by the
variation of electric field, resulted from finger movement. Sensitivity and crosstalk of these

two electrode designs on contactless finger motion detection were compared in Section 3.5.

Based on one simulation model reported in Chapter 3, Chapter 4 explores a nonlinear
regression model to compensate for the crosstalk of the combined fingers’ movement in the
quasi-static electrical near field. The theory of detection was discussed in order to derive the
form of a prediction model in the first part of this chapter. The Comsol simulated data involved
in this nonlinear regression is illustrated in Section 4.2. On the basis of the simulated data,
section 4.3 and 4.4 evaluate the mathematic relationship between the fingers’ motion (D) and
the voltage signals (V) of both the Rx electrodes underneath the moving finger and the

neighbouring ones.



An experiment to verify the prediction model on multi-finger noncontact measuring,
with human subjects, under laboratory conditions, is presented in Chapter 5. Twenty-three
healthy subjects (13 males and 10 females) with normal hand and finger function participated
in this study. Chapter 5 details the design of the experimental platform, the characteristics of

the participants, the experimental process, and the experimental data obtained.

Further to Chapter 5, Chapter 6 analyses the results from the verification experiments
to evaluate the performance of the prediction model and the MGC3030 system. The validation
results of preliminary study demonstrate the ability of the proposed system on measuring the
movements of fingers. Moreover, it reveals the potential applications of the targeted system on
conditions such as enslaving as well as tremor. Finally, Chapter 7 concludes the research work

along with a discussion of possible future work.

1.4 List of publications

The main publications of this PhD project are listed in chronological order as follows:

e Conference paper ‘Finger Displacement Sensing: FEM Simulation and Modelling of a
Customizable Three-Layer Electrode Design’ is accepted by 2018 IEEE International
Instrumentation and Measurement Technology conference. The conference paper
mainly includes a finite element method (FEM) simulation based on MGC3030 three-
layer electrode design in Comsol, and a nonlinear regression analysis using Matlab.
This part of work is introduced in detail in Chapter 3 and Chapter 4.

e An extension of the conference paper is published in IEEE Transactions on
Instrumentation and Measurement, titled ‘Finger Displacement Sensing: FEM
Simulation and Model Prediction of a Three-Layer Electrode Design’. Based on the
customizable three-layer electrodes design for use with a MGC3030 motion sensor IC,
a finite element method (FEM) simulation in Comsol Multiphysics, and a nonlinear
regression analysis using Matlab were carried out. Four nonlinear equations were
introduced to describe the motion of the index and middle fingers in the electrical field
generated. Chapter 4 explains the mechanism and performance of this four equation
based on the simulated data.

e Paper ‘Experimental Validation of a Contactless Finger Displacement Measurement
System Using Electrical Near Field Sensing’ is published in IEEE Transactions on

Instrumentation and Measurement. In previous publications, a mathematical model was



developed based on a finite element method (FEM) simulation. This paper validates
this model on multi-finger noncontact measuring under laboratory conditions. Twenty-
three healthy subjects with normal hand and finger functions participated. The
experimental verification design is given in Chapter 5 and the data analysis and
experimental evaluation is detailed in Chapter 6.






Chapter 2 Literature Review
2.1 Background
2.1.1 Home-based hand rehabilitation

Home-based therapy is a treatment that takes place in the home of a person rather than
in a clinical setting. Conventional occupational or physical therapy mainly involves progressive
training exercise executed by hands-on physical therapy or by application of devices. During
the treatment, both the patient and the therapist need to participate actively [4]. Demand for
more cost-effective treatment is leading to changes in practice that are likely to involve home-
based therapy and assistive technologies in addition to the conventional occupational therapy
and physiotherapy [5]. Considering the significant financial burden of patients and society, as
well as the great dependence on professionals and medical facilities, it can further help people
reach their recovery goals with its advantages, including: reduced hospital stay, individualized
rehabilitation sessions, time and money savings for both treatment and transportation [6].

Home-based therapy can also enhance conventional physiotherapy and the
occupational therapy, to promote continuous functional training in the long run. Following
discharge from hospital, it is often impractical for the specialist care centre to provide ongoing
therapy for people with chronic stroke at home, which can lead to further deterioration of hand
function and a direct impact on an individual's capability to perform essential activities of daily
living (ADL) [7]. An important purpose of rehabilitation treatment is to promote the
neuroplasticity within the central nervous system, and therefore to ameliorate secondary effects
such as muscle weakness and reduced range of motion. The neurological re-organisation or
learning occurs in response to experience gained through repetitive training [5]. In this case,
the home-based therapy can help to promote the neuroplasticity of patients by the continuous
and convenient exercise and functional training given to the patients, which can be conducted

by patients at home, either independently or with the help of the physiotherapist.

2.1.1.1 Post stroke hand rehabilitation

Among these home-based treatments, debate of different methods of post stroke hand
rehabilitation for a person’s ability to perform motor functions has dominated research in recent
years [8-18]. As an example, stroke is the most common cause of disability and the second
leading cause of death in the world [6]. The annual cost of stroke in the UK is £.9 billion,
which represents 5% of the total money spend in UK National Health Service [19]. In the UK

alone, over 110,000 people have a stroke annually and over 300,000 people are living with



disability as a result of a stroke [5]. Approximately 70% of post-stroke patients are left with
impaired arm and hand function that is highly likely to last for a lifetime even after they have
been discharged from rehabilitation [20, 21]. In addition, because stroke is age-related, the
incidence is likely to rise. Prevalence of stroke is also likely to rise due to better survival rates
and long-term care [5]. Given the large number of patients who can benefit from a readily
available form of treatment, research into home-based hand rehabilitation is particularly

important.

2.1.1.2 Tremor detection and Parkinson’s disease

Tremor is defined as an involuntary, rhythmic, oscillatory movement of a body part
[22]. General tremor characteristics which is widely used for clinical investigations include:
body distribution, activation condition, and frequency [22]. Tremor frequency is commonly
used in characterizing tremor, and is often categorized as <4, 4 to 8, 8 to 12, and >12 Hz [23].
The frequency of most pathological tremors is 4 to 8 Hz, while primary orthostatic tremor
typically has a frequency of 13 to 18 Hz. The central neurogenic component of physiological
tremor is 8 to 12 Hz, and rhythmic cortical myoclonus typically has a frequency greater than 8
Hz. For example, one of the initial symptoms of Parkinson’s disease is an unilateral limb
tremors of 4-6Hz. Parkinson’s disease (PD) is a progressive neurodegenerative disorder [24]
and commonly affecting elderly people worldwide. It affects around 0.3% of the general
population and 1-3% of the population over the age of 65 and its number is going to rise from
8.7 to 9.3 million by 2030 [25]. In order to assess and treat tremor-based diseases, such as
Parkinson’s disease, precise frequency and amplitude measurement for tremors will be helpful
for adjusting medication levels [24]. For dynamic response which is high enough to allow the
study of tremor in fingers, up to a frequency of about 20Hz will be required.

The drive for more efficient use of rehabilitation services provides an opportunity to
develop rehabilitation therapy that can be used outside hospital and without supervision [5].
There is no consensus on the best provision of home-based hand rehabilitation sessions.
However, the disability itself may be a major obstacle to the implementation of these exercise
sessions [5]. It could well be that if a system requires complicated setups and contraptions to
be worn, it will not be used for a complete course of treatment [1]. For example, body tremors
can be measured with wearable sensors [26, 27], but a glove-based physical device is
sometimes uncomfortable and requires extra effort such as battery replacement [24]. Another

major obstacle to the home-based methods is the implementation without continuous



supervision of therapists. The shared challenge for all home-based devices is to keep people
performing their training regularly and correctly, when they are left to do it by themselves. For
instance, a device that is not straightforward to set up or configure may cause the patient to
deviate from the expected procedures, or even misunderstand the treatment and increase the
possibility of injury.

On the contrary, a survey for application of assistive technologies in stroke
rehabilitation confirms the easy setting, comfortable use, good value, and suitable for home use
as the key factors of any ‘popular’ therapy in clinical practice, which can be widely used outside
the healthcare centre [5]. This study also concludes that therapies with the greatest probability
of significantly improving upper limb rehabilitation following stroke, should be cost effective

and acceptable for use by patients and in health services [5].

Hence, the overall aim of the research presented in this thesis, focuses on the technology
for home-based rehabilitation of an impaired hand, addressing ease of setting and use to
promote motivation of practice. To achieve this outcome, it is necessary to investigate the

measuring techniques that are compatible with this overall aim.

2.1.2 Fingers movements: extension and flexion
2.1.2.1 Finger extension and flexion

To begin with, a typical finger movement was chosen as the exemplar training and
assessing exercise. This movement was flexion and extension of the fingers. Declination of
finger joint angles is often measured to assess the motor ability by medical professionals, using
goniometers or inclinometers [28]. However, the angle measurements fall short of obtaining a
complete profile when two or more joints are involved [29]. “Reachable space” is also
considered as an effective tool in finger flexibility assessment to describe the range of finger
motion in recent times [30, 31]. It refers to the set of all reachable fingertip position. The real-
time implementation of this assessment is limited by the complexity for a quantitatively

analysing solution, and can be costly in terms of time as well as computational resources.

This research investigates the extension and flexion of fingers as an exemplar
movement [32]. It can effectively exercise and strengthen the reduced muscle tone of the
impaired hand, which is very common among post-stroke patients [33, 34]. Moreover, it could
be applied with simpler mathematical methods and implementation approaches [32], compared

to angle measurements techniques [29] or ‘reachable space’ techniques [30, 31]. Therefore,



reducing the execution time and costs. Generally, a good real-time motion capture demands
excellent data analysis and algorithms, while a more effective and efficient framework will
make the realization of a simpler and more robust algorithm possible and easier. Besides, a
system is usually more reliable with less hardware elements [35]. Therefore, an easy
movement—extension and flexion of fingers was chosen as the exemplar training exercise here

to simplify the system design.

Flexion and extension are necessary for performing daily activities. Patients with a loss
of extension of the finger joints commonly have difficulties with the grip formation. The
functional range of movements for metacarpophalangeal joint (MCP) is necessary to perform
the activities of daily living as defined by the Sollermann test of hand grip function [36].
Generally speaking, the range of motion of the MCP for a healthy subject is 0 ~ 120 degrees.
However, patients with deficits in hand motor control usually suffer from loss of range of
motion [37], which usually translates into functional disturbance of the hand. Considering the
general motor ability of acute stroke patients, 0 ~ 20 mm is the essential measuring range for
finger rehabilitation exercise. Taken the recovery process of finger movement ability, this

research targets the contactless finger motion detection with 30mm detection range.

2.1.2.2 Movements of fingers

Casual observation suggests that humans rarely move one finger alone when
performing functional tasks [38]. When a finger performs its intended movements, the real
movements of other fingers may occur [38]. However, a thumb usually has the highest average
individuation index [38], which refers to the ability to move without any accompanying motion
of the other fingers; and remained most stationary during instructed movements of other fingers
[38, 39]. Therefore, a thumb can be considered independent during flexion-extension

movements [39].

For this reason, only the index finger, middle finger, ring finger and little finger were
considered in this study, as a simple start to explore the movements of fingers. In light of the
typical motor ability of an impaired hand and the fine motor function of fingers, a millimeter
level accuracy will be preferred to measure the tiny movements of fingers in regular training

and testing sessions.
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2.2 Medical equipment for hand rehabilitation

Section 2.2 reviews the medical equipment for hand rehabilitation. Here, section 2.2.1
investigates the medical equipment for hand rehabilitation in commercial practice and then,
section 2.2.2 compares the devices and systems found in academic research.

2.2.1 Medical equipment in commercial practice: Exercising, supporting and testing

Written sheets of exercise prescribed by the therapist are probably the first assistive
approaches for stroke patients’ rehabilitation exercising at home. It is a fairly common and low
cost approach to hand therapy. However, it lacks guidance and motivation, which are thought
to be important for maximising hand movement recovery [40]. With increasing attention to
hand rehabilitation from the industry and academic research as well as the healthcare providers,
there are some rehabilitation devices available in the market with a variety of appearances, size,
price, and functionality.

Fig.2-1 shows a list of the rehabilitation equipment available in the market, ideal for
exercises that strengthen weakened or injured hands and fingers. Although they all target
exercise, these products are further classified and discussed in Table 2-1, based on the different

rehabilitation exercises they focus on.

For example, ‘Therapy Putty for Hand Exercise’ (Fig. 2-1 a)) is a therapeutic aid that
can be squeezed easily and recovers slowly, making it ideal for working on improving flexion
ability. Similar products focusing on flexion movement summarized in Table 2-1 include: b)
Massage Ball Blue, ¢) Hand Rehabilitation Exerciser, d) Hand master Plus, €) Graded Pinch
Exerciser, f) Cando Latex Free Hand Exercise Web, i) Hand Helper — Standard, j) Cando Digi-
Flex Hand/Finger Exerciser, k) Hand & Finger Exercisers, I) Thumb Strengthening Exercise
System, n) Strengthening & Toning Hand Grips. This kind of exercise is necessary to regain
the grip or pinch ability of an impaired hand. Most of the flexion-targeting device are aimed
for whole hand recovery and require little set-up time or effort. Additionally, most of the prices
of these products are distributed in the range $10-$50.

Apart from this, there are also simple devices presently available on the market for
extensor strengthening and conditioning, such as d) Hand master plus, g) Finger and Thumb
Flexion Gloves, h) Digi-Extend Finger Exerciser, m) AliMed Antimicrobial Blue Carrot Hand
Orthosis Kit. Most devices discussed in Table 2-1 focus on one of the extension or flexion

movement. It is worth noting that the product d) hand master plus is able to provide the
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combined training for both the extension movement and the flexion movement. Similar to the
flexion-targeting device, the majority of these extension-targeting device work for all the five
fingers’ recovery and cost less than $50. What is different from the flexion-targeting device is
that these extension-targeting devices require additional time to put on before use. Finally,
product sets 0) E-Z Exer-Board Hand Exercise Kit and p) Table Mounted Finger Ladder are

discussed. As a set of products, they are developed for more comprehensive tasks of the whole

hand. Although they have little set-up time or effort, their cost is in the range $100-$200.

=@
®) (&

a) Therapy Putty for b) Massage Ball Blue ¢) Hand Rehabilitation d) Hand master Plus
Hand Exercise Exerciser

i) Hand Helper - Standard j) Cando Digi-Flex k) Hand & Finger 1) Thumbciser Thumb
Hand/Finger Exerciser Exercisers Strengthening Exercise
System

[y N

m) AliMed® Antimicrobial n) Strengthening & 0) E-Z Exer-Board Hand p) Table Mounted Finger

Blue Carrot Hand Toning Hand Grips Exercise Kit Ladder 173.85
Orthosis Kit

Fig. 2-1 Home-based medical equipment in the market for exercising
Collectively, the majority of the exercising devices tend to be straightforward with
simple design, but they ignore the motivation for a home exercise program and emphasize
repetition exercise. They generally have the advantage of low cost and convenient use, which
contribute to their application in hand rehabilitation training. However, the clinic effect of
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devices reported in Table 2-1 to diagnose, treat, cure, or prevent any specific disease or health

condition have not been reported.

Table 2-1 Home-based medical equipment for exercising

Flexion Extension Comprehensive exercise
Product a), b), c), d), e), f),1),j), k), d),qg),h), m) 0), p)
1), n)
Finger Five fingers for most cases, Five fingers for most Five fingers
exercised except: cases, except:
One finger: 1) Four fingers: g)
Two fingers: €)
Set up All most no set-up time or Time to wear the device All most no set-up time or
effort required effort
Price Less than $10: n), I) Less than $10: g), h) $100~$200
$10~$50: a), b), c), d), f), $10~$50: d)
i), K) $50~$100: m)
$50~$100: j)
$100~$200: e)
Clinical Products are used by patients in hand rehabilitation training. The clinic effect to
effect diagnose, treat, cure, or prevent any specific disease or health condition have not been
reported.

Note: The order a)~p) are consistent with the Fig. 2-1

Apart from the conventional rehabilitation devices presented in Table 2-1, there are
FitMi and MusicGlove which provide better motivation and guidance to encourage exercise
[40, 41]. FitMi contains two wireless pucks and a therapy app that picks exercises tailored to
the stage of recovery. It provides similar training as product o) E-Z Exer-Board Hand Exercise
Kit but with interesting feedback forms to motivate users. Additionally, Music Glove works by
motivating users to perform appropriate pinching movements according to the musical note
that floats down computer screen. It is reported to improve the hand function in 2 weeks.
However, it focuses on pinching movements only, and requires noticeable time and effort to

carefully put on the glove-like system before usage.

Fig. 2-2 shows hand or finger orthoses that work as mechanical aids to support weak or
damaged parts of the hand. The general idea for these products is that stroke patients usually
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suffer from a firmly curled hand with strong flexion synergy. Hence, the product listed in Table

2-2 help patients to separate and extend their fingers to prevent pressure concentration.

a) Comfy™ Adjustable b) DeRoyal Static Pro ¢) Forearm-Based d) Palm Shield

Cone Hand Wrist Skateboard
e) CONE AND FINGER f) Finger Separator g) Spring Finger h) Finger Separator
SEPARATOR Extension Assist Mitt with Mesh Top

Fig. 2-2 Home-based medical equipment in the market for mechanical support

Table 2-2 Home-based medical equipment for mechanical support

Static mechanical support Mechanical support with movement assist
Product a), ¢), d), e), 1), qg), h) b)
Finger One finger: g) Five fingers
exercised  Five fingers: a), ¢), d), e), f), h)
Set up Time to wear the device required: Noticeable amount of time and effort required to
), d), e), 1), q), h) wear the device

Noticeable amount of time and
effort required to wear the device: a)
Price $10~$30: g), h) More than $500
$30~$100: a), d), e)
$100~$200: ¢)
Not available: f)
Clinical Products are aimed for hand rehabilitation purpose. For example, a) is indicated for post-
effect stroke/CVA, finger contractures, neuromuscular, joint weakness and decreased ROM.
The clinic effect of these products to diagnose, treat, cure, or prevent any specific disease
or health condition have not been reported.

Note: The order a)~h) are consistent with the Fig. 2-2

For example, product a) Comfy Adjustable Cone Hand is a unique splint worn on the
lateral side of the arm of patients. Fingers are positioned around the cone. Finger separators are
placed on the cone to separate the fingers. Adjustable hinge at the wrist helps increase wrist
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extension. Similar products c), d), e), ), g), h) are also summarized in Table 2-2. Specially,
product b) DeRoyal Static-Pro Wrist can aid with both flexion and extension movement. It is
achieved with the turn of a knob. The majority of equipment for mechanical support aimed for
the whole hand, except for product g) Spring Finger Extension Assist, which is designed for
one finger only. Given the purpose of the hand or finger orthoses which help patients separate
and extend their fingers, these products usually have more complex mechanical structure than
the exercising devices, which will result in higher price as well as more time and effort to set-
up. The clinic effect of these products for any specific disease or health condition have not been
reported yet.

Fig. 2-3 further provides examples of hand rehabilitation medical equipment that reflect

the recovery level of the hand, such as static force and range of movement. Product a), b), c),

d), e) measure the force when patient conducts grip or pinch movement while product f), g), h)
measure the range of movement, including (hyper-)extension and comprehensive eye hand
coordination movement. Similar to the exercising equipment presented in Table 2-1, the use of
these products tends to be quite straight-forward and requires little set-up time or effort. The
cost of these product, however, is much higher than the exercising equipment, which is mainly
distributed in the range $100-$400.

® %

a) Baseline Pneumatic b) Jamar Dynamometer c) Marsden MG-4800 d) Takei Analogue
Bulb Hand & Pinch Hand Dynamometer Dynamometer (5001)

IIWTHF"..

.........

IES=S0

€) Jamar Digital Pinch f) 180 Digit Goniometer g Fmgir‘tjgfonou
Gauge TEST

Fig. 2-3 Home-based medical equipment in the market to reflect the recovery level of the
hand

Table 2-1, 2-2 and 2-3 briefly summarize the home-based medical equipment for hand
rehabilitation available in the market, with focuses on the number of fingers aiming at, set-up
requirement, price, and clinical effect. Collectively, these products are aimed for hand
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rehabilitation purpose and are used by the patients. However, their rehabilitation effect has not
been clinically tested and reported yet. Here, devices that do not need to be fastened or attached
to the forearm, hand or fingers before usage, are more convenient to use and require less time
and effort to set-up. Although, for some supporting equipment presented in Table 2-2, the
wearable design scheme is sometimes inevitable, for the exercising or testing devices, the non-
wearable implementation will be a better choice, especially for hand rehabilitation devices in

home-based application.

Table 2-3 Home-based medical equipment to reflect the recovery level of the hand

Force measurement Movement range measurement
Product a), b), ¢), d), e) ), g), h)
Movement Grip & Pinch: a) Hyper- Extension: f)
measured Grip: b), ¢), d) Finger motion (Extension): g)
Pinch: e) Eye-hand coordination, speed, dexterity: h)
Finger measured Five fingers in most cases, except:  One finger: f), g)
Two fingers: e) Five fingers: h)
Setup All most no set-up time or effort
Price $100~$200: a), b), d) Less than $20: g)
$200~$300: ) $50~$100: f)
$300~$400: e) $200~$300: h)
Unit kg/Pound: a), b), e) Degree: f)
kg: c), d) Centimeters: g)

Not available: h)

Note: The order a)~h) are consistent with the Fig. 2-3

It is also indicated from the above discussion that, there appears to be a gap between
the exercise devices, support devices and test devices. These rehabilitation devices provide
their target patients with exercise training, support structure and recovery test, but separately.
For a patient with an impaired hand, a series of instruments are needed to realize home hand
rehabilitation. Hence, multifunctional rehabilitation devices, which meet the all-round
requirements of rehabilitation sessions, including exercise training, support structure and

recovery test, will be preferred and worth investigating in home-based application.

2.2.2 Medical equipment in research literature
A search was made in the electronic database of PubMed to collect related literature

published from the year 2000 to 2020 with keywords: “device” or “system” with “hand” and
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“rehabilitation”. Similar to Section 2.2.1, the academic community has also extensively
explored medical devices or systems targeting a smart rehabilitation system, featuring
computer based structure [9, 10, 12, 16, 42-47], robot-assisted rehabilitation [7, 48, 49],
activities of daily living (ADL) based exercise [7, 45, 49], feedback [44, 45, 47] as well as
monitoring function [50], to provide smart exercising sessions for better hand recovery.
Reliable testing devices or systems have been investigated to quantify the effects of
rehabilitative training and enhance the motivation of patients [15, 16, 42, 45, 50, 51]. For
example, the Spatial Augmented Reality System [16] tracks a subject's hand and creates a
virtual audio-visual interface for performing rehabilitation-related tasks that involve wrist,
elbow, and shoulder movements. It measures range, speed, and smoothness of movements

locally and can send real-time photos and data to a clinic for further assessment.

It is observed from the literature review that, few studies have been conducted with a
thought of achieving easier and quicker donning of the devices, which is often extremely
difficult and very time-consuming for patients with hand impairment [11]. Current systems
require an overhead in setting up, such as having to wear a ‘glove’ [52] or a ‘exoskeletons
structure’ [53], significant amount of knowledge, and the necessity of other people’s help.
There is also a gap between the medical equipment in academic research and in commercial
practice, considering the price, size, complexity and knowledge required to use. It indicates a
need for low cost and portable device that combines exercise, support, assistance and test
function, not only easy to use but also motivates patients in the complete rehabilitation sessions
to meet their specific motion goals without having to become experts. It is of greater
importance, considering the feasibility for further development in a wider context, such as

commercial practice or application in a home-based environment.

Although devices or systems introduced by these articles emphasize one of the different
points discussed above (exercising, testing shaping as well as assisting), the majority of them
show a clear tendency of the multifunctional design to meet more requirements in a
rehabilitation session, with a view to home-based operation [13, 16, 42, 50]. Given their
evidence of results presented, these systems are capable of providing their targeted treatment
to the particular patients, thus increasing their performance. Notably, unlike in commercial
practice, little academic research has been focusing on holding or shaping the impaired hand.
A rehabilitation training system (UR System PARKO) conducted trainings by fixing fingers in

a hyperextended position and extending the elbow joint while applying resistance load to the
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fingertips. It promotes the recovery of motor function, as reflected in the finger extension of
the severe plegic hand [8]. Instead, prior studies have queried diverse approaches to assist in
particular functional tasks of the hand, such as the common movements of hand function
including grip and release patterns [54], controlling the fully extended finger [11], the hand
grasp function [13], the spatial finger joint coordination patterns of the functional manual tasks

(e.g., power grip and pinch) [14], and hand opening or hand closing functional tasks [17].

Hence, rehabilitation devices that are capable of providing their target patients with
multifunctional rehabilitation sessions, including: exercise training, support structure and
recovery test, to meet the all-round requirements of the patient, will be preferred in home-based
rehabilitation.

2.3 Tracking the movement

Section 2.3 further discusses the sensing technologies as well as sensors used for motion
tracking to investigate the feasibility of home-based hand rehabilitation with emphasis on ease
of use. In this research, extension and flexion of fingers was chosen as the exemplar training
and assessing exercise here to simplify the system design. Taking the typical motor ability of
an impaired hand into consideration, the objective system should be capable of detecting small

movements of patients’ fingers in regular training and testing sessions.

Sensing technologies that could be used to extract information about the improvements
of fingers’ motor ability mainly include inertial sensor based technology, magnetic sensor
based technology, Electromyography (EMG) [55, 56], vision based systems [35], depth based
technology [57-60], glove based systems [57, 60-62], robot-aided technology [61] as well as
capacitive sensing technology [1, 62, 63]. These technologies are briefly discussed and

compared as follows:

A. Inertial Sensor Based: Inertial sensors like accelerometers and gyroscopes have been
frequently used in navigation and augmented reality modelling. It is an easy to use and
cost-efficient way for full-body human motion detection with high sensitivity and large
capture areas. However, this technique requires sensing elements precisely attached,
and therefore, is usually applied in glove-based techniques [52] or the ‘exoskeleton’
[53] design. It is also observed in the inertial sensor that, the position and angle of an
inertial sensor cannot be correctly determined due to the fluctuation of offsets and

measurement noise, leading to integration drift [61]. The accuracy of these gloves is up
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to a few degrees, which makes them not too suitable for precise measurement of hand
joint angles [64]. Research over the past 10 years has predominantly focused on
validating measurements that the systems produce and classifying users’ exercise
quality [65].

. Magnetic Sensor Based: Magnetic sensors have been used for detecting the position of
the object in many applications, such as, aerospace and healthcare [64]. Similar to the
inertial sensors, the magnetic sensor is usually applied in glove-based techniques [52]
or the ‘exoskeleton’ [53] design as well. Magnetic motion tracking systems have been
widely used for tracking user movements in virtual reality because of their size, high
sampling rate, lack of occlusion and so on. Nonetheless, magnetic trackers have
inherent weaknesses like latency and jitter, more fundamental researches are needed to
find solutions to these limitations [61]. Table 2-4 presented the information of the 3D
Guidance® product suite, the driveBAY™ electromagnetic tracking systems as an
example [61]. It provides real-time unobstructed tracking of miniaturized sensors
embedded into medical tools [61]. However, it is also reported from the datasheet that,
its accuracy will be degraded if there are interfering electromagnetic noise sources or

metal in the operating environment, which have not been identified and minimized [66].

. Electromyography (EMG): Electromyography is the measurement of surface electric
potentials from electrical currents generated in muscles during neuromuscular activities
[55]. It has the potential to track the small motion of fingers and has been used for
hardware implementation focusing on hand related application like prosthetic hand
control, grasp recognition and human computer interaction [55]. This technique is
particularly useful when patients cannot move their hands on their own. However, a
potential drawback of an EMG-based rehabilitation system is the difficulty to use it.
The electrodes have to be placed on precise muscles at specific locations, which require
the instruction and supervision of therapists [56]. Besides, during detection, the EMG
signals will be affected by both the internal and the external factors with different types
of noise. Extra calibration effort should be made to compensate for it. One of the main
problems of existing EMG technology is the high cost of commercial devices [2-8].
The price of commercial EMG devices can be up to thousands of dollars, as shown in
Table 2-4.
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D. Vision based system (2-D motion tracking): 2-D motion tracking vision based system
is concerned with human movement in an image plane [61]. In vision based systems,
cameras are typically used to obtain the targeted image or video, and complicated
geometrical modelling processing with statistical algorithms, decision theory and
techniques are then used to extract desired features. Thus, it involves execution of
complex algorithms and a large number of computations, demanding huge processing
capability in a quick response time and making the technique inconvenient for
embedded applications in a portable home-based device [35]. Moreover, the vision-
based system is easily affected by ambient light conditions and cluttered backgrounds,

robust algorithms are required to counter these influences [57, 60].

E. Depth based technology (3-D motion tracking): 2-D motion tracking have natural
restrictions, due to their viewing angle [61]. In the depth-based technology, it is
advantageous as 3D information about the hand is provided. Kinect is a series of motion
sensing input devices from Microsoft built to revolutionize the way people play games
and experience entertainment [59]. It is also a popular option for body motion
measurement research. The main disadvantage of this technology, however, is the low
resolution provided by the Kinect sensor. For example, due to the low-resolution of the
Kinect depth map, typically, only 640 >480. Although it works well to track a large
object (e.g. the human body), it is difficult to detect and segment a small object (e.g. a
human hand). In a typical application, the segmentation of the hand occupies a very
small portion of the image and will usually be inaccurately represented in the
recognition step, thus may significantly affect the calibration and calibration process
[60]. Many of these research techniques are focusing on a relative big motion detection
[67, 68] and are costly [69, 70], which fail at accurate hand movement detection for

home-based usage.

F. Optical sensing technology: Optical sensing is also a noncontact measurement [71],
which can be realized without any sensing devices attached on the limbs. But, there are
potential issues as: it tends to be easily affected by ambient conditions; multiple optical
sensors will be required when measuring the movements of multiple fingers. Here,
multiple sensors for a human hand might cause occlusions when placing the sensors,
and requires significant calibration work. The optical sensing technology can be

realized by different technologies. The laser-based optical sensing, such as time of
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flight and 3D laser scanning, are relatively expensive. Although featured with a high
precision, their usefulness is limited [48, 49]. On the contrary, the price of LED-based
optical sensing devices, such as an IR-LED distance measuring unit from Sharp [21] is
much lower. However, this distance measuring technique tends to be effected by the
variety of the reflectivity of the object, the environmental temperature and the operating

duration.

. Capacitive sensor: Capacitive sensors work by detecting small changes in capacitance
due to the presence of an object in the electric field generated by the electrodes of a
capacitor, and providing corresponding digital output [62]. A basic capacitive sensor
consists of receiver and transmitter electrodes made of metal or conducting traces with
a dielectric medium separating them. The transmitter of the sensor is connected to an
excitation source and generates an electric field between the electrode surfaces. The
electric field changes when an object (e.g. hand) is introduced in the field causing a
change in capacitance [63]. However, the capacitive based sensor, such as MGC3030
[72] and the HOVER board [73], provides gesture recognition/proximity recognition
only from the variation in field strength. Research should be conducted to explore the

distance measurement.
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Table 2-4 Sensing technologies

Price Set-up Range of movement Accuracy Limitations Clinical effect
Inertial $70~$1350 Usually applied in | Often used for gesture | About 35 mm | e Sensing elements | Few user evaluation studies
measurement unit | [65] glove-based [52] or | recognition [64], or | average  position precisely attached | and no clinical trials in this
technologies the ‘exoskeleton’ | even full body motion | estimation  error required. field to date [65]
[53] design. reconstruction [74]. reported [74]. e The issues of integration
drift.
Magnetic driveBAY™ [66]: | Usually applied in | driveBAY™ [66] driveBAY™ [66] e Inherent weaknesses like | driveBAY™ [66]: Class I
technology $1500~$3000 glove-based [52] or | 1.5~3m Static ~ Accuracy latency and jitter. Medical Device with Type
the ‘exoskeleton’ Position B Applied Part (Sensors),
[53] techniques. 7.6mm RMS at EN60601-1 Compliant.
1.52m range;
15mm RMS at
3.05m range
Electromyography | ¢ Delsys Trigno | The electrodes have | Full body motion Recognition e Difficulty in placing the | Positive  reports  were
based technology $20,000[75] |to be placed on accuracy: 68 ~ electrode  on  precise | obtained through research-
e Cometa precise muscles at 99.8% muscles; oriented  clinical trial
$15,000 [75] specific locations Capture efficiency: | ¢« Requiring the supervision | studies [77]
[56]. 50 to 80% [76] of therapists
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Visual/Depth
based technology

Microsoft
Kinect $123
[78]

LEAP Motion

$70 [52, 79]

Noticeable amount
of time and effort for
set-up and
calibration.

For example, it takes
at least 20 minutes
before using the

Kinect v2 [80].

Microsoft Kinect:
Microsoft

recommends a range
of 1.2-3.5 m between
the Kinect and the user

[80].

The Kinectvl: a
standard
deviation of 15
mm in its depth
accuracy;
Kinect v2: a
depth accuracy
of 2mm-4mm
[80].

Relatively low resolution;
Easily affected by ambient
light  conditions and
cluttered backgrounds;

A large overhead in signal
processing;

Costly and bulky

Positively  assessed by
academic  research in
medical applications,
including:

e Kinect:  Upper/lower
limb rehabilitation,
balance training/

monitoring, and motion
exercises [78].

e LEAP Motion: Upper
limb rehabilitation from
stroke, cereal palsy and
other injury [81-84].

Optical based

technology

Laser-based:
>= $2000;
Sharp  LED
sensor [21]:

$12.5

¢ Significant
setting-up  and
calibration work
required;

e Multiple optical
sensors required

for measuring

multiple fingers.

e Laser-based [85]:
60-80mm

e Sharp LED sensor
[21]:
0-300mm

Laser-based
[85]:

0.25 pm

Sharp LED
sensor [21]: Not
applicable.

Multiple sensors required
for multiple fingers, which
might cause occlusions;

Easily affected by ambient

conditions

Not  much  clinically

specific application to date.
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Capacitive ¢ MGC3030 Capable of | MGC3030 [72]: Best | Recognizable hand MGC3030: Aimed for | MGC3030 [72]: E.G.
sensing-based [72]: $139.00 | noncontact detection range is 0 — | gestures, including gesture/proximity Stroke rehabilitation for
technology /$5.5 [86] measurement  and | 100mm for general | swipe up, down, recognition only motor impairment [1, 73,
e HOVER board | requires little setting- | applications [72] left and right; HOVER  board: Not | 87]; The application for
$41.5[73] up effort. HOVER board: 13cm | Electrodes for accommodate for a good | hand rehabilitation [88].
hand gesture detection | touch sensitive range of hand gestures;
[73] inputs only. electrodes  for  touch
sensitive input only
Note:

1. For Electromyography (EMG) based technology: Recognition accuracy is defined as the ability to correctly classify the action by EMG signal decoding; EMG capture

efficiency is defined by the ability to accurately capture the EMG signals with respect to a standard electromyogram [76].

2. Cost of Microsoft Kinect depends on the number of sensors. For example, a 3D scanner system which was arranged with four Kinect devices, so the total cost

for the Kinect will be approximately $492 [80].

3. There is conflicting information about the range and accuracy of the Kinect v1 and v2. The table shows some typical data.

4. Cost of Laser-based sensing technique depends on the specific requirements of device, so only a rough estimate is given in this table.

5. For MGC3030 motion sensor, $139.00 is the cost of the whole development kit, while for a sole chip, the cost is $5.5.
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From the previous discussion of the sensing technology, glove based (or exoskeleton
[53]) design is a prevailing approach used in hand rehabilitation sensing techniques such as
inertial sensor, magnetic sensor, electromyography-based sensor, as reported in Table 2-4.
These glove-based systems were usually of relatively high accuracy and reliability, however,
at the expense of the complex model design, as well as the donning and setting effort.
Generally, these instruments cannot be used by patients without the help of professionals.
Additionally, the glove-based structure might obstruct natural finger movement. These issues
are especially inconvenient for home-based usage of patients with an impaired hand [57, 60,
62], and are contrary to a preferred home-based hand rehabilitation approaches advocated in
Section 2.1.Therefore, the non-contact detection method is a primary feature of the target
measuring system. From Table 4-2, the visual/depth-based technology, the optical based
technology and the capacitive based technology are capable of finger motion measurement

without a sensing element attached.

The capacitive sensors are adopted in this research to precisely measure the extension
and flexion of fingers. This technology has a user-friendly donning, setting, and using
requirement, and provides the possibility of widely usage outside the healthcare center. Optical
sensing is also a noncontact measurement [16] but has potential issues as: influence of ambient
conditions; multiple optical sensors required for multiple fingers. The visual/depth-based
systems works well to track a large object (e.g. the human body) in a noncontact form, while it
is difficult to detect and segment a small object (e.g. a human hand). In contrast, the sensitivity
of the capacitive sensing decreases quickly when the distance between the sensor and human
body increases [63], making it particularly sensitive to the small and easy movements, like the
movement of fingers. Further to this, unlike vision-based systems, the capacitive sensors will
not be affected by ambient light conditions or cluttered backgrounds; and therefore, can work

without a large overhead in signal processing.

Based on the capacitive sensing technology, the specification of the targeted measuring

system includes:
e anoncontact form of measurement for fingers
e amillimetre level accuracy within the normal range of motion of the finger

e 30mm measuring range considering the general motor ability of stroke patients and the

recovery process.
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e asampling rate of more than 20Hz to provide the potential for a contactless study of

tremor in fingers.

An optical method is also adopted in this research as a comparing technique for the
capacitive sensing technique in real-time contactless measurement. This was accomplished
using an optical sensor system which works as a flexible contactless ‘ruler’ to measure the

finger movements.

2.4 MGC3030 justification

The aim of the research is to develop an easy-to-use device for home-based hand
rehabilitation. Towards this target, measurement techniques consistent with the overall aim are
explored and discussed in previous sections. The glove-based techniques [52], the
‘exoskeleton’ [53] and Electromyography (EMG) [55] have been proposed to support hand
rehabilitation, and are particularly useful when patients cannot move their hands on their own.
However, these techniques require sensing elements precisely attached and have an overhead
in setting up, which results in the necessity of other people’s help. To reduce these overheads
to a minimum and improve the ease of use, the capacitive sensing technology was chosen for

contactless finger motion detection in this study.

Limitations of this adoption, however, is that, current capacitive based sensors, such as
MGC3030 [72] and the HOVER board [73], only provide gesture recognition/proximity
recognition, instead of precise distance measurement. Here, the electrodes of HOVER board
[73] provides touch sensitive input only, which limits its extending application in distance
detection. The MGC3030 motion sensor is a low cost (4 GBP) and reliable off-the-shelf option,
given the economic reasons and time restrictions [1, 73]. Therefore, the MGC3030 motion

sensor is selected as an input sensor.

In this research, techniques compatible with the MGC3030 sensing technology for the
non-contact multi-finger distance measurement for home-based hand rehabilitation purpose
will be explored. To the best of our knowledge, this is the first time that the MGC3030 sensing
technology have been applied for multi-finger movement measurement. The choice of this
technology can be justified with reference to the specifications of the targeted measuring
system concluded in Section 2.4:

The MGC3030 motion sensor uses the principle of electrical near field sensing for

advanced proximity detection to provide gesture and positional data of a human hand in real
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time [72]. Based on the quasi-static electrical field sensing, the MGC3030 motion sensor is
capable of measuring the movements of fingers without attaching sensing elements to the
limbs. Characterized by the user-friendly setting and donning requirements, this measuring
system is easy for patients to use at home, without the assistance from either therapists or carers
[32].

By applying a sinusoidal voltage , the MGC3030 motion sensor generates a quasi-static
electrical near field and propagates three-dimensionally [72]. When fingers move towards the
sensor, they will decrease the electrical field locally [72]. Therefore, the fingers’ motion can
be measured by the electrical field variations. Due to the quasi-static electrical sensing
mechanism of the MGC3030, its sensitivity is inversely proportional to its distance from the
human body and has no ambient influences (such as light, sound and radio interference) [72].
Hence, it is particularly sensitive for small distance applications, which is capable of providing

a millimeter level accuracy within the normal range of motion of the finger.

Moreover, the MGC3030 chip provides proximity detection with 0 — 150 mm detecting
range. Driven by 100 kHz sinusoidal signals, this adoption works with 44 kHz-115 kHz carrier
frequency. Therefore, the measuring range of 0~30mm and sampling rate of more than 20Hz
can be satisfied as well. A notable advantage of the GestIC chip is that, it does not require host
processing and eliminates the need to be constantly bridged through a computer. This means
the future integration into a home-based smart rehabilitation system is more plausible [73].
Collectively, MGC3030 sensor is a suitable option with preferred features to achieve the
objectives of this project.

The entire MGC3X30 system (both MGC3030 and MGC3130) is composed of three
blocks as presented in Fig. 2-5 [72]. The MGC3030 controller consists of analogue front end
that transmits signals to generate E-field and conditions the signals received from RXx
electrodes, signal processing unit that performs digital signal processing tasks, and
communication interface that sends the processed digital data to the application host. GESTIC
Library is an embedded library that provides concurrent and continuous position tracking and
gesture recognition. External electrodes include a transmit electrode and maximum of five

receive electrodes for optimal E-field distribution and detection of E-field variations.
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Fig. 2-5 MGC3X30 controller system architecture [72]

2.5 Summary

The aim of the research focuses on the technology for the rehabilitation of an impaired
hand, investigating the feasibility of home-based approaches, addressing ease of setting and
use to promote motivation of practice. Chapter 2 investigates the measuring techniques that are
compatible with this overall aim. The extension and flexion of fingers are chosen as an

exemplar training and assessing movement in this research. The MGC3030 motion sensor was

chosen for contactless finger motion detection in this study.
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Chapter 3 Finite Element Method Modelling of a Customizable Three-Layer
Electrode Design

The design process of the GestlIC MGC3030 module includes electrode design and
simulation, module integration, and module parameterization [89]. In accordance with this,
Chapter 3 carries out a Finite Element Method (FEM) simulation derived from the MGC3030
electrode stack-up design in Comsol Multiphysics to guide the practical design of the electrodes
[89].

3.1 Theory of detection: Electrical field (E-field) sensing

The MGC3030 motion sensor utilizes an electrical field (E-field) for advanced
proximity sensing. An E-field is generated and propagates three-dimensionally around the
three-layer electrodes carrying the electrical charge. Applying direct voltages (DC) to an
electrode results in a constant electric field while applying alternating voltages (AC) makes the
charges and the field vary over time. When applying sinusoidal voltage to electrodes with a
wavelength much larger than the electrodes, the magnetic component is practically zero and no
wave propagation takes place. This will result in quasi-static electrical near field that can be

used to sense conductive objects, such as the human body [72].

Microchip’s GestIC uses transmit frequencies around 100 KHz, whose wavelength will
be much larger than the electrode geometry. Receive electrodes (Rx) are used to detect the E-
field variations at different positions to measure the origin of the electric field distortion. When
a person’s hand or fingers intrudes into the electrical field, the field lines are drawn to the hand,
and then shunted to the ground due to the conductivity of the human body. Therefore, the three
dimensional electric field decreases locally. This minuscule change then causes a compression
of the equipotential lines and shifts the Rx signal levels to a lower potential [72]. Fig. 3-1 show

the influence of an earth-grounded body to the electric field.
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Fig. 3-1 Equipotential lines of E-field: (a) Undistorted E-field, (b) Distorted E-field [72]
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3.2 Simulation model
3.2.1 Three-layer electrode stack-up design

The Comsol simulation model, as presented in Fig.3-2 (a), is an implementation for this
research. It is derived from the MGC3030 electrode stack-up design, and consists of four
receive electrodes (Rx), a transmit electrode (Tx), a ground electrode (GND), a cover layer and
two isolation layers, and [1, 89]. This two-dimensional simulation model is customizable by
changing the settings of components for broader application. An exemplar receptacle model is
also shown in Fig. 3-2. The four fingers of the human hand are modelled as conductive
cylinders placed on the top layer. The hand is pronated with the fingers extended and the thumb
adducted so that the hand adopts a horizontal posture. Each finger can be extended from the
flat posture but not into hyperextension. Between the top layer and isolation layerl, four Rx
electrodes are placed underneath four fingers accordingly. Here, the potential of Rx electrode
to ground can reflect the finger motion. The Tx electrode and the GND electrode are inserted
between isolation layerl / isolation layer2, and isolation layer2 / bottom layer respectively.
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(mm)ﬁo_

I
| :
i | :
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Cover layer 25’ Vi E V3 V4 i

207 Rx electrodes (0V)
Isolation layerl s -
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(b)
Fig. 3-2 Electrode stack-up design (I: index; M: middle; R: ring; L: little): (a) Simulation
model, (b) Experimental hand receptacle
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In the Comsol simulation package, all the electrodes are set to use the default material
‘copper’, while the ‘Acrylic plastic’ is chosen as the material of the isolation layers with
necessary parameter settings (relative permittivity and density). To simplify the simulation
model of a human finger without losing its important electrical physical characteristics, ‘water’
was chosen to represent the soft and hard tissues of a finger. Fig. 3-3 shows the electrical
terminal settings of the simulation model. Here, 3.3 V A.C is applied to Tx electrode, whereas
both the GND electrode and the fingers are set to the ground potential. Detailed material

settings in the simulation model are shown in Appendix A.
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Fig. 3-3 Terminal settings: (a) 3.3V, (b) GND
3.2.2 Discussion of fingers movements
As proposed in Section 2.1.2, the combined movement--extension and flexion--of the
index finger, middle finger, ring finger and little finger were considered in this study, targeting
the contactless finger motion measurement with a millimeter level accuracy. Concerning

different combinations of fingers” movement, in total, there are fifteen possible combinations
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of finger movement. However, considering the symmetrical structure of the simulation model,

not all the cases have to be explored.

As presented in Table 3-1, there are four possible cases if one finger moves.
Considering the symmetrical structure, case 1-2 (Little finger) and case 2-2 (Ring finger) will
end up with similar outcomes from the case 1 (Index finger) and case 2 (Middle finger)
respectively. Hence, only two cases should be explored to study one finger’s situation.
Similarly, there will be: six cases (case 3 & case 3-2, case 4 & case 4-2, case 5 and case 6) if
two fingers move together; and four cases (case 7 & case 7-2, case 8 and case 8-2) if three
fingers move together. Concerning the symmetrical simulation model, only four possible
combination should be explored to study two fingers’ situation; and only two possible
combination should be explored to study three fingers’ situation. Particularly, there is a sole

case if all four fingers move together.

Table 3-1 Finger movement combinations

Finger Combinations Symmetrical Finger Combinations

Category Cse | M RL Cse | M R L
One finger moves L 000 1-2 0 0 0 1
2 0 1 0 O 2-2 0 0 1 0
3 1 1 0 O 3-2 0 0 1 1
Two fingers move 4 1010 4-2 0 ! 0 1
5 1 0 0 1
6 0 1 1 0
Three fingers move ro1 110 7-2 0 L L
8 1 1 0 1 8-2 1 0 1 1
Four fingers move 9 1 1 1 1

Note: 1) A ‘1’ indicates movement and a ‘0’ no movement. 2) I: index; M: middle; R: ring; L: little.

The case of two fingers will be further explained and studied in Section 4.2. A
discussion with more details for all the possible cases can be found in Appendix B: Finger

Movements Discussion.

3.3 Variation of electric field distribution with finger motion

Case 2(0100) and case 2-2 (0010) are chosen as the exemplar finger motion to show
the influence of an earth-grounded body to the electric field distribution, as shown in Fig 3-4.
Underneath each finger, four Rx electrodes are used to detect the electric field distortion from
the varying signals received. A variable ‘D’, which is the distance between the under surface

of a finger and the top of the cover layer, was used to represent the approaching and departure
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of the moving finger, as shown in Fig. 3-4 as the red vertical lines below the middle and ring

fingers. In other words, it is a height parameter to record the changes in the vertical coordinate.
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Fig. 3-4 Simulation model when finger moves (case2:0100, case 2-2: 0010) ((a-1) case2
distance = 2mm, (a-2) case2-2 distance = 2mm; (b-1) case 2 distance = 10mm, (b-2) case2-2
distance = 10mm; (c-1) case2 distance = 20mm, (c-2) case 2-2 distance = 20mm)

Ten values of the height parameter ‘D’ were selected to repeat the simulation of each
case. The heights are 0Omm, 2mm, 4mm, 6mm, 8mm, 10mm, 15mm, 20mm, 25mm and 30mm.
The voltages of electrodes corresponding to the varied distance were calculated in Comsol
using point evaluation, as presented in Fig. 3-5. The plots in Fig. 3-4 and 3-5 show similarity
that implies a symmetrical pattern of voltages of the entire electrode stack-up structure. This

relationship of electrodes behaviour is in line with the symmetrical structure proposed at the
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start of the 3.2, when the fingers’ motion was discussed. Moreover, the voltage distance
characteristics of the four Rx electrode channels all show a trend of rapid growth first and then
slowly approaching a constant value, although the increase amplitude is different. In other
words, as the moving distance becomes larger, the finger will eventually be so far away from
the electrodes that no movement will be detected. Therefore, the voltage will approach a
constant value, which is the same as when there is no finger interference in the entire space.
This is also in agreement with the quasi-static electrical near field mechanism of the capacitive
sensor MGC3030, where the better resolution will be obtained at smaller movements.

Table 3-2 and Table 3-3 presented the voltages values calculated in Comsol,
corresponding to the moving finger at each distance point, for case 2 and case 2-2 respectively.
Here, sensitivity refers to the voltage increase of the electrode under a moving finger, when the
finger moves by one millimetre. For case 2, as the middle finger moves away from the model
surface, the voltages of the Rx electrode under the middle finger (V2) present a most significant
increase from 1.83788 to 2.25820V, as the input signal to reflect this motion. The voltages of
the Rx electrodes under the index finger (V1) and the ring finger (Vs) increase accordingly, in
a similar pattern but with different initial values. The MGC signal of the little finger, however,
is hardly affected by the movement of the middle finger, as shown in the V4 column in Table
3-2. Similarly, in Table 3-3, the voltages of the Rx electrodes under the moving finger (V3) and
the neighbouring fingers (V2, V4) increase accordingly when the ring finger moves away from
the model surface, while the MGC signal of the non-adjacent one (V1) remains almost

unchanged. Raw data for all possible cases have been calculated and presented in Appendix C.
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Fig. 3-5 Relationship between distance and voltage: (a) case2 (0100), (b) case2-2(0010)
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Table 3-2 Case 2: Voltages values corresponding to the movement of the middle finger

Distance Sensitivity- V-

(mm) V1 (V) V2 (V) (V/mm) V3 (V) Vi (V)
0 1.92663 1.83788 1.83788 1.92663
2 1.95838 2.01354 0.08783 1.86931 1.92865
4 1.97601 2.10229 0.04438 1.88677 1.92978
6 1.98718 2.15526 0.02649 1.89784 1.93050
8 1.99455 2.18877 0.01675 1.90515 1.93097
10 1.99949 2.21058 0.01091 1.91005 1.93128
15 2.00602 2.23859 0.00560 1.91653 1.93169
20 2.00875 2.24994 0.00227 1.91923 1.93185
25 2.01009 2.25528 0.00107 1.92051 1.93194
30 2.01086 2.25820 0.00058 1.92122 1.93199
Average 0.02176

Calculation Example:

Sensitivity- Voomm = (V2-2mm - V2.0mm) +(2-0) = (2.01354-1.83788) +(2-0) = 0.08783 V/mm
Average-Sensitivity- V.= SUM (Sensitivity- V;) <9 = (0.08783+0.04438+...+0.00058)=9
=0.02176V/mm

It can be observed in Table 3-2 and Table 3-3 that, when a finger moves, the voltage of
the electrodes under the other fingers varies simultaneously, especially the neighbouring ones.
The MGC signal of the non-adjacent ones will hardly be affected by the movement of a moving
finger. This result is in accordance with the quasi-static electrical near field theory, and
indicates a ‘crosstalk’ generated in this simulation model where there are signal changes due
to an electrical field leakage from a neighbouring moving finger. In the following chapters, the

crosstalk will be further investigated.

Table 3-3 Case 2-2: Voltages values corresponding to the movement of the ring finger

(Dn']sr;a)”ce Vi (V) Vz (V) Vs (V) (S\‘j;‘rﬂﬂ]‘;'ty Vi vav)
0 1.92663 1.83788 1.83788 1.92663
2 1.92866 1.86931 2.01354 0.08783 1.95838
4 1.92978 1.88677 2.10229 0.04438 1.97601
6 1.93050 1.89784 2.15526 0.02649 1.98718
8 1.93097 1.90515 2.18877 0.01675 1.99455
10 1.93128 1.91005 2.21058 0.01091 1.99949
15 1.93169 1.91653 2.23859 0.00560 2.00602
20 1.93186 1.91923 2.24994 0.00227 2.00875
25 1.93194 1.92052 2.25528 0.00107 2.01008
30 1.93199 1.92122 2.25820 0.00058 2.01085
Average 0.02176

Calculation Example:

Sensitivity- Va.omm = [Va-2mm - Va.omm] +(2mm-0mm) = (2.01354-1.83788) +(2-0) = 0.08783 V/mm
Average- Sensitivity- Vs= SUM (Sensitivity- V3) <9= (0.08783+0.04438+...+0.00058) <9=0.02176
V/mm
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3.4 Modified electrode layer stack-up design

In this section, a different electrode layer stack-up design is explored in Comsol to
optimize the performance on reducing crosstalk. Three extra ground electrodes were placed at
the midpoints of the neighbouring Rx electrodes pairs. The main ground electrode is denoted
as GND electrode, while the smaller ground electrodes, placed in between each pair of Rx
electrodes, are denoted as ‘gnd’, as presented in Fig 3-6. In the Comsol simulation model, 3.3
V A.C is applied to Tx electrode, whereas both the GND electrode and the added gnd electrodes
are connected to the ground potential.
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Fig. 3-6 Comsol simulation model with added gnd electrodes (I: index; M: middle; R: ring;
L: little)

Fig. 3-7 shows the electric field distribution of the modified simulation model with
added gnd electrodes when the middle (case 2 (0100)) or ring finger (case 2-2 (0010)) moves

2mm, 10mm and 20mm away from the upper surface of the cover layer.

Analogous to the previous electrode design, when a finger moves away from the Rx
electrodes, the corresponding voltages increase to reflect this process. This relationship of
modified simulation model in case 2 and case 2-2 were also recorded, as presented in Fig. 3-8.
Comparing Fig. 3-8(a) and Fig. 3-8(b), the similarity implies a symmetrical relationship of
electrodes, which is in accordance with the symmetrical structure discussed in the modified
electrode stack-up design summarized in Fig. 3-6. When a finger moves, the voltages of the Rx
electrode under the moving finger present a most significant increase, as shown as V- in Fig.
3-8(a), and V3 in Fig. 3-8(b). Additionally, the voltage of the neighbouring electrodes under
the other fingers varies simultaneously during this motion (such as V1 and V3 in Fig. 3-8(a),
and V2 and V4 in Fig. 3-8(b)), while the MGC signal of the non-adjacent ones will hardly be
affected by the movement of a moving finger (such as V4 in Fig. 3-8(a), and V1 in Fig. 3-8(b)).
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Detailed voltages values corresponding to the moving finger for the modified electrode
stack-up design in case 2 and case 2-2 are presented in Table 3-4 and Table 3-5 respectively.
Here, sensitivity of the electrode under a moving finger when the finger moves by one
millimetre, is also calculated. Similarly, a ‘crosstalk’ was observed when the signal changes
due to the neighbouring moving finger. Data for all possible cases in the modified electrode

design have been calculated and are shown in the Appendix D.

Table 3-4 Case2: Voltages values corresponding to the movement of the middle finger

(Dn'frsnce Vi (V) V2 (V) f‘\‘j'/’r;';'q‘)"ty Voo v Vi (V)
0 1.67836 1.36984 1.36981 1.67834
2 1.68901 1.45823 0.04419 1.37991 1.67867
4 1.69482 1.50045 0.02111 1.38547 1.67886
6 1.69849 1.52482 0.01219 1.38897 1.67900
8 1.70089 1.53993 0.00755 1.39127 1.67905
10 1.70250 1.54967 0.00487 1.39283 1.67909
15 1.70463 1.56206 0.00248 1.39489 1.67915
20 1.70553 1.56714 0.00102 1.39577 1.67916
25 1.70599 1.56963 0.00050 1.39619 1.67914
30 1.70627 1.57106 0.00029 1.39644 1.67914
average 0.01047

Calculation Example:

SenSItiVIty- V2-2mm = (V2-2mm = V2-0mm) _(2'0) = (145823'136984) _(2'0) = 004419 V/mm
Average-Sensitivity- Vo= SUM (Sensitivity- V>) <9 = (0.04419+0.02111+...+0.00029) +9=0.01047
V/mm

Table 3-5 Case 2-2: Voltages values corresponding to the movement of the ring finger

(Dn']sr;a)”ce Vi (V) Vz (V) Vs (V) (S\‘j;‘r;'ﬂ]‘;'ty Vi v
0 1.67836 1.36984 1.36981 1.67834
2 1.67869 1.37996 1.45821 0.04420 1.68900
4 1.67889 1.38549 1.50041 0.02110 1.69479
6 1.67901 1.38901 1.52479 0.01219 1.69845
8 1.67908 1.39131 1.53989 0.00755 1.70086
10 1.67913 1.39287 1.54963 0.00487 1.70249
15 1.67917 1.39491 1.56199 0.00247 1.70460
20 1.67918 1.39579 1.56707 0.00102 1.70549
25 1.67918 1.39625 1.56957 0.00050 1.70595
30 1.67918 1.39650 1.57100 0.00029 1.70623
Average 0.01046

Calculation Example:

Sensitivity- Va.omm = [Va-2mm - Va.omm] = (2mm-0mm) = (1.45821-1.36981) =+-(2-0) = 0.04420V/mm
Average- Sensitivity- Vs= SUM (Sensitivity- V3) <9= (0.04420+0.02110+...+0.00029) <9=0.01046
V/mm

3.5 Comparison and discussion
This research investigates a noncontact form of finger movement measurement with a

millimeter level accuracy within 30mm measuring range. Therefore, in Chapter 3, the height
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parameter ‘D’ was set to the values of Omm, 2mm, 4mm, 6mm, 8mm, 10mm, 15mm, 20mm,
25mm and 30mm to explore the entire measuring range (30mm) in the simulation of each case.
Considering the millimetre level accuracy over 30mm’s range, ideally, the noise-signal ratio
should be no more than 3.3%. Currently, the simulation model only gives the simulated value
of voltage signal without data fitting scheme. Therefore, here only discuss the sensitivity and

crosstalk of the two electrode design models for comparison purpose.

Comparing Table 3-2 with Table 3-4 and Table 3-3 with Table 3-5, reveals a decrease
in the voltages at all the electrodes in the modified electrode design and also the sensitivity and
crosstalk. In order to assess the advantages and disadvantages of the added gnd electrodes, a
comparison of the two electrode designs was conducted.

3.5.1 Sensitivity

The example calculation process for comparison between electrode design with or
without gnd electrodes added in case 2 is illustrated in Table 3-6. The crosstalk and sensitivity
data of original model here are consistent with the data highlighted in light orange in the Table
3-2. Likewise, these of the modified model are in accordance with the data highlighted in light
gold in the Table 3-4. The details of each case in similar calculation steps are given in Appendix
E. In Table 3-6, the percentage change is calculated using the sensitivity with added gnd
electrodes divided by that without gnd electrodes. An average percentage of each finger is

calculated, as presented in the last row ‘averagel’.

Table 3-6 Comparison of sensitivity between electrode designs with or without gnd added in

case 2
. Sensitivity- Vs

Distance (MM) & iinal (Vimm)  Modified (V/mm)  Percentage
0

2 0.08783 0.04419 50.313%
4 0.04438 0.02111 47.573%
6 0.02649 0.01219 46.013%
8 0.01675 0.00755 45.093%
10 0.01091 0.00487 44.669%
15 0.00560 0.00248 44.224%
20 0.00227 0.00102 44.782%
25 0.00107 0.00050 46.629%
30 0.00058 0.00029 48.885%
averagel 1002176  0.01047 46.465%

Calculation Example:
Percentage- Vo.omm =Maodified- Vo.omm +0riginal- Va.omm =0.04419-0.08783=50.313%
averagel-Percentage- V.=SUM(Percentage- V,)+9=(50.313%+47.573%+...+48.885%)-9=46.465%
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An overall comparison of the average sensitivity and percentage within each case is
summarized in Table 3-7. In Table 3-6, the average sensitivity of original design, average
sensitivity of modified design and average percentage are highlighted in orange, golden and
light blue respectively. They represent detailed impact of the added ‘gnd’ electrodes in case 2,
which are also highlighted accordingly in Table 3-7.

The data of other 14 cases are also presented in Table 3-7. The ‘Percentage’s in all the
cases are less than one, which suggest the added ‘gnd’ will reduce the sensitivity of the
measuring system. Taking all the combination of movement into consideration, for each finger,
the average sensitivity in both designs as well as their percentage are easily calculated, as
shown in row ‘average2’. These ‘average2- Sensitivity’ indicate the average increase of the
voltage signal when moving per unit for each finger. Based on the ‘average2- Percentage’, the
reduction of sensitivity for each finger could then be calculated, as shown in the row

‘reduction’.

Finally, considering all the fingers, the average sensitivity in original electrode design
is 0.03513 V/mm while that in the modified electrode design is 0.01986 VV/mm, as presented
in row ‘average3’. By adding ‘gnd’ electrodes, there will be a reduction of 43.8% on average

in the sensitivity.

Table 3-7 Overall comparison of the sensitivity percentage within each case

Sensitivity-V Sensitivity-V>
Case Original Modified Percentage Original Modified Percentage
1 0.02928  0.02167 74.542%
12
2 1002176 001047  46.465%
2.2
3 0.04066  0.02601 61.500%  0.03424  0.01590 45.871%
32
4 0.02971  0.02175 73.555%
4 2 0.02228  0.01059 45.770%
5 0.02931 0.02168 74.434%
6 0.03183  0.01375 40.357%
7 0.04319  0.02663 57.867%  0.04556  0.01949 41.392%
72 0.03472  0.01461 39.282%

8 0.04076 0.02602 61.343%  0.03478 0.01602 45.523%
8 2 0.02986 0.02178 72.816%
9 0.04392 0.02681 56.787%  0.04868 0.02040 40.301%

average2 0.03584 0.02404 67.092%  0.03423 0.01515 44.266%
reduction 32.908% 55.734%
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Sensitivity- Vs Sensitivity- V4

Case Original Modified Percentage Original Modified Percentage
1
12 0.02928  0.02167 74.531%
2
2.2 0.02176  0.01046 46.470%
3
3 2 0.03424  0.01590 45.870%  0.04066  0.02600 61.497%
4 0.02228  0.01059 45.749%
42 0.02971  0.02175 73.552%
5 0.02931  0.02167 74.411%
6 0.03183  0.01375 40.362%
7 0.03472  0.01460 39.270%
7_2 0.04556  0.01949 41.396%  0.04319  0.02663 57.862%
8 0.02986  0.02178 72.810%
8 2 0.03478  0.01603 45543%  0.04076  0.02602 61.352%
9 0.04868  0.02040 40.297%  0.04392  0.02681 56.781%

average?2 0.03368 0.01588 47.134%  0.03677 0.02438 66.308%

reduction 52.866% 33.692%

Sensitivity (original): 0.03513 VV/mm; Sensitivity (modified): 0.01986 V/mm
Reduction: 43.800%

average3

Calculation Example:

average2- Sensitivityorigina-V1= SUM (SensitiVityoriginai-V1) 8= (0.02928+0.04066+...+0.04392)
+8=0.03584 V/mm

average2- Sensitivitymoditiea-V1= SUM (Sensitivitymodifiea-V1) 8= (0.02167+0.02601+...+0.02681)
+8=0.02404 V/mm

average2- Percentage- V1= SUM (Percentage- V1) <8= (74.542%+61.500%+...+56.787%)
+8=67.092%

reduction- Percentage- V1= 1- (average2- Percentage- V1)=1- 67.092%= 32.908%

average3- Sensitivityorigina=( average2- Sensitivityoriginai- V1+ average2- Sensitivityoriginai- Vot
average2- Sensitivityorigina- Va+ average2- Sensitivityorigina-
V4)/4=(0.03584+0.03423+0.03368+0.03677)+4=0.03513 V/mm

average3- Sensitivitymodities =( average2- Sensitivitymoditied - V1+ average2- Sensitivitymoditied - Vot
average2- Sensitivitymodified - Va+ average2- Sensitivitymoditied- Va)/4
=(0.02404+0.01515+0.01588+0.02438)-4 =0.01986 V/mm

average3- Reduction=(average2- Reduction - V1+ average2- Reduction - V,+ average2- Reduction -
Vs+ average2- Reduction - V4)/4 =(32.908%+55.734%+52.866%+33.692%)=43.800%

3.5.2 Crosstalk

In section 3.3 and 3.4, crosstalk was observed in both the original simulation model and
the modified simulation model, where the voltage of the electrodes under the other fingers,
especially the neighbouring ones, varies simultaneously when a finger moves. From Table 3-2
and Table 3-4, when middle finger moves (case 2), there are noticeable signal changes in V1
and V3, which are under the index and middle finger respectively. Whereas, the variation of V4
under little finger stays negligible during the whole process. Similarly, Table 3-3 and Table 3-
5 document the voltage signals when ring finger moves (case 2-2), where V2 and V4 under the

neighbouring fingers were impacted to a much larger extent compared with V1. Collectively,
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only the cross influence in the neighbouring fingers were explored here to compare the

crosstalk of two electrode designs.

On the basis of the symmetrical structure of the simulation model introduced in Section
3.2, Table 3-1 discussed the possible combination of finger movements. For example, case 1,
when index finger moves, and case 1-2, when little finger moves are symmetrical, and so do
case 2, when middle finger moves, and case 2-2, when ring finger moves. Further to this, the
simulation results of both the original model in Section 3.3 and the modified one in Section 3.4
are in the similar symmetrical pattern. This means, the behaviour of the ring finger or the little
finger can be view as equivalent to the behaviour of the middle finger or the index finger in the
simulation models for the most part. Therefore, there are two situations: the variation of V1 due
to the movement of middle finger and the variation of V2 resulted from the movement of index

or ring finger. The groups of neighbouring fingers in these two situations are summarized as

follows:
Table 3-8 Groups of neighbouring fingers discussed in two situations

Situation 1: Situation 2:

the variation of V1 (under the variation of V. (under middle finger)

index finger)

due to middle finger due to index finger due to ring finger
Original Model  Detailed in Table F-1 Detailed in Table F-2  Detailed in Table F-3
Modified Model Detailed in Table F-4 Detailed in Table F-5  Detailed in Table F-6

Data for these groups of neighbouring fingers were generated to explore the crosstalk
in both electrode designs, detailed in Appendix F. Here, the crosstalk is represented by
“Variation of V’. For instance, Table 3-9 presents the 'index-middle map to show the variation
of V1 due to the movement of middle finger in the original simulation model. Here, the index
finger moves from 0 mm to 30 mm, and at each height, the middle finger ranges over the 10
heights as well. At the right of Table 3-9, ‘A’ shows the variation of V1 when index finger is

fixed at certain height while middle finger moves.
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Table 3-9 Variation of V1 due to the movement of middle finger in original electrode design

D2 (mm) Variation of V;
V1 (V)
0 2 4 6 8 10 15 20 25 30 A (V) average (V)

0 1.92663 195838 1.97601 1.98718 1.99455 1.99949 2.00602 2.00875 2.01009 2.01086 | 0.08423 1.98780

2 2.13640 2.17922 2.20363 2.21941 222997 2.23711 2.24655 2.25041 2.25222 2.25323 | 0.11682 2.22082

4 2.24931 229939 2.32854 2.34777 2.36085 2.36980 2.38170 2.38650 2.38867 2.38983 | 0.14052 2.35024

6 2.32195 237729 241014 2.43225 2.44759 245824 247263 2.47843 2.48095 2.48225 | 0.16030 2.43617

D 8 2.37217 243140 246716 2.49171 250909 252141 253843 2.54535 254832 2.54978 | 0.17761 2.49748
(mm) 10 | 2.40833 2.47045 250848 2.53504 2.55424 256814 258792 259616 2.59966 2.60131 | 0.19298 2.54297
15 | 246376 253010 2.57162 2.60160 2.62418 2.64135 2.66794 2.68024 2.68564 2.68807 | 0.22431 2.61545

20 | 249327 256144 260451 2.63613 2.66053 2.67970 2.71158 2.72834 2.73648 2.74024 | 0.24697 2.65522

25 | 251061 257953 2.62320 2.65549 2.68071 2.70085 2.73587 2.75622 2.76744 2.77315 | 0.26254 2.67831

30 | 252163 259084 2.63470 2.66721 2.69273 271328 2.74981 2.77237 2.78612 2.79404 | 0.27241 2.69227
average4 0.18787 2.46767

Note: Voltage signal when index finger is at x mm while middle finger is at y mm is noted as Vi-x.v.
Calculation Example:
Variation of Vi-A- indeXOmmzvl.o,so— V1.o,o=2.01086 -1.92663=0.08423 V
Variation of V1 - average- indeXomm = SUM (V1.00+ Vi02+...+ Vi030) +10=(1.92663+1.95838+...+2.01086) +10 =1.98780 V
average4- Variation of V1 - A = SUM(Variation of V1 - A - indeXomm™. ..+ Variation of V1 - A - indeXsomm) <10= (0.08423+...+0.27241) +10=0.18787 V

average4- Variation of V; - average = SUM(Variation of V; - average - indeXommt...+ Variation of V1 - average - indexXsomm) +10= (1.98780+...+2.69227)

+10=2.46767 V
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The average ‘A’ highlighted in light green in Table 3-9 presents the average variation
of V1 due to the movement of middle finger in original electrode design, in the row ‘average4’.
It is also highlighted in Table 3-10. With the average variation of Vx(x=1,2) of situation 1 and
situation 2 in both electrode designs compared, Table 3-10 discusses the variation of voltage

signal due to the movement of a neighbouring finger in general.

Table 3-10 Variation of voltage signal due to the neighbouring crosstalk

Variation of V, Variation of V>
due to middle finger due to index finger due to ring finger

A (V) average (V) A (V) average (V) A (V) average (V)

Original 0.18787 246767 0.22107 2.29342  0.17082 2.26799
Modified 0.06999 2.03154  0.09761 1.58295  0.05569 1.55913

Percentage | 37.253% 44.155% 32.601%

Reduction | 62.747% 55.845% 67.399%

Variation of voltage due to crosstalk (V/mm):

« Original: 0.19191(Index finger: 0.18787 , Middle finger: 0.19594)
* Modified: 0.07332 (Index finger: 0.06999, Middle finger: 0.07665)

average5 | Overall reduction: 62.185% (Index finger: 62.747%, Middle finger: 61.622%)

Calculation Example:

Percentage- Variation of V1 - due to middle finger= Modified- Variation of V; - due to middle finger
=-original- Variation of V1 - due to middle finger=0.06999-0.18787=37.253%

Reduction- Variation of V1 - due to middle finger= 1- Percentage-Variation of V1 -due to middle
finger =1-37.253%=62.747%

As presented in row ‘average5’, the average variation of voltage signal due to crosstalk
in original electrode design is 0.19191 V while the variation of voltage signal in the modified
electrode design is 0.07332 V. By adding extra ‘gnd’ electrodes, the overall crosstalk due to
the neighbouring fingers is reduced by approximately 62%. It is illustrated in Section 3.5.1
that, there will be a reduction of 43.8% on average in the sensitivity of finger motion detection
with added ‘gnd’ electrodes in the modified electrode design. Comparing the reduction of
sensitivity with that of crosstalk, it can be derived that, by adding extra ‘gnd’ electrodes, there

is always more reduction in the crosstalk which is advantageous than in the sensitivity.
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3.6 Summary

Chapter 3 presents a Finite Element Method (FEM) simulation based on the MGC3030
electrode stack-up design in Comsol Multiphysics. Crosstalk was observed in the original
simulation model when a finger moves, where the voltage of the electrodes under the other
fingers, especially the neighbouring ones, varies simultaneously. A modified simulation model
was proposed to optimize the performance on reducing the crosstalk. By adding extra gnd
electrodes, in the modified electrode design, there is a decrease in the voltages, the sensitivity
and the crosstalk at all of the electrodes.

Considering all the fingers, the average sensitivity in original electrode design is
0.03513 V/mm while that in the modified electrode design is 0.01986 V/mm. The average
variation of voltage signal due to crosstalk in original electrode design is 0.19191 V while it is
0.07332 V in the modified electrode design. By adding ‘gnd’ electrodes, there will be a
reduction of 43.8% on average in the sensitivity, whereas the overall crosstalk due to the
neighbouring fingers is reduced by approximately 62%. In general, added gnd electrodes
results in a much greater reduction in the crosstalk, which is advantageous compared to the

sensitivity.

To conclude, the modified electrodes design can potentially help to reduce the crosstalk
of the simulation model, as long as the signal is still big enough. However, it still requires
further exploring on the ‘crosstalk’ issue of the MGC3030 measuring technique, to guide the

practical design of the MGC3030 system for fine motor control rehabilitation.
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Chapter 4 Model Prediction to Sense the Movement of Fingers

Chapter 3 carried out a finite element method simulation derived from the MGC3030
electrode stack-up design, which shows that the finger movements can be reflected by the
voltage signals detected from the Rx electrode. However, the mathematical relationship
between the voltage signals and finger’s movement is not simple or linear. A ‘crosstalk’ is also
observed in the simulation, which refers to the signal changes due to an electrical field leakage

from a neighboring moving finger.

Further to this, Chapter 4 investigates the method of fitting simple functional forms to
the voltage-position relationship and analyses the crosstalk to improve the performance of
finger motion detection. A general approach to analyze the relationship between two physical
quantities is mapping these two physical variables to establish a simple correspondence.
However, to validate the quasi-static electrical measuring theory, investigation for the

underlying mechanism is required, and is discussed in Section 4.1.

Based on the original Comsol simulation model demonstrated in Chapter 3, Chapter 4
conducts a nonlinear regression in Matlab. The mathematic relationships between the fingers’
motion and the voltage signals of the Rx electrodes are proposed in Section 4.3. Except for the
validation purpose, these formulas also have advantages over mapping in its simplicity for
implementing on a low-cost microchip. The interaction between the index finger and middle
finger are picked as the simplest combination to explore the cross impact of finger movement
in the electrical field generated by the three-layer electrode stack-up. To be more precise, key

points in this chapter can be summarized as follows:

e Section 4.3.1: Model prediction, exploring the case of one finger only when a distance
that represents the finger motion (Dy) is the input to determine the voltage at the

corresponding Rx electrode (Vx), namely Vx=f(Dx).

e Section 4.3.2: Reversed model prediction in single finger case when the voltage value
of a Rx electrode (V) is the input to determine the distance to present the

corresponding finger motion (Dx), namely Dx =f(Vy).

e Section 4.3.3: Model prediction in the case for two fingers when distance values of
both fingers are the input, to determine the voltage at an Rx electrode (Vx), namely
Vx=f(D1, D2).
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e Section 4.3.4: Reversed model prediction in case for two finger when voltage values
of both Rx electrodes (Vx) are the input to determine the distance to present a finger
motion (Dx), namely Dx=f(V1, V2).

The one-finger models reveal the form of the relationship between finger movement
and signals detected by Rx electrodes, as discussed in Section 4.3.1 and 4.3.2. On the basis of
one-finger’s case, crosstalk, which refers to the signal changes due to an electrical field leakage
from a neighboring moving finger, can be compensated by the two-fingers models, as presented
in Section 4.3.3 and 4.3.4. In two-fingers models, the other finger’s movement is also
considered as an input to determine the finger motion, and therefore, it will provide better

accuracy.

4.1 Theory of detection: Discussion of the prediction model

The MGC3030 motion sensor is based on the quasi-static electrical near field theory
for advanced proximity sensing. As shown in Fig. 4-1 (a), by applying 100 KHz sinusoidal
voltage to the MGC3030 electrode stack-up, a quasi-static electrical near field (direction: Tx
to GND) is produced and propagates three-dimensionally around the surface carrying the
electrical charge. Underneath each finger, four Rx electrodes are used to detect the E-field
variations from the varying signals received [72]. There is a constant field strength E° at each
of the receive electrodes, generated by the MGC3030 electrode stack-up, as shown in Fig. 4-1
(a). When conductive objects, such as a person’s hand or fingers, intrude the electrical field,
some of the field lines are drawn to the hand instead of shunted to the ground [72], as presented
in Fig. 4-1 (b). A new three-dimensional electric field (direction: Tx to finger) is introduced,
whose field strength at Rx is E’. Therefore, the electrical field now is a superposition of both

fields, whose field strength E can be described as follow:

E=E'+F (4-1)

Since there is an obtuse angle between E° and E’, and E° > E’ in the current electrode
stack-up design, this minuscule change then shifts the Receive electrodes (Rx) signal levels to
a lower potential [72]. A variable ‘Dx (X=1,2,3,4)’, which is the distance between the under
surface of a finger and the top of the cover layer, was used to represent the approaching and
departure of the fingers in the vertical coordinate, as shown in Fig. 4-1 (b) as the red vertical
lines below the fingers. The relationship between field strength E and electric potential

difference V in a uniform electric field is:
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E=V/D (4-2)

This equation can also be used in non-uniform field for qualitative analysis. Since the
potential difference of the electrodes stack-up is 3.3V, the voltages of the Rx electrodes (Vx:
V1, V2, V3, V4) can be used as the input signal to reflect the finger motion. Here, the variable

D is made up of two parts:
D=D,+d, (4-3)

‘do’ represents the thickness of the top layer in between fingers and Rx electrodes. If
the edge effect and the complex shape of hand are ignored, the relationship between the
voltages of electrodes (Vx), corresponding to the varied distance (Dx), should share a similar
trend with the following rule based on (4-1), (4-2) and (4-3):

Vi, =V°—a/(Dy +dy) (4-4)

Including factors like edge effect, the complex shape of hand and the cross-impact of
fingers’ movement into consideration, further steps to evaluate this hypothesis were carried out
with the help of Comsol and Matlab.
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Fig. 4-1 Equipotential lines of simulation model: (a) Electrode stack up without fingers, (b)
D1, D2, D3, D4 =30 mm
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4.2 Simulated data from COMSOL

Further to the discussion in Section 2.1.2 and Section 3.2.2, this study explores different
combinations of fingers’ extension and flexion movements. Concerning the symmetrical
simulation model, there are four possible combination if two fingers move together: (1) index
& middle (or the symmetric equivalent is little & ring); (2) index & ring (or little & middle);
(3) middle & ring; (4) index & little [88]. Typically, only adjacent fingers were similar in the
flexion and extension phases during cycles of individuated movements (combination(1) and
combination(3)) [39]. Hence, the interaction between the index finger and middle finger are
picked, as a simpler option with less neighbouring effects than the middle finger and ring
finger, to explore the cross-impact of finger movement here, to explore the cross-impact of
finger movement in the electrical field generated by the three-layer electrode stack-up.

An index-middle map of 196 data points in total were simulated (14*14=196
combinations) using point evaluation in Comsol. The positions of the index finger over 14
heights (D1 ranging from Omm, 0.5mm, 1mm, 1.5mm, 2mm, 3mm, 4mm, 6mm, 8mm, 10mm,
15mm, 20mm, 25mm to 30mm) were explored, while the middle finger is also at each one of
these points. For each data point, values of voltage signals (Vx: x=1,2,3,4) were read, as
illustrated in the template shown in Fig. 4-2. A detailed index-middle map is shown in
Appendix G.
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Fig. 4-2 Simulated data of index-middle map (mm)
4.3 Model prediction to sense the movement of fingers
Based on the simulated result, the mathematic relationship between the fingers’ motion
(D1, D2) and the voltage signals (V1, V2) was explored to improve the performance of finger

motion detection. Primary data analysis started with the one finger case in Excel, where the

50



plot of a distance representing the finger motion versus the voltage value of the corresponding
Rx electrode presents a clear nonlinear relation [88]. The exponential, polynomial, fractional
and rational relations were then explored in Excel by comparing the R-squared value of each
fitted function. The data show a very good fit to an inverse proportional function, which is in

a similar form to equation (4-4) and therefore supports the hypothesis proposed in section 4.1.

Further to this, a nonlinear regression in Matlab was investigated for detailed statistic
criteria and for plotting a two-dimensional surface. The standard Matlab function block ‘fitnlm’
was used to investigate the parametric nonlinear models, which represents the relationships
between the distance of fingers’ movements (D1, D2) and the voltage signals (V1, V2), in the
form of the proposed hypothesis. The ‘fitnlm’ function adapts the prediction models to the
experimental results (Dx, Vx), and returns the nonlinear model with values of the fitted
parameters that gives a least-square fit of the response to the data [90]. Starting from pre-setting
parameters b1, b2 and b3, the regression process attempts to find the fitted parameters which
minimize the mean squared differences with the ‘fitnlm’ function [91]. Therefore, the
regression process will be influenced by the setting of initials parameters. However, this
limitation has been eliminated by reasonable setting of initial parameters corresponding to each

prediction model and will not influence the results discussed in this thesis.

4.3.1 Model prediction of one finger’s case: Vx=f(Dx)
Model prediction in one finger’s case, namely Vx=f(Dx) were found to fit an inverse

proportional function relation, as shown in equation (4-5), where b1, b2 and bz are parameters:
Ve = by — by/(Dx + b3) (4-5)

Table 4-1 gives the curve fitting results of equation (4-5) that defines the voltage value
of the electrode under a moving finger (Vx) by distance of the finger away from the surface
(D). For Vi =f(D1), there are 14 groups of by, b2 and bz when the index finger moves, in
accordance with 14 heights of the middle finger away from the surface (D,=0mm, 0.5mm,
1mm, 1.5mm, 2mm, 3mm, 4mm, 6mm, 8mm, 10mm, 15mm, 20mm, 25mm, 30mm). Predicted
values of V1 can be calculated with equation (4-5) together with the parameters by, bz, and ba.
R-squared values of these regression processes are presented in Table 4-1, as a statistical
measure of data fitting effect. It represents the proportion of the variance for a dependent

variable that is explained by independent variables. For better consistency of evaluating the
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fitting process for both the simulation and experiment with different motion range, the R-

squared is selected and reported in this thesis.

Table 4-1 Parameters of nonlinear curve fitting equation

Parameters in V1 =f(D1) Parameters in V2=f(D5)
R- R-
D2 by b2 bs Squared D by b2 bs Squared
0 2.6185 3.1156 4.4941 1 0 2.3165 15321 3.1579 0.998
0.5 2.6427 3.1901 4.5105 1 0.5 2.3398 15812 3.1793 0.998
1 2.663 3.256 4.5265 1 1 2.3596 1.6247 3.199 0.998
1.5 2.6807 3.317 4.5432 1 15 2.3769 1.6648 3.2181 0.998
2 2.6964 3.3746 4.5607 1 2 2.3924 1.7027 3.2372 0.998
3 2.7239 3.4852 4.6001 1 3 24193 1.7746 3.2766 0.998
4 2.7474 35931 4.6453 1 4 2.4425 1.8439 3.3189 0.998
6 2.7866 3.8092 4.753 1 6 2.4811 1.9805 3.4129 0.998
8 2.8185 4.0284 4.8793 1 8 25126 2.1171 35181 0.998
10 2.845 4.2478 5.0174 1 10 25391 2.2534 3.6308 0.998
15 2.8938 4.759 5.3651 1 15 2589 25776 39174 0.998
20 2.9243 5.1586 5.6512 1 20 2.622 2.8485 4.1674 0.998
25 2.9421 5.4224 5.844 1 25 2.6432 3.0469 4.3531 0.999
30 2.9517 55719 5.954 1 30 2.6562 3.1751 4.4732 1
Average 2.7810 4.0235 4.9532 1 Average 2.4779 2.1231 3.5757 0.998
Startl= [b1=2.2, b,=2.5, b3=2]; Start2= [ sb11=2.2, sb1,=4.0, sh13=5.0];
Number of observations: 14, Error degrees of Number of observations: 14, Error degrees of
freedom: 11. freedom: 11.

Similarly, parameters for the fourteen opposite situations when the middle finger moves
while the index finger is at some height away from the surface (D1=0mm, 0.5mm, 1mm,
1.5mm, 2mm, 3mm, 4mm, 6mm, 8mm, 10mm, 15mm, 20mm, 25mm, 30mm) were also listed

in Table 4-1. Therefore, the predicted values of V> in each situation can also be calculated.

“*?) from Comsol simulation, and the

Fig. 4-3 compared the real voltage values (blue
predicted values (red ‘0’) determined by the regression model from Matlab. Fig. 4-3 (a) are an
exemplar fitted curves for V1 =f(D1) when index finger moves (D1 ranging from Omm, 0.5mm,
Imm, 1.5mm, 2mm,3mm, 4mm, 6mm, 8mm, 10mm, 15mm, 20mm, 25mm,to 30mm) while
middle finger is fixed to Omm (D>=0mm). Similar to Fig. 4-3 (a), Fig. 4-3 (b) are the regression
fitting curves for V>=f(D2) when middle finger moves while the index finger is fixed
(D1=0mm). The entire 14 curve fitted plots of Vi and V> are shown in Appendix H and

Appendix | respectively.
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Fig. 4-3 Exemplar fitted curves: (a) V1=f(D1), (b) Vo.=f(D2)

25 30

Comparing the fitted equation with Fig. 4-3, the physical meaning of the three

‘b1’ is the voltage value when a finger is at a large distance and the effect of this

finger can be neglected.

‘b2’ can be regarded as a sensitivity factor. It reflects the magnitude of an intruding

finger to the signal read from the specified Rx electrode.

‘b3’ is the offset value associated with the original distance of the finger to the

electrode. It is possibly resulted from the thickness of the top layer in between fingers

and Rx electrodes.

Apart from the original 196 points, extra points were also simulated to test the fitted

equation (4-5) Vx = f(Dx), as shown in Table 4-2. There is one testing point in each of the 14

situations where Dz increases from Omm, 0.5mm, 1mm, 1.5mm, 2mm,3mm, 4mm, 6mm, 8mm,

10mm, 15mm, 20mm, 25mm,to 30mm. Distance value (D1) of these testing points were
randomly generated, using the ‘RANDBETWEEN()’ function in Excel. The ‘Difference of V1

determined by f(D1)’ is described as the difference between the real values and the predicted

values, as shown in the last column. In the same way, the testing result of the fitted equation

defining V2 with D is also presented. By comparing their average difference calculated, both

of the regression models showed very good performance as a prediction model for the case of

only one finger, while f(D1) seems to work better.



Table 4-2 Testing points of nonlinear curve fitting equation Vy=f(Dx)

V1=f(D1) Vo=f(Dy)
Real Predicted Difference Real Predicted Difference
D, D; wvalueof valueof of V1 by D; D, valueof valueof of V> by
Vi Vi f(Dy) 2 2 f(D2)
0 12 24351 2.4296 0.0055 0 15 1.9817 1.9875 0.0058
05 1 2.0638 2.0638 0 05 25 2.2767 2.2837 0.0070
1 17 25162 2.5117 0.0045 1 5 21647 2.1615 0.0032
15 22 25561 2.5557 0.0004 15 25 2.0802 2.0858 0.0056
2 29 2589 2.5959 0.0069 2 15 2.3066 2.299 0.0076
3 12 25211 2.514 0.0071 3 8 22728 2.262 0.0108
4 05 2.0509 2.0491 0.0018 4 20 2.3636 2.3634 0.0002
6 24 2.6524 2.6541 0.0017 6 0 1.9085 1.9008 0.0077
8 19 2.6549 2.6498 0.0051 8 30 2.4336 2.4495 0.0159
10 10 2.5681 2.5621 0.006 10 15 2.0937 2.0999 0.0062
15 6 24726 2.4751 0.0025 15 6 23321 2.329 0.0031
20 5 24364 2.44 0.0036 20 3 22197 2.2246 0.0049
25 30 27861 2.7908 0.0047 25 4 22754 2.2785 0.0031
30 0 20109 2.0159 0.0050 30 8 24051 2.4016 0.0035
Average 0.0039 | Average 0.0060

Collectively, from the R-squared values in Table 4-1, the distance from finger motion
and the voltage signals of Rx electrodes fits well with equation (4-5), which indicates an inverse
proportional function relationship featured with three parameters, b1, b2 and bz [92]. Moreover,
the predicted values of both V1 and V: are very close to their real voltage values in Fig. 4-3. It
agrees with the ‘Difference of V1 determined by f(D1)’ and Difference of V2 determined by
f(D2)’ proposed in Table 4-2, and therefore supports the equation (4-5) as well.

4.3.2 Reversed model prediction of one finger’s case: Dx=f(Vx)

It can be seen from the derivation of equation (4-5) and Fig. 4-3 that, formula (4-5)
increases monotonously and satisfies the condition for a function to have an inverse. Therefore,
a reversed model prediction was proposed based on the relationship of a function and its inverse
function. The reversed model prediction in one finger’s case when the voltage value of a Rx
electrode is the input to determine the distance relating to the corresponding finger motion,
namely Dx=f(Vx) was given, as equation (4-6):

Dy = —bz+ by/(by — V) (4-6)

Since the original function (4-5) is convergent, the inverse function (4-6) here is
divergent. Table 4-3 gives the curve fitting results bz, b2 and bz of equation (4-6) to define the

distance of the finger away from the surface (Dx) by the voltage of the electrode under a moving

finger (Vx). With the particular b1, b2 and bs in one of the fourteen situations as well as the
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equation (4-6), predicted voltage values of D1 and D> could be calculated respectively, when

V1 or V2 is provided as the input.

Table 4-3 Parameters of nonlinear curve fitting equation Dx=f(Vy)

Parameters in D;=f(V1)

Parameters in D2=f(V?2)

D R- D R-
2 b b, bs Squared ! by b, bs Squared

0 2.5968 2.4744 3.3751 0.999 0 2.2827 0.72063 0.66603  0.993
0.5 2.6197 25106 3.348 0.999 0.5 2.3048 0.73722 0.65298 0.993
1 2.6388 2.5411 3.3236 0.999 1 2.3234 0.75131 0.6404 0.992
15 2.6554 25685 3.3024 0.999 15 2.3397 0.764 0.62898 0.992
2 2.6701 25947 3.2849  0.999 2 2.3541 0.77602 0.61939 0.992
3 2.6956 2.6463 3.2601 0.999 3 2.3793 0.79976 0.60716 0.991
4 27174 2.7004 3.2498 0.998 4 2.4008 0.82497 0.60615 0.991
6 2.7539 2.8251 3.2737 0.998 6 2.4368 0.88336 0.63819 0.99
8 2784 29777 3.3555 0.998 8 2.4665 0.95721 0.7208 0.99
10 2.8098 3.1599 3.4908 0.998 10 2492 1.0479 0.85078 0.99
15 2.8617 3.7198 4.0065 0.998 15 25429 13439 1.3428 0.991
20 2.9 43342 4.6261 0.999 20 25809 1.7005 1.9561 0.994
25 2.9265 4.8702 5.1747 0.999 25 2.6086 2.0498 2.5431 0.996
30 2943 5246  5.558 1 30 2.6276 2.3324 3.004 0.998
Average 2.7552 3.2264 3.7592 0.999 | Average 2.4386 1.1206 1.1055 0.992

betal=[4, 3, 3, 6]; Number of observations:

14, Error degrees of freedom: 11.

betal=[4, 3, 3, 6]; Number of observations: 14,

Error degrees of freedom: 11.

Fig. 4-4 compared the real voltage values (blue ‘*’) and the predicted values (red ‘0’).

Fig. 4-4 (a) is the exemplar fitted curves for D:=f(V1) when index finger moves, while the

middle finger is fixed at Omm (D2.=0mm). Likewise, Fig. 4-4 (b) is the regression fitting curves

for Do=f(V2) when middle finger moves and index finger is fixed (D1=0mm). The entire 14

curve fitted plots for D1 and D> are shown in Appendix J and Appendix K respectively.
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Table 4-4 Testing points of nonlinear curve fitting equation Dx=f(Vx)

D1=f(V1) D2=f(V2)
Real Predicted  Difference Real Predicted Difference
D, value V1 value of of Drby | D; value V> value of of D; by
of Dy D, f(V1) of D, D, f(\V2)

0 12 24351 11.9237 0.0763 0 15 19817 1.7281 0.2281
0.5 1 2.0638 1.1684 0.1684 05 25 22767 25.5870 0.5870
1 17 25162 17.4032 0.4032 5 2.1647  4.0929 0.9071
15 22 25561 225718 0.5718 25 20802 23156 0.1844
2 29 2.589  28.7086 0.2914 15 23066 15.7077 0.7077
3 12 25211 11.9024 0.0976 8 2.2728  6.9035 1.0965
4 0.5 2.0509 0.8015 0.3015 20 23636 21.5492 1.5492
6

1
15
2
3
4
6
8 19 2.6549 19.7131 0.7131 8

10
15
20
25

24 2.6524  24.5669 0.5669 0 1.9085  1.0338 1.0338

30 24336 28.3478 1.6522

10 10 25681  9.5817 0.4183 15 20937 1.7805 0.2805
15 6 24726  5.5534 0.4466 6 2.3321  5.0331 0.9669
20 5 24364  4.7238 0.2762 3 22197  2.7520 0.2480
25 30 2.7861  29.5045 0.4955 4 2.2754  3.6082 0.3918
30 0 2.0109  0.0700 0.0700 30 8 2.4051  7.4800 0.5200
Average 0.3498 Average 0.7395

Table 4-4 presents the testing result of the regression model (4-6). For better
consistency, the randomly generated testing points of the 14 situations are same with the points
in Table 4-2. By comparing their average difference, both of the models perform well as the
reverse prediction model in one finger’s case. The function f(V1) is better than f(\V2) as it has a
smaller average difference which seems to be in accordance with the results of the original 196
points discussed in Table 4-3 and Fig. 4-4. Additionally, it is consistent with the performance

of the prediction models discussed in 4.3.1.

In summary, the R-squared values in Table 4-3 indicate that the distance from finger
motion and the voltage signals of Rx electrodes fits well with equation (4-6). Also, the
predicted values of both D1 and D- are very close to their real values in Fig. 4-4 (a) and Fig. 4-
4 (b) respectively. It therefore agrees with the ‘Difference of Dx determined by (V1) proposed
in Table 4-4 and equation (4-6) as well.

4.3.3 Model prediction of two fingers’ case: Vx=f(D1, D2)

Further to the model predictions of one finger’s case discussed in 4.3.1, Vx=f(D1, D)
fits all the 196 simulation data to a model prediction when distance values of both fingers are
the inputs to determine the voltage value of a specified Rx electrode. It is the superimposed
form of V1=f(D1) and V>=f(D.). Here, the inherent relationship was found to fit the equation
(4-7):
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Ve = [by — bz/(D1 + b3)] [by — bs/(Dz + be)] + by (4-7)

Table 4-5 also gives the curve fitting results of defining Vx in terms of D1 and D2. With
the listed parameters by, bz, bs, b4, bs, bs and bz, as well as the equation (4-7), the predicted
voltage values of both V1 and V2 could be defined.

Table 4-5 Parameters of nonlinear curve fitting equation Vy =f(D1, D>)

b1 b2 bs D4 bs bs b7
Vi=f(D1, Value 1.1499 4.4925 5.0017 1.0574 1.6931 5.6811 1.7526
D2) oValue 2.1522e- 1.8199%- 7.9816e- 6.5522e- 8.1996e- 2.7537e- 8.948e-
130 195 162 168 52 60 169

Number of observations: 196, Error degrees of freedom: 190

Details  Root Mean Squared Error: 0.00753, R-Squared: 0.999, P-value = 4.16e-282
Mean absolute difference =0.0058465

Vo=f(D1, Value 099241 25824 7.1772 1.0413 27174 3.6369  1.6646
Dy) oValue 1.0105e- 2.5877e- 5.3499e- 2.1363e- 8.4559e- 2.0208e- 7.8384e-

104 67 53 94 84 125 157
Number of observations: 196, Error degrees of freedom: 190

Details Root Mean Squared Error: 0.00941, R-Squared: 0.997, P-value = 5.66e-243
Mean absolute difference = 0.0074993

Fig. 4-5 (a) compared the real voltage values (blue ‘*’) from Comsol simulation, and
the predicted values (red ‘0’) determined by the regression model from Matlab. Further to this,
plot (b) shows the absolute difference between the real values and the predicted values of V1
in the 196 data points.
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Fig. 4-5 Fitted curves for V1=f(D1, D)

Similarly, Fig. 4-6 (a) and (b) are the regression fitting curves for V>=f(D1, D2) when
index finger and middle finger move to the entire 196 curve fitted points(D1 and D> ranging
from Omm, 0.5mm, 1Imm, 1.5mm, 2mm,3mm, 4mm, 6mm, 8mm, 10mm, 15mm, 20mm,
25mm,to 30mm). In view of the low difference demonstrated by Fig. 4-5 and Fig. 4-6, both
regression models work well as a prediction model for the two finger’s case. It also agrees with

the curve fitting results in Table 4-5.

middle finger vy blue stars data and red squares predicted
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Fig. 4-6 Fitted curves for V,=f(D1, D2)

Apart from the points used to conduct the regressions, ten randomly generated testing
points were also simulated to test the regression model (4-7). Table 4-6 presents the testing
result of the fitted equation defining Vx with both D; and D,. By comparing their average
difference calculated, both of the models perform well as the prediction models of one finger’s
case. Here, V1 =f (D1, D2) seems to be better compared to V.=f(D1, D), which agrees with the

performance of the prediction models discussed in 4.3 and 4.4.

Table 4-6 Testing points of nonlinear curve fitting equation Vyx=f(D1, D>)

V1=f(D1, D) Vo=f(D1, D)

o o | predicted  Differenceof | R® - predicted  Difference of

! 2 v value of Vi Vi by (D1, D) v value of V2 V2 by (D1, D)
4 105]| 23716 2.3727 0.0011 2.3218 2.3111 0.0107
28 05 | 25394 2.5469 0.0075 2.0185 2.0179 0.0006
125 21.5| 2.6459 2.6415 0.0044 2.4704 2.4683 0.0021
245 20 | 2.7541 2.7418 0.0123 2.5207 2.5084 0.0123
135 9 | 26167 2.6072 0.0095 2.3932 2.3814 0.0118
14 45 | 25704 2.5666 0.0038 2.2781 2.2803 0.0022
7 255| 25172 2.5306 0.0134 2.418 2.4328 0.0148
165 12 | 2.6692 2.6575 0.0117 2.4456 2.4309 0.0147
85 285| 25636 2.5762 0.0126 2.4388 2.4565 0.0177
8 85 | 25126 2.5071 0.0055 2.3483 2.3367 0.0116
Average 0.0082 0.0099

In summary, based on the R-squared values in Table 4-5, the relationship between the
distance from the finger motion and the voltage signals of Rx electrodes fits well with equation
(4-7). Both V1 and V: are very close to their real values in Fig. 4-5 and Fig. 4-6 respectively.
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The ‘Difference of V1 determined by f(D1, D7)’ and ‘Difference of V2 determined by f(D1, D2)’

proposed in Table 4-6 approve of the equation (4-7) as well.

4.3.4 Reversed model prediction in two fingers’ case: Dx=f(V1, V2)

This section introduces the reversed model prediction to define the distance of a finger
motion (Dx, Xx=1, 2) with combined voltage values of both Rx electrodes (both V1 and V>).
According to simple mathematical operations, equation (4-7) is monotonic in both variables
(D1 and D), and satisfies the condition that the function has an inverse function. Therefore, the
reversed model prediction for two fingers’ case could be proposed, based on the previous
sections. However, since the relative complicated form of equation (4-7), the equation (4-8) is

unable to be obtained simply by the relationship of a function and its inverse function.

As stated in section 4.3.3, model prediction of two finger’s case (Vx=f(D1, D)) is the
superimposed form of the model prediction for the index finger and middle finger’s case (Vx
=f(Dx), Xx=1,2). Therefore, the investigation of the reversed model prediction in two fingers’
case Dx=f(V1, V2) was started with a similar superimposed form of the one finger’s case:
Dx=f(Vx). However, since the function Dx=f(Vx) is divergent, it will face the problem of zero
crossing. With different fitted parameters for the index finger and the middle finger, their zero

crossing values could be different, and therefore, are complicated to work on directly.

A mathematically transformed superposition form for Di=f(V1) and D.=f(V>) is
investigated in Matlab. Based in the 196 simulated points, equation (4-8), which determines
the distance of a finger’s motion with combined voltage values of both Rx electrodes, is

proposed as follows:
Dy = b3/[(1 — by * V1) x (1 — by * V) + by] (4-8)

Table 4-7 gives the curve fitting results of the equation (4-8). Likewise, the predicted
voltage values of both D1 and D> can be calculated with the curve fitting results of the equation
(4-8). Specially, D2=f(V1, V2) has better R-Squared value comparing with D1=f(V1, V2). This
is not the same as the situation of several other models presented in this chapter, and is
potentially resulted from the approximate effect caused by the mathematical transformation
when obtaining equation (4-8).
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Table 4-7 Parameters of nonlinear curve fitting equation Dx=f(V1, V2)

D1=f(V1, V2) D2=f(V1, V2)
Parameters b1 b, b3 b4 b1 b b3 b4
Estimate 0.47233 0.2885 0.24196 0.091752 | 0.22809 0.60244 0.18859 0.2019
Val 3.5643e- 1.2853e- 2.8516e- 3.0539%- | 4.2731e- 1.7529e- 2.699e- 4.705e-
alue
P 180 155 64 36 198 197 92 79
Root Mean Squared Error: 1.23, Root Mean Squared Error: 0.97,
R-Squared: 0.983, R-Squared: 0.99,
Mathematic
) P-value = 3.09e-196, P-value = 2.74e-216,
details

Mean absolute difference = 1.03684.

Mean absolute difference = 0.8318.

Number of observations: 196, Error degrees of freedom: 192.

Fig. 4-7 (a) compared the real voltage values (blue ‘*’) from Comsol simulation, and

the predicted values (red ‘c’) determined by the model from Matlab. Since the other finger’s

movement is also considered as an input here, the crosstalk in two fingers’ case can be

eliminated. Further to this, Fig. 4-7 (b) presents the absolute difference between the real values

of the 196 data points and the predicted values from regression model. Due to the fractional

form of equation (4-8), there will be a problem of zero crossing in the calculation of distance,

that is, when the value of the denominator is approaching 0, the prediction of distance is prone
to a larger error, which can be observed in Fig.4-7 (b). This problem mainly occurs when

measuring very small distance, and only occupies a small part of the whole measurement range.

first finger d1, blue stars data and red squares predicted
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Fig. 4-7 Fitted curves for D1=f(V1, V2)
Fig. 4-8 (a) and (b) are the regression fitting curves for D>=f(V1, V2) when index and

middle finger move to the 196 curve fitted points (D1 and D2 ranging from Omm, 0.5mm, 1mm,

1.5mm, 2mm, 3mm, 4mm, 6mm, 8mm, 10mm, 15mm, 20mm, 25mm,to 30mm).

middle finger dz’ blue stars data and red squares predicted
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In addition to the points used to conduct the regressions, testing points were simulated

to test the regression model (4-8) as well. Table 4-8 presents the testing result of the fitted

equation defining D1 or D2 with V1 and V2. The 10 randomly generated testing points are same

as those shown in Table 4-6. In view of the low average difference, both regression models

work well in general, as a prediction model for two finger’s case. Just as the performance of

the prediction models discussed in 4.3.1, 4.3.2 and 4.3.3, D1=f (V1, V2) works better compared

to Do=f(V1, V2).

Table 4-8 Testing points of nonlinear curve fitting equation D1=f(V1, V2) and D>=f(V1, V2)

D1=f(V1, V2) Do=f(V1, V2)
Real Difference of Real Difference of
value Predicted D: by f(V4, value Predicted D; by f(V4,
\ Vs of D;  value of D, V) of D,  value of D, V5)
2.3716 2.3218 4 4.646 0.646 10.5 10.0046 0.4954
2.5394 2.0185 28 28.5982 0.5982 0.5 1.699 1.199
2.6459 2.4704 12.5 12.0916 0.4084 21.5 22,7171 1.2171
2.7541 25207 | 245 24.9584 0.4584 20 20.7599 0.7599
2.6167 2.3932| 135 12.9268 0.5732 9 7.9239 1.0761
25704 2.2781 14 13.1654 0.8346 45 3.9435 0.5565
25172 2.418 7 6.9895 0.0105 25.5 25.4436 0.0564
2.6692 24456 | 16.5 16.1486 0.3514 12 11.2651 0.7349
2.5636 2.4388 8.5 8.2705 0.2295 28.5 26.7817 1.7183
25126 2.3483 8 7.6767 0.3233 8.5 7.5865 0.9135
Average 0.4434 0.87271

In brief, the distance from finger motion and the voltage signals of Rx electrodes in two

fingers’ case fits well with equation (4-8). Here, the predicted values of both Dy and D, are
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very close to their real values, as presented in Fig. 4-7 and Fig. 4-8 respectively, and are in
consistency with the ‘Difference of D; determined by f(Vi, V2)’ and ‘Difference of D>
determined by f(V1, V2)’, proposed in Table 4-8.

4.4 Discussion

In this chapter, four nonlinear equations were introduced to describe finger motion
(index & middle finger) in an electrical field generated by MGC3030 electrode layer stack-up
design. As summarized in Fig. 4-9, these prediction equations mathematically describe the
inherent relationship between distance of finger motion (Dx) and the voltage signals of the Rx
electrodes (Vx). Given the evidence from the analysis of simulated data, like p-values and R-
squared values, as well as the results from the testing points, these fitted equations work well
in all cases.
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Fig. 4-9 Prediction models discussed

Although only the combined movement of index & middle fingers was investigated,
the underlying research approach can be applied to middle & ring fingers’ or ring & little
fingers’ combinations as well. It was also observed from the simulation results that, the impact
of a finger’s movement to the signals read from Rx electrodes underneath non-neighbouring
fingers is negligible in the measuring range. Hence, the more finger’s case can be converted

into the two neighbouring fingers’ problem as addressed in this section.

4.4.1 Further discussion on equation Vx=f(Dx): Influence of parameters on sensitivity

As presented in section 4.3.1, equation (4-5) describes the voltage values of a specified
Rx electrode due to the distance change of a moving finger. The parameters of equation (4-5)
---- b1, b2 and bz are all positive. Based on the simulation of the electrode designs with and
without adding the ‘gnd’ electrode in Chapter 3, the voltage value (Vx) and the corresponding
distance value (Dx) were fitted into the equation (4-5). Table 4-9 gives the curve fitting results

of both electrode designs for case 1, case 1-2, case 2 and case 2-2 respectively.
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Ve = by — by/(Dy + b3) (4-5)

From parameters reported in Table 4-9, bz is always greater than b2, and therefore b/
bz will be less than 1 in all the cases. The value of by will be greater than by/ bs. Hence, it can
be obtained from equation (4-5) with simple mathematical derivation that, the voltage of the
Rx electrode under the moving finger (Vx) will always have a positive value. When a finger
moves away from the electrodes (Dx increases), the voltage will increase to reflect this
movement, while when a finger flexes towards the electrodes (Dx decreases), the voltage will
also decrease. Particularly, the voltage (Vx) will reach the value of by, if a finger moves far

away from the electrodes (Dx approaches infinity).

Table 4-9 Parameters of nonlinear curve fitting

Original electrode design

Vo dVo/dDo

b1o b2o b3,  R-squared V) (Vimm)

casel 2.6171 3.0776 4.4461 1 192 0.156
case 1-2 2.6171 3.0775 4.4460 1 192 0.156

case2 23126 1453 3.0407 0997 183 0.157
case 2-2 2.3126 1.453 3.0407 0.997 1.83 0.157
Modified electrode design

Vo dVo/dDo

b1m b2m D3m R-squared V) (Vimm)
casel 2.189 2.2629 4.4243 1 1.68 0.116
case 1-2 2.1889 2.2625 4.4238 1 1.68 0.116

case 2 1.5948 0.6307 2.7871 0.997 1.37 0.081
case 2-2 15948 0.6302 2.7857 0.997 1.37 0.081

Note: 1) Case 1 (1000): index finger moves; 2) Case 1-2 (0001): little finger moves; 3) Case 2 (0100):
middle finger moves; 4) Case 2-2 (0010): ring finger moves.

Comparing the parameters of nonlinear curve fitting in case 1 with case 1-2, case 2 with
case 2-2 in both electrode design, similar fitted parameters were be observed. This similarity
is in accordance with the symmetrical structure in the electrode designs discussed in Chapter
3, where case 1-2 and case 2-2 can be regarded as the symmetrical cases of case 1 and case 2
respectively in both electrode designs. Based on equation (4-5), the voltage values (Vo) when
a finger is just placed on the electrode can be calculated (Dx=0) using following equation:

Vo = by — by/b3 (4-9)
As presented in Table 4-9, the voltage values for original electrode design for case 1 and case

1-2 are both 1.92V, and for the modified electrode design, the added ‘gnd’ electrode will reduce
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the voltage value to 1.68V. For case 2 and case 2-2, the voltage values for original electrode
design are lower, both 1.83V. A larger decrease in the voltage values for the modified electrode
design are observed in case 2 and case 2-2. For the modified electrode design, the voltage value
is reduced to 1.37 V. It is mainly because the position of the middle finger and the ring finger

are more exposed to the electrical field generated by the added ‘gnd’ electrodes (zero potential).

From Chapter 3, the average sensitivity in the original electrode design is 0.03513
V/mm while that in the modified electrode design is 0.01986 VV/mm. Here, sensitivity refers to
the change in the voltage value of the Rx electrode under a moving finger, when the finger
moves by one millimetre. The derivative of the equation (4-5) for distance can also be used to
explore the sensitivity, which, similarly to previous investigation in Section 3.5.1, represents
the voltage increase or decrease of an electrode, when the corresponding finger moves by one
millimetre. In other words, the dVx/dDx could be used to describe the rate of change of the
voltage value (\Vx) at a certain distance point (Dx). The derivative of the equation (4-5) could
be obtained by simple mathematical calculations, as given in equation (4-10). Particularly, the
sensitivity (dVy/dD,) will be decreased to zero when Dx approaches infinity. It refers to the
case when a finger moves far away from the electrodes (Dx approaches infinity), it has little

influence on the electrical field generated by the MGC3030 electrodes.

dvy

a0, = D2/(Dx + b3)? (4-10)

Similar to the discussion on equation (4-9), when a finger is just placed on the electrode
(Dx=0), the sensitivity of the MGC3030 electrode design (dVy/dD,) can be calculated using

following equation:

G = by/(bs) (4-11)

As presented in Table 4-9, for original electrode design, the sensitivity of the electrode design
(dV,/dD,) for case 1 and case 1-2 is 0.156 V/mm, and for the modified electrode design, the
added ‘gnd’ electrode will reduce the sensitivity to 0.116 VV/mm. For case 2 and case 2-2, the
sensitivity for original electrode design are both 0.157 V/mm. A large reduction in the
sensitivity for the modified electrode design are observed in case 2 and case 2-2, and the

sensitivity here is reduced to 0.081 V/mm.

To further investigate the sensitivity for both electrode designs, with focuses on the
influence of parameters, the sensitivity of the original electrode design and the modified
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electrode design are compared on the equation point of view, as shown in equation (4-12) and
(4-13) respectively. And the percentage of sensitivity of the modified electrode design
compared to that of the original electrode design can be represented by equation (4-14). Hence,
the reduction in sensitivity from the original electrode design to the modified electrode design

can be calculated using equation (4-15).

dvy 2
dDy = bZO/(Dx + b30) (4-12)
Xoriginal
dvy 2
E = me/(Dx + b3m) (4_13)
Xmodified
vy 1
dDxmodified _ bzm % (Dx+b3m)? (4-14)
g& b2o ;2
Dxoriginal (Dx+b30)
vy 1
1— dDxmodified _ 1— bam . (Dx+bzm)? (4-15)
i b2 Grrbm?
Xoriginal x*b30)

With the fitted parameters for different cases and electrode designs in Table 4-9, the
rate of change of the voltage value (V) at certain distance point (D) for different electrode
designs could be compared, using the equation (4-14). The comparison of sensitivity for the
modified electrode design to the original electrode design can be determined by product of the
fraction with parameter b, and the fraction with parameter bs, as given in equation (4-14), to
separately investigated and compared the influence of the added ‘gnd’ electrodes on sensitivity,

from the parameters point of view, using the simulated data from Chapter 3.

Table 4-10 compares the first fractions (b,,,/b,,) of the electrode designs with and
without added gnd electrodes for case 1 and case 1-2, case 2 and case 2-2 separately. As
discussed in Section 4.3.1, b2 can be regarded as a sensitivity factor which reflects the
magnitude of an intruding finger to the Rx signal. Therefore, when the parameter b, of the
modified electrodes (b,,,) is bigger than that of the original electrodes (b,,), the fractions will
be over 100%, which indicate that, the modified electrode design will contribute to the
performance of the system by increasing the sensitivity factor. Similarly, Table 4-11 presents
the second fraction (D, + bs,,)~2/(D, + b3,) 2 for both electrode designs against distance
(Dx) for each case. Then, the product of these two fractions, which is also the results of

simulated data for equation (4-14), are given in Table 4-12.
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Table 4-10 Comparison of the sensitivity within each case: Influence of b

Case 1 Case 1-2 Case 2 Case 2-2

b2o 3.0776 3.0775 1.453 1.453
bam 2.2629 2.2625 0.63065 0.63019
by/b2o 73.53% 73.52% 43.40% 43.37%

Table 4-11 Comparison of the sensitivity within each case: Influence of bz

Case 1 Case 1-2 Case 2 Case 2-2

b3o 4.4461 4.446 3.0407 3.0407

Pam 4.4243 4.4238 2.7871 2.7857

Dx (mm) (Dx + b3m)_2/(Dx + b3o)_2

0 100.99% 101.01% 119.03% 119.15%
2 100.68% 100.69% 110.88% 110.94%
4 100.52% 100.53% 107.61% 107.66%
6 100.42% 100.43% 105.86% 105.89%
8 100.35% 100.36% 104.76% 104.78%
10 100.30% 100.31% 104.01% 104.03%
15 100.22% 100.23% 102.87% 102.89%
20 100.18% 100.18% 102.24% 102.25%
25 100.15% 100.15% 101.83% 101.84%
30 100.13% 100.13% 101.55% 101.56%

As shown in Table 4-10, the results of first fraction for case 1 and case 1-2 are 73.53%
and 73.52%, while the results for case 2 and case 2-2 are 43.30% and 43.37% respectively.
Since they are all less than 100%, the fraction with parameter b2 suggests that, comparing with
the original electrode design, the sensitivity of the modified electrode design will be reduced.
The first fraction (b,;n/bs,) iS Not dependent on Dy, while the fraction (D, + bs,,) 72/
(Dy + b3,)~2 is dependent on Dy and is ranging from 119.15% to 100.13%, as shown in Table
4-11. Although slightly decreased with distance, the results of second fraction for all four case
are more than 100%, which therefore, indicates a small increase in the sensitivity, by adding
extra ‘gnd’ electrodes in the electrode design. In Table 4-12, the results of equation (4-14)
suggests a reduced sensitivity in the modified electrode design, which is in accordance with
the conclusion of Chapter 3. Comparing the results of Table 4-12 with Table 4-10 and Table
4-11, it can be indicated that, the first fractions (bam/b2o) has most of the influence on the

sensitivity reduction, and bz has a smaller influence on sensitivity than bo.

In Table 4-12, the results for case 1, case 1-2, case 2 and case 2-2 indicate a similar
trend: the sensitivity is monotonous and decreases quickly when the distance increases. It
agrees with the mechanism of the capacitive sensing [72]. Notably, in accordance with the
symmetrical structure in the electrode designs, similar percentages were also observed in case

1 and case 1-2, case 2 and case 2-2. As presented in row ‘Reduction’, there will be a reduction
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of 53.97% and 53.98% on average in the sensitivity for case 2 and case 2-2 respectively. These
averages are slightly different from the ones mentioned in Table 3-7 section 3.5.1, where there
will be a reduction of 53.54% (1-46.46%), 53.53% (1-46.47%) for case 2 and case 2-2
respectively in the sensitivity by adding extra ‘gnd’ electrodes in the modified electrode design.
It is because the growth rate here is calculated using ‘derivation’ method, while the previous

chapter uses the ‘average slope’ method.

Table 4-12 Comparison of the sensitivity within each case: Influence of by, bs

Case 1 Case 1-2 Case 2 Case 2-2
DX (mm) (me/bZO) X [(Dx + b3m)_2/(Dx + b3o)_2]
0 74.25% 74.26% 51.66% 51.68%
2 74.03% 74.03% 48.12% 48.12%
4 73.91% 73.91% 46.71% 46.69%
6 73.84% 73.83% 45.94% 45.93%
8 73.79% 73.78% 45.47% 45.45%
10 73.75% 73.74% 45.14% 45.12%
15 73.69% 73.69% 44.65% 44.62%
20 73.66% 73.65% 44.37% 44.35%
25 73.64% 73.63% 44.20% 44.17%
30 73.62% 73.61% 44.08% 44.,05%
Average 73.82% 73.81% 46.03% 46.02%
Reduction
(equation 4-15) 26.18% 26.19% 53.97% 53.98%

Note: For each distance point, reduction = (1-Average)*100%.

4.4.2 Further discussion on equation Dx=f(V1, V2): Resolution of the target system

Fig. 4-10 illustrates the variation of these 196 raw data points from Comsol. Fig. 4-10
(a) presents the variation of V1 when index finger moves, or in other words, D1 changes. Ideally,
there should be a one-to-one mapping existing between V1 and D1, V2 and D.. In this case, an
‘Index table’ recording this one-to-one relationship between Dx and Vx (x=1,2) can be
constructed. And by looking up the voltage values in the ‘Index table’, the corresponding value
of Dx can be simply determined. However, due to the crosstalk, there is a range of voltage
signals for each D1 value, corresponding to the varied D2 (the motion of middle finger). For
example, when V1 is 2.5 V, D; could range from 6 to around 25 mm. Likewise, Fig. 4-10 (b)
shows the similar relationship between D2 and V2. To conclude, Fig. 4-10 indicates a significant
degree of uncertainly in distance measurements due to crosstalk between finger positions,
which means, it will be of poor accuracy to predict Dx by simply looking up its corresponding

Vy from an index table.
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Fig. 4-10 Variation of voltage signal in raw data: (a) Variation of V1 when D is at 14 certain
heights; (b) Variation of V> when D> is at 14 certain heights

To further evaluate the performance of the prediction model in combined finger motion
detection, Fig. 4-11 compares the uncertainty using fitted equation Dx=f(V1, V2) (‘Prediction
model’ group), with the uncertainty using an index table (‘Index table’ group). The variation
of the ‘Dx’ value, namely, the uncertainty of distance was used to compare the resolution of
fingers’ movement sensing. From Fig. 4-11 (a), the variation of D1 using D1=f(V1, V>) are kept
under 2mm, while the variation of D1 of the ‘Index table’ group can be up to 22mm. In Fig. 4-
11 (b), the maximum variation of D> using prediction model (4-8) is approximately 1.4 mm
while that in the ‘Index table’ group is 26mm. Uncertainty of prediction model is higher than
the uncertainty of the ‘Index table’ group in very small distance (0O~1.5mm). However, it is not
significant compare to the whole measuring range (0~30mm), and the common measuring
range (2~20mm) considering the typical finger motion ability. The detailed variation of
distance using prediction model Dx=f(V1, V2), or prediction model Dx=f(Vx) are shown in

Appendix L.

To conclude, the resolution of the target system can be significantly improved by using
the prediction models. The average 0.94mm’s resolution now indicates that targeted system is

capable of detecting small movements of fingers.

70



M Index table ™ Prediction model

25
§ 20
S~
i
a
w 15
(@]
=z
O 10
'_
<
< s
>

0 _I J ul BN L I- L i

0 05 1 15 2 10 15 20 25 30
Dl/MM
(@)
H Index table M Prediction model

30
= 25
=
S~
a 20
S}
> 15
o
E 10
g
< s I

0 ol Bu B I- I_

0 0.5 1.5 2 10 15 20 25 30
DZ/MM
(b)

Fig. 4-11 Comparing performance of prediction model Dx=f(V1, V2) with using index table:
(@) D1, (b) D2.

Note: 1) Average variation of D; from index table: 9.25mm; Average variation of D; from D,=f(V4,
V5): 1.04mm. 2) Average variation of D, from index table: 13.43mm; Average variation of D, from
D=f(V1, V2): 0.83mm. 3) Average variation of Dy from index table: 11.34mm; Average variation of Dy
from Dy=f(V1, V2): 0.94mm.

4.5 Summary

In this chapter, four nonlinear equations were introduced to describe two fingers’
motion in an electrical field generated by the original MGC3030 electrode layer stack-up
design. The form of the equations agrees with the hypothesis based on the quasi-static electrical
near field sensing theory. Additionally, the distance from finger motion and the voltage signals
are shown to fit well with these prediction models. The prediction model ‘Dx=f(V1, V2)’ shows
an excellent fit with uncertainty less than 1mm over a range of 30mm. It indicates that the
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targeted system is capable of detecting small movements of fingers with satisfactory

performance, allowing further development of the system in an experimental test.
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Chapter 5 Experimental Verification Design

Previous simulated work has investigated a finite element method (FEM) simulation
model based on the MGC3030 electrodes design, and proposed a mathematical relationship
between the position of fingers and the voltage signals [32, 93]. However, the regression model
proposed has not yet been explored in a real experimental test. Therefore, experimental
verification was designed to extend the practical understanding of the prediction model on
multi-finger noncontact measuring, with human subjects under laboratory conditions. Twenty-
three healthy subjects (13 males and 10 females) with normal hand and finger function
participated in this study. The experiment was approved by the institutional research ethics
committee of the University of Southampton (ERGO/FEPS/48109).

5.1 Discussion of the FEM simulation model

Fig. 5-1 shows the schematic structure of the simulation model, where an electrical field
directed from Tx electrode to GND electrode is generated and propagated three-dimensionally
[72]. When fingers move towards the receptacle, they will interact with the three-dimensional
electrical field and decrease the electrical field locally [72]. Therefore, the fingers’ motion can
be measured by the electrical field variations detected using the Rx electrodes. The signal
detected by Rx electrodes under the index finger is labelled S; (MGC3030 Signall), while the
signal from the Rx electrode underneath the middle finger is labelled S (MGC3030 Signal?2).
Similarly, the corresponding distances due to the movement of the index finger and the middle

finger are related to D1 and D> respectively.
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Fig. 5-1 Cross section view of the electrode design of the Comsol simulation model
(Scale unit: mm)

Considering multifingered movement in the proposed electrical field under laboratory

conditions, measurement of one finger will be affected by the movements of other fingers,
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especially the neighbours, for two main reasons. In most cases, the signal changes are due to
an electrical field leakage from the neighbouring moving finger. This is a systematic error of
the MGC3030 measuring system, and is also what the term ‘crosstalk’ refers to in this thesis.
When a person’s finger performs its intended movements, the real movements of other fingers
may occur [38]. This unintended finger movement is called “enslaving” [94], and will also
contribute to MGC3030 signal changes. Precautions were taken during the data collection and
analysis steps of the experiment to prevent the unwanted movements. Particularly, a thumb can
be considered completely independent during flexion-extension movements: it has the highest
average individuation index which refers to the ability to move without any accompanying
motion of the other fingers; and remained most stationary during instructed movements of other
fingers [38, 39]. Therefore, the simulation started with only the index finger, middle finger,
ring finger and little finger.

To compensate for the crosstalk due to the electrical field leakage, a nonlinear
regression analysis was conducted using Matlab, as reported in Chapter 4 [32]. According to
the section 4.6, the mathematical relationship between the simulated signals detected (S1, S2)
from Rx electrodes and the corresponding distance due to fingers’ motion (D1, D2) were found

to satisfy the following equation [32]:
Dy = b3/[(1 = by *S1) * (1 — by * S3) + by] x=1,2 (5-1)

where by, bz, b3, and b, are parameters. The index finger and the middle finger have their own
equation (5-1) with different fitted parameters. Since this prediction model determines the
vertical moving distance of a finger with the Rx signals from both electrodes, crosstalk in two
fingers’ case can be compensated. According to the simulated results [32], performance of this
measuring technique can be greatly improved after using equation (5-1). The average resolution
of the target system is reported to be 0.94mm [32]. It indicates that this measuring technique is
capable of finger motion detection and worth investigating practically.

5.2 Experimental platform design
5.2.1 System design
Fig. 5-2 conceptualizes the experimental system to test the prediction model, which

mainly includes the following units:

e MGC3030 Module: Near electric-field based sensing, using self-designed electrodes
and MGC3030 chip, will be applied to the embedded device as an input sensor to allow
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non-contact measurement of finger movements. Then the data read from the sensor can
be processed and further calculated using a microcontroller (mbed) [1]. The controller
unit of the MGC3030 motion sensor is connected to the electrodes as illustrated in Fig.
5-1, to produce high-resolution output signals corresponding to the extension and

flexion of fingers.

Optical Sensor Module: In order to validate the prediction model (5-1) based on the
MGC3030 measuring system, an independent distance measurement to measure the
distance that a finger moves away from the receptacle is required. This was
accomplished using an optical sensor system based on a commercial sensor from Sharp
[21], which allows a comparing technique for real-time contactless measurement. Two
optical sensors are located directly above the fingertips of the index finger and the
middle finger, and are fixed on a height-adjustable platform.

Microcontroller: mbed development board (NXP LPC1768 ARM Cortex-M3
microcontroller) was used to perform the controlling and processing tasks for the
experiment. It satisfies the current controlling requirements of the experimental system
and provides sampling rate of 106 Hz. An IC with higher working frequency or larger
storage capacity, such as LPC4300 series, can be selected in the future, to further

improve the sampling rate and operation frequency.

Optical Sensor

.  MGC3030 Motion Sensor
Controlling Unit

Fig. 5-2 Experimental set-up
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5.2.2 Receptacle design

Fig. 5-3(a) shows the general stack-up model for the MGC3030 motion sensor.
According to the MGC3030 design guide [89], Rx, Tx and GND can be made of any conductive
material such as solid copper sheet or a metal mesh. The isolation between the electrodes and
an optional cover layer on the top of Rx electrodes should be made of a non-conductive
material. The optimum distances between Rx and Tx, Tx and GND depend on the relative

permittivity of the isolation material between layers [89].

The design of the experimental hand receptacle and its electrodes has the same
dimensions as the simulation model shown in Fig. 5-1 [32]. Details of the design parameters
of the MGC3030 electrode stack-up are given in Table 5-1. The electrodes as well as the
peripheral circuit were built in the receptacle. To help position the fingers for the best accuracy,

there is a guideline on the cover layer of the receptacle.

g
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£

PCB
>0.5m

(a) (b)
Fig. 5-3 (a) Stack-up model for MGC3030; (b) Experimental hand receptacle
Table 5-1 Design parameters of the MGC3030 electrode stack-up

Name Material Dimension
Rx electrode Copper 2*50*0.2mm
Tx/GND electrode Copper 110*100*0.2mm
Cover/isolation layers Acrylic plastic | 110*110*10mm
Spacing between the midpoint of Rx electrodes 20mm

5.3 Participants characteristics

The experiment was conducted separately for each participant and lasted approximately
one hour. The basic extension and flexion of fingers was chosen as the exemplar movement.
Therefore, the participants of the experiment should meet the following requirements:
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e Between 18-69 years of age inclusive
e Able-bodied: physically healthy, and fit.

e Normal hand and finger function: the extension and flexion of both index & middle

fingers will be required for every participant.

The exclusion criteria mainly include movement disorders or decreased ADL (activities
of daily living) capability. The detailed exclusion criteria can be found in the Appendix M:
Participant Questionnaire Sheet. All the twenty-three participants met the proposed

requirements and finished their experiment.

The potential interpersonal influencing factors, such as gender, handedness as well as
finger dimensions have also been collected during the experiment. Measuring of hand

dimension consists of two main steps, as shown in Fig. 5-4:

(d)

Fig. 5-4 Measurement of hand dimension: (a) the maximum breadth of the proximal
interphalangeal joint of the index finger; (b) the maximum depth of the proximal
interphalangeal joint of the index finger; (c) the maximum breadth of the proximal
interphalangeal joint of the middle finger; (d) the maximum depth of the proximal
interphalangeal joint of the middle finger; (e) the length from fingertip of the index finger to
wrist crease; (f) the length from fingertip of the index finger to wrist crease.
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e Subject’s hand extended. Using a sliding calliper, measure the maximum breadth and
maximum depth of the proximal interphalangeal joint of the index finger (Fig 5-4 (a),
(b)) and the middle finger (Fig 5-4 (c), (d)).

e Subject’s hand extended. With a millimetre scaled ruler, measure the distance along
midpoint of the tip of the index finger (Fig. 5-4 (e)) and the middle finger (plot (f)) to
the wrist crease baseline at the end of scaphoid bone.

The overall information about the participant characteristics is shown in Appendix P:
Participant Characteristics. More information about the experimental process can be found in

Appendix N: Participant Information Sheet and Appendix O: Participant Experiment Record.

5.4 Experiment process and data acquisition
A validation experiment has been designed to test the regression model for multi-finger
noncontact measuring. For each participant, data collection consists of two parts:

e The calibration of the optical system: The optical sensors (index finger: optical
sensorl; middle finger: optical sensor2) were calibrated against a millimetre
scaled ruler. The purpose of the optical system was as a comparing technique
for real-time contactless measurement, to measure the distance that a finger

moves away from the receptacle.

e The testing of combined fingers movements, During the experiment for fingers’
movement, the index finger and the middle finger were measured
simultaneously with both the MGC3030 measuring system (Sx, x=1,2) and the
optical sensor (Dx, x=1,2), to validate the prediction model (5-1) proposed.

Participants were seated at a table and remained still throughout the experiment. Their
hand was placed on the receptacle with a horizontal posture, pronated with the fingers
extended, as shown in Fig. 5-3 (b). Each finger could be extended from the flat posture but not
into hyperextension. The thumb was abducted to the side of the receptacle, held stationary and

had very little impact on the MGC signals detected by the Rx electrodes.

5.4.1 Calibration of the optical system
Calibration of the optical sensors was conducted for each participant. While a
participant’s hand was kept still on the receptacle, the platform to hold the optical sensors was

adjusted up and down to vary the distance between the sensor and a fingertip. Approximately
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ten distance points were measured and recorded for each participants, over a range up to 40mm.
At each distance point, the optical system was sampled for 1000 times. Output samples from
the optical sensor (Vo) were filtered using the ‘medfilter’ function in Matlab to remove high
frequency noise. Then, an average of the 1000 sampled data (Vo) and the corresponding

distance read from the ruler (D) were recorded as a distance point (D, Vo).

With the ten distance points, the polynomial distance characteristics D=f(\Vo) was
obtained. An example fitted plot of the optical sensor for model D = b, * Vo? + b, * Vo + b

is given in Fig. 5-5. Here, the real distance values (red ‘[_]’) from the ruler, and the distance

values (blue ‘*’) determined by the distance characteristics D=f(\Vo) from Matlab are
compared. The R-squared value for the regression process of optical sensorl (index finger) is
0.999, while for the optical sensor2 (middle finger) is 0.998. Therefore, Fig. 5-5 presents a
good fit for both the optical sensorl and optical sensor2, which is in accordance with the R-

squared values from the regression process.

Vertical calibration for optical sensor Range 0-41.3 Vertical calibration for optical sensor Range 0-41.3
T T T T T T T T T T T T T T T T

45

® I 2

11 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2 2.1
Vo (V) Vo (V)

(a) (b)
Fig. 5-5 Fitted results of optical sensor calibration from participant 20-F:
(a) Optical sensor 1(R-Squared: 0.999); (b) Optical sensor 2(R-Squared: 0.998)

Table 5-2 R-squared for the optical calibration of all participants

1-F

2-M

3-M

4-F

°-M

6-M

7-M

8-M

Optl
Opt2

0.999
0.999

0.997
0.999

0.996
0.996

0.999
0.998

0.969
0.989

0.998
0.998

0.998
0.999

0.999
0.999

9-M

10-M

11-M

12-M

13-F

14-M

15-F

16-F

Optl
Opt2

0.998
0.999

0.996
0.998

0.999
0.999

0.997
0.997

0.998
0.999

0.994
0.997

0.999
0.999

0.999
0.998

17-F

18-M

19-F

20-M

21-F

22-F

23-F

Optl
Opt2

0.997
0.994

0.998
0.999

0.997
0.999

0.999
0.998

0.998
0.998

0.997
0.996

0.997
0.998

Note: 1) Optl: optical sensorl for index finger; 2) Opt2: optical sensor2 for middle finger
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Further to this, the R-squared for the optical calibration of all participants is presented
in Table 5-2. The R? values for all of the 23 participants are significant and precise, which
ensures a good nonlinear fit. Collectively, with the distance characteristics equation D=f(\0),
the output of the optical sensors (Vo) could be used to obtain real-time distance values (D)

when measuring the combined movement of fingers.

5.4.2 Testing of combined fingers movements
While testing of a combined movement of the index finger and middle finger, each

participant was required to extend and flex their fingers in following order:

e The index finger extension away from the receptacle and then flexion back to the

receptacle;

e The middle finger extension away from the receptacle and then flexion back to the

receptacle;
e Both fingers extension away from the receptacle and then flexion back to the receptacle;
e Whole hand moved away from the receptacle;

e Hand placed back to the receptacle as required to prepare for the next combined

movement.

These movements were repeated ten times for each participant. For the first three steps
in this process, the palm was kept flat and still on the receptacle, while the movement of the
other fingers (thumb, ring and little fingers) was avoided. As the index finger and middle finger
moved, the movement was measured simultaneously with the optical system (Vol, Vo02) and
the MGC3030 measuring system (S1, S2) for both fingers. Then the optical outputs (Vol, Vo2)
were applied to the distance characteristics equation D=f(\V0), as illustrated in Section 5.4.1 to
obtain real-time distance values (D1, D2). Additionally, a median filter was applied to the
distance values from both optical sensors (D1, D) for all the 23 participants with the filter
width 20. Considering the sampling rates of 106 Hz, the filter width accounts for the time
period of approximately 0.2 seconds. Explanations concerning the filtering issue of the optical
sensors are reported in Appendix Q: Filtering Issue. Thus, the experimental results of the
optical sensor (D1, D2) and MGC3030 (Sz, S2) can be compared to verify the regression model

proposed.
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5.5 Discussion: Performance of the optical systems

During the experiment, the MGC3030 measuring system worked consistently well with
robust outputs. However, it that the optical sensors was observed had unpredictable tracking
failures. Fig. 5-6 presents an example output from both the optical sensor and the MGC3030

measuring system.
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For each movement, a participant was required to extend and flex their index finger
twice. Therefore, the signal from the optical sensor to represent one movement of the index
finger should be smooth with two peaks, as presented in Fig. 5-6 (a). Fig. 5-6 (c) presents an
example output from the optical sensor with tracking failures. In plot (c), the optical sensor
signal increases until it reaches about 25 mm at 9.5s, as marked in the figure. The signal should
continue but instead falls down to below zero at 9.8s, as the sensor has lost track of the middle
finger. Here, the distance below zero refers to the movement when the whole hand has moved
away from the receptacle, which is obviously not true considering the standard movement
required. Meanwhile, there are very sharp spikes observed, which indicate abnormal

movements for human fingers.

For many participants in this preliminary study, these spikes and sharp signal changes
in output of the optical sensors were hard to avoid. Therefore, the output from the optical
sensors and MGC3030 system were reviewed at the end of each set of 10 movements. If a
tracking failure was observed, the participant was asked to repeat the whole 10 movements
again, until a consistent set of 10 movements for data analysis was obtained. The record for the
repeated movements conducted by each participant due to a tracking failure, is presented in
Fig. 5-7. Here, participant 1-F completed the experiment in 1 attempt, while participant 4-F
conducted 5 attempts before a set of 10 measurements was acceptable. It suggests the alignment

of the optical system is critical to obtaining high quality data from them.
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Fig. 5-7 Repeated movement conducted due to tracking failures

One possible reason is that, there were very small tremors or adductive/abductive

movements when participants were extending and flexing their fingers, which resulted in a
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horizontal offset. Also, the outer surface of a finger is complex and uneven. Therefore, errors
are introduced and prevent the optical sensors from obtaining accurate results. Ideally, these
factors should have been avoided. However, it was naturally hard for participants to control
their fingers to that extent during the experiment. This would also be especially true for patients
with hand impairment. A fiducial marker can effectively reduce the errors of the optical system
resulting from these horizontal movements under laboratory conditions. However, it has to be
well placed and attached, on each of the moving finger in every use, which requires great effort
and might hinder the movement of fingers (especially for a patient). Similarly, there may be
some small horizontal offset - with respect to the original position- when participants put their
hand back to the receptacle to repeat the movements. This could probably be improved if
calibration is applied for each movement. However, it is not ideal for the home-based provision
of rehabilitation.

On the contrary, the signal detected by the MGC3030 measuring system is dominated
by the closest object intruding the field lines. This refers to fingers in this application with a
certain horizontal width, as presented in Fig.5-1. Therefore, one of the advantages of the
reported measuring system compared to an optical system is its insensitivity to small horizontal
(abduction and adduction) errors, which is in accordance with the results of the conducted
experiments. Future experiments with measurements in the horizontal direction can be carried

out to further investigate and quantitatively analyse the tolerance of the horizontal offset.

Another possible reason is the case that, when fingers extend, the increasing angle of
incidence (Aol) could potentially affect the accuracy of the optical sensors associated with
distance estimation. A positive correlation between Aol value and error magnitude was
reported on short range distance measurement, based on a modern lidar sensor used in robotics
(IR-ToF sensor, VL6180X) [95]. When Aol is 0< the mean absolute error of the distance
measurement is 1.5mm. Errors reached 3.6mm (static) and 11.9mm (dynamic) for Aol equal
to 30< and were 7.8mm (static) and 25.6mm (dynamic) for Aol equal to 60< In contrast, the
prediction model for the MGC3030 measuring system can be defined as the integration of the
cross section simulation models, as presented in Fig. 5-1. When a finger is inclined to the
horizontal plane in the experiment, it can be represented by the superposition of multiple 2D

simulation models where their Dy were set to different numbers accordingly.

Collectively, although the optical system and its measuring technique have limitations

for finger motion measurement for home rehabilitation, reliable data was obtained and used in
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the comparisons with the MGC3030. For the optical sensor, the ‘tracking failure’ can be
improved by optimizing the implementation or calibration method in future research. For
example, the ‘corner cubes’ structure which is used in the lunar laser could be a potential option
[96]. It features three perpendicular reflecting faces, and can help the incoming light exit in

exactly the opposite direction from which it entered.

5.6 Discussion: Evaluation of the MGC3030 system

According to this preliminary study, the MGC3030 measuring system works well as a
noncontact form of fingers movements in most of the 23 participants, with a measurement
range of 40 mm and a sampling rate of 106 Hz. The accuracy of this system will be discussed
in detail in Chapter 6. Hence, the experimental system satisfies the specifications of the
MGC3030 measuring technique currently. There are some issues regarding placement, and
variability due to differences between hands. Nevertheless, the application of the MGC3030
measurement system as a repeatable measurement has been demonstrated and gives confidence

that such a system is an excellent candidate for application in a home-based system.

In the current experimental design, the optical system is needed as a comparing group
for distance measurement. However, the optical system and its calibration steps are not
necessary in the final MGC3030 measuring system. For participants with different needs for
tracking improvements, the future household MGC3030 system could provide:

a) Absolute measurement. It requires an independent measuring system, such as
the optical sensor presented in this thesis, to conduct a calibration for the
mathematical relationship between the distance of the finger motion (Dx) and
the MGC3030 signal (Sx). After that, the MGC3030 measuring system can be
used for absolute distance measurement at home. The optical sensor will only
be used for a calibration procedure in the clinic and will no longer be needed in

further applications.

b) Relative measurements. It uses the generalized relationship between the
distance of the finger motion (Dx) and the MGC3030 signal (Sx), and therefore,
works without the requirement of the optical system or an individual calibration.
A standard prediction model (5-1) will be applied to participants with the same

fitted parameters (b1, bz, bz, and bs). Therefore, a distance value can be obtained
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with the detected MGC3030 signal only. Although this gives reduced absolute

accuracy, it is suitable for relative measurements for tracking improvements.

5.7 Summary

In this chapter, the experimental verification was designed to extend the practical
understanding of the prediction model on multi-finger noncontact measuring, with 23 human
subjects under laboratory conditions. The experimental results of the optical sensor (D1, D2)
and MGC3030 (S3, S2) can be compared to verify the FEM regression model proposed. It was
observed from experiments that the MGC3030 measuring system worked well with robust and
repeatable outputs, while the optical comparison sensors sometimes had unpredictable tracking

failures.
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Chapter 6 Data Analysis and Experimental Evaluation
6.1 Crosstalk

Chapter 6 analyzes the results of the validation experiment reported in Chapter 5 to
evaluate the ability of the MGC3030 measuring system on measuring finger movements. Fig.
6-1 presents the experimental results from the optical system (D1, D2) and the MGC3030
measuring system (S, S2) in one sample movement, which includes 3 steps: i.Index, the index
finger extension and then flexion; ii.Middle, the middle finger extension and then flexion;
iii.IndexMiddle, both fingers extension and then flexion. Here, optical sensorl and optical
sensor2 are placed directly above the fingertips of the guideline for the index finger (D1) as
well as the middle finger (D2), and measure these finger movements respectively, as shown in
Fig. 6-1(a).
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Simultaneously, these movements are measured with the MGC3030 measuring system
by signals detected from Rx electrodes under index finger and middle finger (S1 and S, as
shown in Fig. 1). These MGC3030 signals are a function of the hand-Rx capacitance, Tx
transmit signal and electrode capacitance [97]. When a hand is at a distance from the electrodes
and has no influence, the signals are approximately zero as a baseline. A hand approaching the
MGC3030 system increases the hand-Rx capacitance and causes the MGC signal to rise [97].
In this experiment, the maximum value for a person will be reached when the hand and all
fingers are placed on the receptacle, while when the finger is moving up, a decreasing value
will be obtained. Therefore, the MGC3030 signals have an inverse proportional function with
the distances moved away from the receptacle. In Fig. 6-1(b) and Fig. 6-1(c), the y-axis

direction is flipped to facilitate the reader's understanding.

If only one finger is considered, there should be a one-to-one relationship between the
position of a finger, and the MGC3030 signal from the Rx electrode under this finger [32].
However, due to the nature of electrical field, the movement of the middle finger will affect
the MGC3030 Signall (Sy), as circled in Fig. 6-1 (b). Similarly, signal changes in S, are also
observed in Fig.6-1 (c), due to the movement of the index finger. This phenomenon is in
accordance with the FEM simulation, where crosstalk is observed especially between near
neighbours [32]. In other words, it appears that the middle finger is moving when we know it

IS not, as shown in Fig. 6-1 (c).

6.2 Nonlinear regression

To compensate for this crosstalk, the output of the MGC3030 measuring system (S,
S») together with the simultaneous output of the optical sensors (D1, D2) was fitted to the
prediction model as presented in equation (5-1), using the Matlab function block ‘fitnlm’. This
function fits the model to variables in the dataset/table, and returns the nonlinear model which
presents a least-square fit of the response to the data. From the nonlinear regression, the fitted
parameters bs, by, bs, bs and the R? values were be obtained from the Matlab output. With the
fitted parameters and equation (5-1), predicted values of distance (Dp1, Dp2) can be obtained
using the MGC3030 signals (S1, S»).

The R? value is always between 0 and 1, and is a statistical measurement of how close
the data are to the fitted regression line [96]. In general, the higher the R?, the better the model
fits the data. Fig. 6-2 shows the R? values for the nonlinear regression analysis from the 23

participants. For each participant, the R? value is the arithmetical mean value of the repeated
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movements. As presented in Fig. 6-2 (a), the main distribution of R? values for the nonlinear
regression process of the index finger is 0.9~1. There are few R? values which fall between
0.8~0.9, and two outliers (8-M, 21-F) which fall to 0.714 and 0.600. Therefore, it can be
indicated from the nonlinear regression process for the index finger that, the distance calculated
from the optical sensors (D1, D2) and the signals detected on the Rx electrodes (S1, Sp) fit well

with the prediction model for most of the participants.
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Fig. 6-2 The mean R? values of the nonlinear regression analysis for the experimental results
of the 23 participants

Similarly, Fig. 6-2 (b) shows the arithmetical mean of the R? values for the experimental
results from the middle finger. Here, the main distribution of R? values for the nonlinear

regression process of the middle finger is 0.6~1, with a low value of 0.335 (21-F). The
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prediction model tends to have better performance for the index finger and have more
individual difference the fitting of data to the middle finger. It agrees with the mechanism of
the prediction model, where two fingers’ movements are considered simultaneously to deal
with the crosstalk caused by a neighbouring finger. Considering the hand placing on the
receptacle in the experiment (as explained in Chapter 5.4), for index finger, the only
neighbouring finger to deal with is the middle finger. Hence, the application of prediction
model (5-1) to the experimental results of the index finger and the middle finger can nicely
compensate for this crosstalk. However, the middle finger is adjacent to both the index finger
and the ring finger. Therefore, for middle finger, a more comprehensive nonlinear regression
analysis is required in the future, to compensate for the crosstalk due to both the movement of
the index finger, as conducted in this research, and the movement of the ring finger, with a
similar experiment which includes the middle finger and the ring finger. A discussion about

the prediction models for three/four finger movement can be found in Section 6.4.2.

Fig. 6-3 presents the distribution of the R? values for the repeated movements of the 23
participants. The distribution of these R? values from the nonlinear regression analysis of the
index finger and middle finger are presented in plot (a) and plot (b) respectively. For each
participant, the mean value of R? values is marked with ‘m’, while the median value is marked
with “e’. The red line ‘-’ represents the standard deviation of the R? values from the repeated
movements for each participant. As shown in Fig. 6-3(a), the distribution of R? values of the
index finger for participants number 1-F, 3-M, 5-M, 7-M, 11-M, 12-M, 15-F, 16-F, 17-F, and
18-M are significant and precise, which represent good repeatability and ensures a good

nonlinear fit.

The R-squared values in Fig. 6-3(b) shows more variation in the response to the
experimental data for the middle finger, and it agrees with the discussed results in Fig. 6-2. For
participant 1-F and 3-M, the R-squared results indicate a good degree of fit and repeatability,
between the model and the data from the middle finger. Particularly, for participant 21-F,
although its mean R? value and median R? value for both fingers are outliers comparing to the

other participants, the distribution of the R? value is of general precision and is quite repetitive.

An R? value does not indicate whether a regression model is adequate [98]. In some
fields, it is entirely expected that a low R? value will be obtained. For example, a regression
process that attempts to measure human movement, such as limb movements [99-101],

psychology [102, 103], clinical epidemiology [104], or demographics [105], typically have
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lower R? values [96]. It seems that humans are simply harder to predict than physical processes.
However, the R? values could still be applied to draw important conclusions about how changes
in the predictor values are associated with changes in the response value. Regardless of the R?
value, the significant coefficients still represent the mean change in the response for one unit
of change in the predictor while holding other predictors in the model constant. And this type

of information can be extremely valuable.
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Collectively, the experimental results from repeated movements of 23 participants in
this research supports the prediction model (5-1). From Fig. 6-2 and Fig. 6-3, the prediction
model fits well with the experimental results of the index finger, while there is more individual
difference in the fitting of the model to data from the experiments of the middle finger.

6.3 Reduced crosstalk after using the prediction model

From the nonlinear regression, the fitted parameters bi, b2, b3, and bs were obtained.
With the fitted parameters and equation (5-1), predicted values of distance (Dp1, Dp2) can be
obtained using the MGC3030 signals (S1, S2). To better evaluate the performance of the
prediction model, data analyses are focused on the steps i and ii where the index finger and

middle extend and flex in turn and separately.

Fig. 6-4 compares the crosstalk before and after using the prediction model to
compensate for both index finger and middle finger. Fig. 6-4 (a) shows the MGC3030 signal
from Rx electrode under the index finger. In the figure, Si.i refers to the signal change of
MGC3030 Signall due to the measured movement of index finger. Since Si.ii represents the
signal change of MGC3030 Signall when the middle finger moves, it shows the largest
crosstalk when measuring the movement of index finger using the MGC3030 measuring
system. Accordingly, Fig. 6-4 (b) presents the predicted distance of D1 after applying the
MGC3030 signals (S1, S2) to the prediction model (5-1). Dp1.i is the predicted distance change
of the MGC3030 measuring system for index finger’s movement, while Dpy.ii refers to the
distance change due to the crosstalk resulted from the movement of middle finger. By
comparing the MGC3030 signals in Fig. 6-4 a) and the predicted distance after fitting to the
prediction model in Fig. 6-4 b), it was observed that the prediction model works well to
compensate the crosstalk. To further evaluate the performance of prediction model on reducing
crosstalk for index finger, Si.ii/ Si-i, Dp1-ii/ Dp1-i can be used to reflect the impact of crosstalk

before and after applying the prediction model for comparison.

Similarly, Fig. 6-4 (c) illustrates the MGC3030 Signal2 from the Rx electrode under
the middle finger, whereas Fig. 6-4 (d) shows the results after applying MGC3030 signals to
the prediction model. In accordance, Sz.i/ Sz.ii and Dp-i / Dp2-ii compare the signal changes due
to crosstalk before and after compensated by the prediction model when measuring the middle
finger. Here, Sa.i; refers to the signal change when middle finger moved, while Sz represents

biggest crosstalk due to the movement of index finger. Dp2.ii is the predicted distance change
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of middle finger’s movement after compensated by the prediction model (5-1), while Dp2.i

refers to the predicted distance change from crosstalk.
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Particularly, there were tiny fluctuations when the middle finger of the participant
reached a large height. As shown by the burrs in Fig. 6-4 (c), fluctuations were recorded by the
MGC3030 system (S2), while the optical signal (D2) did not act to the fluctuations, as shown
in Fig. 6-1(a). These fluctuations may come from tiny physiological tremors, which are usually
asymptomatic or invisible. A discussion about tremors observed from the experiment can be
found in Section 6.4.4.

Since signal of the MGC3030 sensor (Sx) is inversely proportional to its distance from
the human body (Dx) in the prediction model (5-1), out of sync for recording the fluctuations
of the middle finger will bring in a larger distance uncertainty for the predicted distance (Dp2)
at the far end. Therefore, as presented in Fig. 6-4(d), the same MGC signal change will
represents a larger distance change at the far end (Dp2-ii, Dp2-iii). The predicted distance for index
finger (Dp1) also fluctuated because it is a function of S, as well in the prediction relation (5-1)
Dx=f(S1, S2). This is especially obvious for the predicted distance for index finger at step-iii
(Dpu4iii), when the index finger reaches its far end while the fluctuations of the middle finger
also has significant impact. As show in Fig.6-4 (b), a bigger distance uncertainty was
introduced in the predicted distance of the index finger (Dpwiii), as a result of which, the
predicted distance based on the MGC3030 signals (Dp1) show different distance values
compared with the experimental data from the optical sensors (Dz1).

To take a general view on the performance of the prediction model in measuring the
combined finger motion, the impact of crosstalk before and after using the prediction model
for both fingers were investigated, as shown in Table 6-1. Here, the experimental result for
each participant is the average of the 10 repeated movements. The output of the optical sensors
(D1, D2) were analysed to evaluate the performance of the optical distance measuring system.
The comparison with Dx-ii/ Dx-i (x=1,2) for both index finger and middle finger was presented
in Table 6-1. Here, D1-ii/Ds1-i refers to the impact of crosstalk on optical sensorl when
measuring the index finger, due to the movement of the middle finger. This crosstalk is not
expected to affect the optical system considering the mechanism of the optical measurement.
Based on the experimental results, D1-ii/ D1-i of the 23 participants remained below 1%, with
an average of 0.38%. Similarly, D»-ii/ D.-i represents the impact of crosstalk due to the
movement of the index finger, when optical sensor2 measures the middle finger. The D2-ii/ D2-
i from the output of the optical system is 0.70% on average, and most of them remain below

1%. Possible reasons of outliers here can be found in the discussion. In general, the comparison
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with D1-ii/ D1-i and D2-ii/ D2-i demonstrates the good reliability of the optical sensor as a

comparing system.

Table 6-1 Experimental results of twenty-three participants: The average level of crosstalk
before and after using the prediction model

Index finger Middle finger
Dy-ii/ Sl Dpu.ii/ D»-i/ So.if Dpo.if
Di-i St Dpu-i Do-ii Sai Dpoii

1-F 0.88% 33.22% 4.60% 0.79% 34.56% 1.27%
2-M 0.14% 32.77% 2.19% 0.66% 47.50% 3.81%
3-M 0.31% 23.92% 2.28% 0.50% 63.06% 0.15%

4-F 0.89% 23.18% 3.94% 3.31% 64.09% 0.15%
5-M 0.37% 25.27% 1.79% 0.86% 51.23% 9.79%
6-M 0.36% 38.98% 0.98% 2.80% 35.71% 1.52%
7-M 0.55% 31.09% 2.83% 0.58% 43.48% 2.63%
8-M 0.39% 24.76% 0.40% 0.22% 69.14% 1.20%
9-M 0.18% 38.93% 2.18% 0.29% 37.51% 4.01%
10-M 0.56% 15.15% 2.74% 0.24% 79.11% 4.76%
11-M 0.42% 51.50% 3.16% 0.42% 25.48% 1.09%
12-M 0.47% 11.28% 2.38% 0.10% 137.08% 4.67%
13-F 0.52% 21.71% 1.60% 0.54% 88.72% 5.72%
14-M 0.12% 22.69% 4.82% 0.19% 104.42% 4.14%
15-F 0.24% 20.51% 0.53% 0.62% 58.50% 2.31%
16-F 0.25% 10.93% 0.86% 0.03% 150.25% 1.19%
17-F 0.18% 24.81% 0.96% 0.12% 59.93% 1.33%
18-M 0.05% 25.33% 2.44% 1.00% 60.58% 1.99%
19-F 0.30% 33.06% 2.28% 0.59% 63.98% 4.54%
20-M 0.30% 25.92% 3.17% 1.31% 50.46% 4.84%
21-F 0.39% 42.77% 6.83% 0.27% 101.74% 53.19%
22-F 0.42% 14.72% 1.95% 0.26% 120.13% 13.43%
23-F 0.41% 16.95% 4.89% 0.50% 90.96% 3.12%
Mean 0.38% 26.50% 2.60% 0.70% 71.20% 5.69%

Note: 1) The first column shows the participant identification number of the 23 participants. 2)

Experimental result for each participant is the arithmetical mean of ten repeated movement.

On the basis of the results from 23 participants on measuring index finger, the average
level of crosstalk in MGC3030 Signall (Su.ii/ S1-i) is 26.50%, which is reduced to 2.60% after
applying to the prediction model (Dp1-ii/ Dp1-i). For the middle finger, a bigger crosstalk is

expected and observed, considering the anatomical structure of the hand. In this case, the
average impact of crosstalk in MGC3030 Signal2 (Sz.i/ S2-ii) is 71.20%. It indicates that, the

crosstalk (S2-i) and the effective signal (S2-ii) in MGC3030 Signal2 have similar magnitudes, as

shown in Fig. 6-4 c). Therefore, simply relating the MGC3030 signal to the distance will bring

in a great variation of distance. However, after using the prediction model, the level of
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uncertainty is greatly reduced, from 71.20% to 5.69% on average. In brief, the experimental

results supports those of the prediction model derived from simulation [32]. Therefore, for all

the tested participants, the crosstalk can be effectively compensated by applying the prediction

model to MGC3030 signals.

In addition to the level of uncertainty reported above, the resolution of absolute distance

measurement is also important in real use. Therefore, the mean resolutions of combined finger

motion detection were also obtained from the experiment. The mean value of the distance

change due to crosstalk—Dpa.ii and Dp2-j as presented in Fig. 6-4—were calculated to represent

the resolution of the index finger and the middle finger respectively. Table 6-2 details the

uncertainty of measurement and the whole movement range of each participants.

Table 6-2 Experimental results of twenty-three participants: The uncertainty of measurement
and the movement range (mm)

Participant Index finger Middle finger
Number Uncertainty Movement range Uncertainty Movement range

1-F 0.76 20.89 0.26 22.35
2-M 0.63 42.42 0.89 35.08
3-M 0.56 28.53 0.04 28.37
4-F 0.37 15.18 0.02 17.62
5-M 0.57 34.49 2.09 33.12
6-M 0.18 23.20 0.15 27.81
7-M 0.57 2251 0.58 23.29
8-M 0.38 32.93 0.37 35.88
9-M 0.76 38.30 0.44 42.77
10-M 0.70 42.99 0.69 43.81
11-M 1.22 39.97 0.27 33.30
12-M 0.70 29.40 0.50 20.15
13-F 0.51 45.15 1.01 44.61
14-M 1.85 39.06 1.11 35.86
15-F 0.10 20.57 0.14 22.41
16-F 0.29 33.67 0.22 32.52
17-F 0.31 33.80 0.26 36.57
18-M 0.39 23.02 0.39 29.45
19-F 1.05 46.97 1.50 44.52
20-M 0.54 22.66 0.44 24.40
21-F 1.49 33.36 7.65 32.68
22-F 0.49 33.29 1.43 34.68
23-F 0.45 13.42 0.23 12.94
Mean 0.65 31.12 0.90 31.05

Note: 1) Unit of uncertainties and movement ranges: mm. 2) Experimental result for each participant
is the mean value of ten repeated movement.
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The last row of Table 6-2 shows the mean uncertainty and movement range of both
index and middle finger based on the results of 23 subjects. With interpersonal difference
considered, the mean uncertainties of measurement using the prediction model are 0.65mm and
0.90mm, which are 2.08% and 2.89% of the mean movement range, for index finger and middle

finger respectively.

It can be observed from the experimental results presented in Fig.6-2, Fig.6-3, Table 6-
1 and Table 6-2 that, participant 21-F is always an outlier among the 23 participants, while
participant 8-M has general performance except for R? value of the index finger. Therefore, it
is worthwhile to further explore the experimental outputs and data characteristics of participant
21-F. Fig.6-5 compares the output of the MGC3030 measuring system for one sample
movement from participant 21-F with the output from participant 13-F. During the experiment,
the index finger of both participants shares a similar movement range, as shown in Fig.6-5 (a)
and Fig.6-5 (c). However, the MGC signal in plot (b) ranges from 5300 to 6100, while in plot
(d), the signal change is between 3000 and 6300. The output from participant 21-F tends to be
more concentrated and has little change in accordance with finger motion.

The other 9 repeated movements of participant 21-F present similar behaviour as Fig.6-
5. Moreover, since this extreme case was noticed during the experimental process, the
participant 21-F was asked and agreed to repeat another 10 sample movements for both her
right hand and left hand, where similar characteristics remain in the out from MGC3030
measuring system all the time. Details of the output from these repeated movements can be
found in Appendix R: Experimental Results for Extreme Case 21-F. Therefore, this research
records the experimental results for participants 21-F as an abnormal but typical case for the
application of MGC 3030 measuring system. In the future, it will be worthwhile investigating
the physical difference of this person compared to other subjects. Such experiment might
involve the skin conductivity and could be performed with the hand covered with a thin layer

of conductive gel.

Collectively, the prediction model greatly reduces the crosstalk on measuring the
combined finger motion, and performs well with the MGC3030 measuring system. The mean
resolutions suggest that the MGC3030 measuring system is capable of measuring the small

movements of fingers.
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Fig. 6-5. Example outputs from experiment: a) D1: Output from optical sensorl for 21-F, b)
S1: Output from the MGC3030 measuring system for 21-F; ¢) D2: Output from optical
sensorl for 13-F, d) Sz: Example of normal output: Output from the MGC3030 measuring
system for 13-F
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6.4 Discussion:
6.4.1 Evaluation of the validation results and the MGC3030 system

This study conducted initial physical trials with twenty-three healthy subjects to
validate a noncontact easy-to-use approach for finger displacement measurement. With the
experimental results, the vertical moving distance (D1, D2) and the detected signals using the
MGC3030 measuring system (Si, S2) fit well with the prediction model in the nonlinear
regression process in Matlab. From experimental results in Table 6-1 and Table 6-2, the
prediction model can greatly reduce the resolution uncertainty, and therefore improve the
performance of the MGC3030 measuring system on the contactless finger movement
measurement in a multi-finger case. Using the prediction model, the mean uncertainty of index
finger is 0.65mm for maximum movement range across the participants from 13.42mm to
46.97mm, while the uncertainty for middle finger is 0.90mm, with the movement range from
12.94mm to 44.61mm. This aligns with the resolution of the prediction model in FEM

simulation, which is 0.94mm over a range of 30mm [32].

In rehabilitation training, patients have to work harder than normal to complete some
simple functional exercises. Successful attempts of stroke therapy should provide quantifiable
progress or functional benefits, to motivate the patients throughout repetitive training sessions
[3]. Without visible progress or feedback, they might lose interest and give up easily. The
validation results of preliminary study demonstrate the ability of the MGC3030 system on
measuring tiny movements of the fingers with average resolution less 1mm. Therefore, the
device allows the patient to track probably the unobvious progress easily, to motivate their
rehabilitation exercises. It can be even more helpful if the records are accessible for the health

experts as well.

In addition, the MGC3030 measuring system can work without a great overhead in
signal processing. For each participant, once the personalized fitted parameters (b1, b2, b3, bas)
of the prediction model is obtained from calibration steps as reported in this thesis, this
individualized model can be download to the MGC3030 measuring device for home-based
rehabilitation usage. Unlike Electromyography (EMG) [56] or vision based systems [35], it can
be realized with a low cost MCU, such as the microcontroller used in this research (NXP
LPC1768). Together with the low-cost feature of the MGC3030 chip (4 GBP), the system
provides the possibility to be realized in an inexpensive and portable equipment. In the future,

the option of not having individual calibration, but to have a standard calibration that doesn’t
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require personalization, will also be investigated. Although this gives reduced absolute
accuracy, it may be suitable for relative measurements for tracking improvements. Coupled
with the contactless measurement function, the MGC3030 measuring system requires no
additional effort such as set-up and wearing attachments, and is particularly user-friendly for

patients for independent home-based use.

6.4.2 Discussion of the prediction models for three/four finger movement

Based on the distribution of the R? values reported in Fig. 6-2 and Fig. 6-3 as well as
the experimental results given in Table 6-1 and 6-2, the prediction model has better
performance for the index finger and has more individual difference the fitting of data to the
middle finger. For middle finger, a more comprehensive nonlinear regression analysis is
required, to compensate for the crosstalk due to both the movement of the index finger and the
ring finger. In other words, the equation for the middle finger should consider the movement
of the index finger, middle finger and ring finger simultaneously, which indicates a three-finger
model Dx=f(S1, Sz, S3).

i. The three-finger model Dx=f(S4, Sz, Ss)

As stated in Section 6.1, there is an inverse proportional function between with the
distances moved away from the receptacle (Dx) and the MGC3030 signal (Sx). Considering the
structure of the prediction model (5-1), the three-finger model for the middle finger Do=f(S,
Sz, S3) should consider the movement of the index finger, middle finger and ring finger.
Therefore, the optimised equation should include these components: (1 — b, * S;)71,
(1 —by xS,)7L, (1 — by * S3)~1. Therefore, hypothesis for the three-finger model for the
middle finger D2=f(S1, Sz, S3) could be:

D, = ay * f(51,5;) + a; * f(S,,S3)
b3 b7

TTA by #S) * (1= by #52) + bsl | [(1—bs +55) * (1 — bg % S3) + bg]

Or,

bs

D, =
27 (1 =by*S) * (L —by*S,) * (1 —bs *S,) + byl

Additionally, the machine learning approach is also potential way for investigating the
three-finger model Dx=f(S1, S2, S3). For example, a neural network can be trained using the

experimental data. Then, comparison could be made between the non-linear model Dx=f(S1,
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S2, S3) and the neural network using the same experimental data. Machine learning algorithms
build a model based on training data to make predictions or decisions without being explicitly
programmed to do so. However, when the prediction model is obtained mindlessly from the
experimental data, it is easy to ignore the underlying mechanism between the input and output
data. Therefore, in this research, the experimental data will be applied to a machine learning

system as well, as a supplement to current regression models.

ii. The four-finger model Dx=f(S, Sz, Ss, S4)

The formula in three-finger case can prompt the structure of the formula in four-finger
case. In addition, it is observed from both the simulation as well as the experiment that, the
movement of the non-adjacent finger has very little effect on the MGC signal of a moving
finger. Therefore, the three-finger model Dx=f(S1, Sz, S3) could be good enough for the

measurement of the multi-finger measurement application, as a convenient option.

6.4.3 Potential- uses of electric field sensing in broader applications: Enslaving

Humans rarely move one finger alone when performing functional tasks in daily routine
[38]. When a finger performs its intended movements, the unintended finger movement of other
fingers is called “enslaving” [38, 94]. The study of “enslaving” could be helpful in clinical
diagnosis and in supporting research into independent finger movement. Therefore, it is of
interest to both clinicians and control engineers [38, 106].

Although the unintended finger movement of the human hand is avoided in this
experiment, the MGC3030 measuring system also provides the possibility to detect and record
these movements. The MGC3030 measuring system is capable of measuring real-time finger
movements for all the four fingers simultaneously. Therefore, the movements of the other two
fingers could also be calculated in a similar way as reported in this thesis, by applying signals
detected from Rx electrodes (Ss, S4) to the prediction model (5-1). Therefore, from the
amplitude and the speed of signal changes, it has the potential to detect unwanted finger

movements and hand position changes.

6.4.4 Potential- uses of electric field sensing in broader applications: Tremor

In order to assess and treat tremor-based diseases, precise frequency and amplitude
measurement for tremors will be helpful for adjusting medication levels [24]. The experimental
system can capture data at 106 samples per second. This dynamic response is high enough to

allow for a contactless study of tremor in fingers, up to a frequency of about 20Hz. Fig. 6-6
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presents an example output from the experiment where noticeable tremors were not only
observed by the naked eye, but also recorded by the MGC3030 measuring system. Fig. 6-6 (a)
and (b) are example output of one sample movement from the optical sensorl and from the Rx
electrodes under index finger respectively. Plot (c) and plot (d) intercept and detail the
MGC3030 signal presented in plot (b). Plot (c) shows the tremors recorded when the index
finger moved only, and highlights the 9 cycles which were recorded between 1.4s and 2.4s.
Therefore, the frequency of the tremor detected here is approximately 9 Hz, which, as
previously mentioned, may indicate a central neurogenic component of physiological tremor.
Physiologic tremor is a tremor or trembling of a limb or other body part which occurs in normal
individuals. Therefore, this is an expected result in consideration of the fact that all the 23
participants in this experiment are required to have normal hand and finger functions, without
any movement disorders or decreased ADL capability. Tremors in plot (d) were recorded when
the index finger and middle finger moved together. Similarly, between 7.6s and 8.6s, there are
11 cycles highlighted, which represents a frequency of approximately 11Hz and tends to reveal

a physiological tremor as well.
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Fig.6-6. Example outputs from 14-M: a) D1: Output from optical sensorl, b) Si:: Output from
the MGC3030 measuring system; ¢) Si: Tremor recorded when index finger moves, d)
Tremor recorded when both index and middle finger move
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Collectively, Fig. 6-6 presents a simply application of the MGC3030 measuring system
on tremor detection. The frequency of tremor was easily obtained from the MGC3030 signal.
As a movement measuring system with resolution less than 1mm, the proposed system could
also be used for precise amplitude measurement. It will be helpful for the tremor-based diseases

treatment at home and worth further investigation in the future.

6.5 Summary

The validation results of preliminary study demonstrate the ability of the proposed
system on measuring the movements of fingers. The prediction model greatly compensates the
crosstalk, and therefore performs well on measuring the combined fingers’ motion. The mean
resolution of the targeted system are 0.65mm and 0.90mm, which are 2.08% and 2.89% of the

full-scale range, for the index finger and the middle finger respectively.

The MGC3030 measuring system can be realized in an inexpensive and portable device.
The combination of the noncontact measuring feature and the lack of complicated set-up (no
physical connection of electronics to the person), makes it particularly attractive as the basis of
an easy-to-use home-based independent rehabilitation system. Moreover, it provides the
potential for broader applications of finger movement measurement, concerning the record and

assessment of the enslaving and tremor.
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Chapter 7 Conclusion and Future Work
7.1 Conclusion
This research targets the technology for the home-based hand rehabilitation, addressing

the ease of use to promote motivation of practice. To guide this research forward, research

questions were proposed at the beginning of the thesis. The main body of the thesis investigates
the contactless measurement technique of the MGC3030 measuring system by answering these

questions:

» What are the key requirements for an easy-to-use finger displacement sensor for the
home-based hand rehabilitation, and what is the current state of the art?

The literature review for the home-based medical equipment in both the market and
academic application indicates that, a good home-based rehabilitation device is closely related
to the ease of setting and use. Towards this target, the contactless form of finger movement
measurement is preferred, and realized using the MGC3030 motion sensor. Based on the quasi-
static electrical near field sensing, the targeted system can be used without any sensing
elements attached. Together with the low-cost feature of the MGC3030 chip (4 GBP), the
system provides the possibility to be realized in an inexpensive and portable equipment.

« What techniques offer the best performance and what level of solution can it give?

A FEM simulation for the MGC3030 electrodes in Comsol Multiphysics was
conducted, where the electrical field variation due to a moving finger can be produced and
analysed, to measure the extension and flexion of fingers in a contactless form. In this
simulation model, a ‘crosstalk’ is observed due to an electrical field leakage from a

neighbouring moving finger.

To optimize the performance of the targeted system by reducing this crosstalk, the
electrode designs with and without ‘gnd’ electrodes placed in between the Rx electrodes, were
compared. In general, added ‘gnd’ electrodes can reduce the ‘crosstalk’, but at the cost of
reducing the sensitivity. Therefore, approaches for further exploring the ‘crosstalk’ issue is

required.

Based on a nonlinear regression in Matlab for the original simulation model without
added ‘gnd’ electrodes, four nonlinear equations were introduced, to describe the mathematic

relationships between the fingers’ motion (D1, D2) and the voltage signals (V1, V2) of the Rx
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electrodes. These equations agree with the quasi-static electrical near field sensing theory, and
fit well with the simulated data. The prediction model ‘Dx=f(V1, V2)’ shows an excellent fit
with uncertainty of 0.94mm over a range of 30mm. Collectively, the nonlinear regression
results suggest further development of the system in an experimental test.

» How well does the developed technique perform on human subjects?

The experimental verification was designed to extend the practical understanding of the
prediction model and the MGC3030 measuring system on human subjects. An optical system
was applied in this study as a comparing technique for real-time contactless measurement of
fingers. Twenty-three healthy subjects (13 males and 10 females) with normal hand and finger

function participated in the experiment.

During the experiment, the prediction model works well with the MGC3030 measuring
system in most of the participants, while the optical sensors and its measuring technique have
limitations when dealing with horizontal offsets and increasing angles. However, reliable data

was obtained and used in the comparisons with the MGC3030.

The output of the MGC3030 measuring system (S1, S2) together with the simultaneous
output of the optical sensors (D1, D2) was fitted to the prediction model ‘Dx=f(S1, S2)’. The
validation results demonstrate the performance of the proposed system on human subjects, and
supports the ability of the prediction model on dealing with the crosstalk when measuring the
combined fingers” motion. The mean resolution of the targeted system are 0.65mm and
0.90mm, which account for 2.08% and 2.89% of the full-scale range, for the index finger and
the middle finger respectively. Moreover, the experimental system can capture data at 106
samples per second. This dynamic response provides the potential for a contactless study of
enslaving and tremor (up to a frequency of about 20Hz) in fingers.

To conclude, the results reported in this thesis show that, the contactless measurement
technique of the MGC3030 measuring system is capable of measuring the small movements of
fingers, with excellent technical parameters. With the combination of the noncontact measuring
feature, the lack of complicated set-up, and the low-cost feature, this system is user friendly as

the basis of a home-based independent rehabilitation system.
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7.2 Suggestions for future work

The designed system provides a basic framework for conveniently tracking the

extension and flexion movements of fingers using MGC3030 motion sensor. Targeting a

rehabilitation device for post-stroke patients, the feature ease of use has been demonstrated as

once calibrated to the user, the user merely has to place their hand upon the device to use it,

without extra donning or setting efforts. The proposed system could be improved in future as

follows.

Future work can further improve the ease of use by providing necessary guidance and
feedback to the user [1]. For example, a LED can be used to allowing intuitive visual
feedback of progress, as the light changed relative to finger distance moved. An LCD
can be included to provide guidance information for use and present the results of multi-
finger distance measurement. The device could also provide the option to communicate
via USB to a host PC, allowing more comprehensive analysis and visualization of

performance.

This thesis reports the performance of the designed system with the prediction model
for movements of two fingers. In the future, an investigation can be conducted for all
the fingers, based on the two neighbouring fingers’ problem as addressed in this thesis.
A discussion about the prediction models for three/four finger movement can be found
in Section 6.4.2.

A personalized receptacle design is proposed in section 7.3 for future research, to
improve the ease of use and increase the accuracy of the motion tracking function. The
receptacle could be customized for each user at different recovery stages, to follow the
shape of patient’s hand and make it easier for them to use the device. Additionally, the
palm and the fingers could be placed snugly on the three-dimensional model of a hand,
to avoid the horizontal offset.

The potential interpersonal influencing factors, such as gender, handedness as well as
finger dimensions have also been collected during the experiment. In the future, a
detailed study of the effect of these interpersonal differences on the parameters of the
prediction model can be investigated. It will be helpful for obtaining a standard

prediction model, which can be applied to a group of participants with the same fitted
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parameters (b1, b2, b3, and bs), and therefore, can work without the requirement of an

individual calibration.

« From the results presented in Section 5.5, the MGC3030 measuring system has
tolerance for the small horizontal (abduction and adduction) errors. Future experiments
with measurements in the horizontal direction can be carried out to further investigate
and quantitatively evaluate the tolerance of MGC3030 measuring system for the

horizontal offset.

7.3 A personalized receptacle design

The rehabilitation progresses can effectively exercise and strengthen the reduced
muscle tone of the impaired hand. As the finger extension-flexion rehabilitation progresses, the
closed hand of patient after a stroke may gradually open, which may lead to a change in the
shape of the hand. A personalized receptacle design, which matches the shape of the impaired
hand, is proposed for future research. It fits the specific patient’s hand at certain recovery level,
and thereby improves the recovery outcome of hand rehabilitation. In addition, the horizontal
offset could be avoided with the palm and the fingers placed snugly on the receptacle. This

receptacle design consists of three parts:

e Hand modelling to match the outer shape with patient’s hand without hindering

the movement of fingers;

e Electrodes layer stack-up design to cut the receptacle into layers with inner

grooves and holes to meet the requirements of MGC3030;

e Design for assembly to fit the layers together and reserve space for periphery

circuits.

7.3.1 Hand modelling

A scanned hand model was download from the internet, as an example for hand
modelling, as show in Fig. 7-1(b). This is a 3D object type of file and can be edit in Solidworks.
Starting with a solid cuboid and a scanned hand model represented in Fig. 7-1(a) and (b)
respectively, a subtraction of the hand model was created using the indent feature of
Solidworks, as shown in Fig. 7-1(c). Then, this subtracted part was carefully modified, as is
shown in Fig. 7-1(d), to make sure that all the four fingers and the thumb could move freely in

an extension and flexion motion.
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(@) (b) (©) (d)
Fig. 7-1 Hand Modelling in Solidworks

7.3.2 Electrodes layer stack-up design

The subtracted part was cut into curved layers with the features of the hand reflected in
the profile of the original receptacle for better detecting accuracy. Here, the profile of four
fingers and a thumb was simulated by curvilinear lines offsetting from the outline of the
receptacle, as shown in Fig. 7-2 (a). After adding guidelines to cover the whole region and
connect the curved lines together, a closed loop was produced. Based on this loop, a surface
that contains the information of each finger could then be created, shown as plot (b). By
copying and moving the surface to certain places, the original receptacle could be divided into
separated parts, each with accurate height and the same features of hand, shown in Fig. 7-2 (c).

(b) (©

Fig. 7-2 Stack-up design

()

The receptacle was finally cut into four parts considering the structure of the electrode
stack mentioned in Fig. 7-3. The idea is that the person under using the system can place their
impaired hand on the top layer comfortably and extend and flex their fingers freely. Between
the top layer and isolation layerl, five Rx electrodes are placed underneath four fingers and a
thumb, to track their motion. The Tx electrode and the GND electrode are placed between

isolation layerl and isolation layer2, isolation layer2 and bottom layer respectively.
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Fig. 7-3 Stack-up design in Solidworks

7.3.3 The design for assembly

The design for the assembly was added for manufacture and integration. As highlighted
in Fig. 7-4, linking columns and holes together with thread structure would be utilized to
connect the four layers together and to avoid the offset between layers. Wiring grooves and

holes would then be added as the reserved space for the electrical connection.

Wiring Hole

Linking Hole

(@)

Wiring Hole

Wiring Groove

4

Linking Hole

(b)
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Wiring Hole

Linking Hole

(©)
Fig. 7-4 Design for assembly: (a) Top layer, (b) Isolation layer1&2, (c) Bottom layer

Apart from the main parts, there are other auxiliary parts. Fig. 7-5 shows two drawer
panels (Added part 1& Added part 2) that can be inserted to the bottom part of the receptacle.
A drawer structure was used to fit the receptacle with added parts for hardware integration. The
added partl in Fig. 7-5(a) is intended to place the MGC3030 Microchip within the receptacle,
so the electrodes feeding lines can be short for less noise/interference, and be hidden in the
receptacle for better stability. Also, it helps to keep the area underneath the Rx electrodes clear
of feeding line traces to avoid crosstalk [89]. Another added part is presented in Fig. 7-5(b),
which is adjustable and flexible for periphery circuit design later on. It can also keep the

electrodes and feeding lines away from ground, analogue or digital sources of the system.

Drawer Structure

Drawer Structure

(b)
Fig. 7-5 Added parts: (a) Drawer panel, (b) Bottom added for periphery circuits
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7.3.4 3D printing

Prior to manufacture, the four main parts were cut into quarters for better 3D printing
quality. The design of assembling uses a boss and concave pit structure, which is marked with
red squares in Fig. 7-6. Here only the upper left quarter of each layer was printed as an example.

The assembling quartered model of the receptacle is shown in Fig. 7-7.

EHENE B
RAREEE

Fig. 7-6 3D prlntmg design: (a) Receptacle-Top, (b) Receptacle-lsolatlon Iayer1&2, (©
Receptacle-Bottom

.‘

Fig. 7-7 3D printing model: Quartered receptacle
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Appendix A: Detailed Settings of Comsol Simulation Model

[ HoE RN W oW & U
oW oW o Wuo U o WS N o
11 1 1 1 1wl 11 1 1 1

Fig.

50
45
40
35

25
20
15
10

10

Property Mame  Value Unit
, , , , , , . | Relative permeability mur 1 1
i Electrical conductivity sigma | 5.9%2e7... | 5'm
L Heat capacity at constant pres.. | Cp 3850/ (k.. | 1/ (keg-K)
O O O O " Relative permittivity epsilonr |1 1
H Surface emissivity epsilo.., (0.5 1
| Density rho 8700[kg... | kg/m®
i Thermal conductivity k AD0PWS L. W (me,
L Reference resistivity rhol 1.72e-8[.. | Qm
| Resistivity temperature coeffic... |alpha | 3.9e-3[1... | 1/K
Tso Ta0 = o Do~ o %o . Reference temperature Tref 273.15[K] K
(a) (b)
A-1 Basic settings of Copper in simulation model: (a) Geometry, (b) Detailed material setting
Property Marme  VYalue Unit
Relative permittivity epsilonr |1 1
Relative permeability rnur 1 1
Dynamic viscosity mu eta(T[1/... |Pas
Ratic of specific heats gamma 1.4 1
Electrical conductivity sigma | 0[5/m] 5/m
Heat capacity at constant pres...| Cp Cp(T/.. | (kgK)
Density rho rho(pA[... | kg/m®
Thermal conductivity k(T KL [ W/ e,
Speed of sound C cs(T[1/K... ' m/s
Refractive index, real part n 1 1
oo o o = ) " o o | Refractive index, imaginary part | ki 0 1
(a) (b)

Fig. A-2 Basic settings of Air in simulation model:(a) Geometry, (b) Detailed material settings

e, NN WWE B0 O
modhowowmown oo o n o

1111 1 1 1 1 k1 1 1 1 111

60

-40

T T T
-20 [¢] 20

(a)

40

60

Property MNarme  Value Unit

Relative permittivity | epsilonr |E.CI | 1

Electrical conductivity |sigma |0[S.fm] |Sf’m
(b)

Fig. A-3 Basic settings of Water in simulation model: (a) Geometry, (b) Detailed material settings



Property Mame  Value Unit

Relative permittivity epsilenr | 2.2 1
Coefficient of thermal expansi.. |alpha |7.0e-3[1... | 1/K
Heat capacity at constant pres... | Cp 14700/ (| Vi (kg K)
Density rho 528.311[... | kgfm®
Thermal conductivity k 018[WY... | W/ (m....
Electrical conductivity sigma  |(0.00005 | S/m
Young's modulus E 3.2e9[Pa] |Pa

o a0 = o S0 o o Poiszon's ratio nu 035 1

(a) (b)

Fig. A-4 Basic settings of Acrylic in simulation model: (a) Geometry, (b) Detailed material settings



Appendix B: Finger Movements Discussion
To explore different combinations of index finger (1), middle finger (M), ring finger

(R) and little finger (L), possible cases are discussed as follows:
A. One finger moves:
Cases when pick one finger from four include:

Cl=4
X1, M, R, 1}

B. Two fingers move:
Cases when pick two fingers from four include:

C2=6

Table B-1 Finger combinations when two finger moves

| M R L

| IM IR IL

M ML \ MR ML
R RI RM \ RL

L LI LM LR

{X|IM,IR,IL,MR,ML,RL}

C. Three fingers move:
Cases when pick three fingers from four:

C3=4
{X|IMR, IML, IRL, MRL}

D. Four fingers move:
Cases when pick four fingers from four:

Ci=1
{X|IMRL}

Therefore, there is one case only (Case 9: IMRL) if all four fingers move together.






Appendix C: Distance and Corresponding Voltage Values for Original
Electrodes Design

Table C-1 Case 1: Index(l) finger moves

Distance

Sensitivity-

(mm) Vi (V) V1 (V/mm) V2 (V) Vs (V) Vi (V)
0 1.92663 1.83788 1.83788 1.92663
2 2.13640 0.10489 1.87362 1.84017 1.92677
4 2.24931 0.05645 1.89447 1.84151 1.92684
6 2.32195 0.03632 1.90848 1.84241 1.92688
8 2.37217 0.02511 1.91840 1.84305 1.92691
10 2.40833 0.01808 1.92565 1.84352 1.92693
15 2.46376 0.01109 1.93682 1.84425 1.92697
20 2.49327 0.00590 1.94273 1.84464 1.92698
25 2.51061 0.00347 1.94616 1.84488 1.92699
30 2.52163 0.00220 1.94830 1.84504 1.92701
average 0.02928
Table C-2 Case 1-2: Little(L) finger moves
'(Dn':f)"ce Vi (V) Vs (V) Vs (V) Va (V) ?\?/r‘r:::;'ty Vs
0 1.92663 1.83788 1.83788 1.92663
2 1.92677 1.84017 1.87362 2.13640 0.10489
4 1.92685 1.84152 1.89447 2.24932 0.05646
6 1.92689 1.84242 1.90848 2.32196 0.03632
8 1.92692 1.84306 1.91841 2.37217 0.02511
10 1.92694 1.84352 1.92565 2.40833 0.01808
15 1.92696 1.84425 1.93682 2.46376 0.01108
20 1.92698 1.84465 1.94273 2.49327 0.00590
25 1.92699 1.84488 1.94615 2.51061 0.00347
30 1.92702 1.84504 1.94831 2.52163 0.00220
average 0.02928
Table C-3 Case 2: Middle(M) finger moves
?r:frt:)”ce Vi (V) V2 (V) f/‘jr(‘\i'/t;’:qy) Vs (V) Vs (V)
0 1.92663 1.83788 1.83788 1.92663
2 1.95838 2.01354 0.08783 1.86931 1.92865
4 1.97601 2.10229 0.04438 1.88677 1.92978
6 1.98718 2.15526 0.02649 1.89784 1.93050
8 1.99455 2.18877 0.01675 1.90515 1.93097
10 1.99949 2.21058 0.01091 1.91005 1.93128




15 2.00602 2.23859 0.00560 1.91653 1.93169
20 2.00875 2.24994 0.00227 1.91923 1.93185
25 2.01009 2.25528 0.00107 1.92051 1.93194
30 2.01086 2.25820 0.00058 1.92122 1.93199
Average 0.02176
Table C-4 Case 2-2: Ring(R) finger moves
e ALY V2 (V) V() o vy
0 1.92663 1.83788 1.83788 1.92663
2 1.92866 1.86931 2.01354 0.08783 1.95838
4 1.92978 1.88677 2.10229 0.04438 1.97601
6 1.93050 1.89784 2.15526 0.02649 1.98718
8 1.93097 1.90515 2.18877 0.01675 1.99455
10 1.93128 1.91005 2.21058 0.01091 1.99949
15 1.93169 1.91653 2.23859 0.00560 2.00602
20 1.93186 1.91923 2.24994 0.00227 2.00875
25 1.93194 1.92052 2.25528 0.00107 2.01008
30 1.93199 1.92122 2.25820 0.00058 2.01085
Average 0.02176
Table C-5 Case 3: Index & Middle(IM) fingers move
Distanc Sensitivity- Sensitivity-
cmm |V [vwem |V Vwmm | BV vel¥)
0 1.92663 1.83788 1.83788 1.92663
2 2.17922 0.12630 2.06070 0.11141 1.87305 1.92888
4 2.32854 0.07466 2.18956 0.06443 1.89456 1.93026
6 2.43225 0.05185 2.27682 0.04363 1.90951 1.93122
8 2.50909 0.03842 2.33975 0.03146 1.92041 1.93192
10 2.56814 0.02953 2.38685 0.02355 1.92860 1.93244
15 2.66794 0.01996 2.46351 0.01533 1.94188 1.93330
20 2.72834 0.01208 2.50804 0.00891 1.94954 1.93381
25 2.76744 0.00782 2.53620 0.00563 1.95439 1.93417
30 2.79404 0.00532 2.55510 0.00378 1.95767 1.93445
average 0.04066 0.03424
Table C-6 Case 3-2: Ring & Little(RL) finger moves
e N O e O b
0 1.92663 1.83788 1.83788 1.92663
2 1.92890 1.87320 2.06073 0.11143 2.17923 0.12630
4 1.93029 1.89472 2.18961 0.06444 2.32855 0.07466




6 193124 | 1.90967 | 2.27687 0.04363 2.43226 0.05185
8 1.93194 | 1.92058 | 2.33980 0.03147 2.50910 0.03842
10 193246 | 1.92877 | 2.38690 0.02355 2.56815 0.02953
15 193332 | 1.94205 | 2.46357 0.01533 2.66796 0.01996
20 1.93384 | 1.94972 | 2.50810 0.00891 2.72836 0.01208
25 1.93419 | 1.95457 | 2.53626 0.00563 2.76745 0.00782
30 1.93447 | 1.95785 | 2.55516 0.00378 2.79405 0.00532
:Verag 0.03424 0.04066
Table C-7 Case 4: Index & Ring(IR) fingers move

s [V w) v | V2 Vs (V) e V)
0 1.92663 1.83788 1.83788 1.92663
2 2.13884 | 0.10610 1.90523 2.01627 0.08920 1.95859
4 2.25347 0.05731 1.94380 2.10701 0.04537 1.97640
6 2.32733 0.03693 1.96912 2.16144 0.02722 1.98771
8 2.37843 0.02555 1.98655 2.19604 0.01730 1.99520
10 2.41521 0.01839 1.99884 2.21866 0.01131 2.00022
15 247154 | 0.01126 2.01672 2.24794 0.00586 2.00690
20 2.50153 0.00600 2.02547 2.26005 0.00242 2.00973
25 2.51923 0.00354 2.03033 2.26598 0.00119 2.01116
30 2.53059 0.00227 2.03335 2.26947 0.00070 2.01203
Z"erag 0.02971 0.02228

Table C-8 Case 4-2: Middle & Little(ML) finger moves
A I e A N bt 7
0 1.92663 1.83788 1.83788 1.92663
2 1.95860 2.01628 0.08920 1.90523 2.13885 0.10611
4 1.97641 2.10701 0.04536 1.94380 2.25347 0.05731
6 1.98772 216144 | 0.02722 1.96912 2.32733 0.03693
8 1.99520 2.19604 | 0.01730 1.98655 2.37843 0.02555
10 2.00023 2.21867 0.01131 1.99884 2.41522 0.01839
15 2.00690 224794 | 0.00586 2.01672 2.47154 0.01126
20 2.00973 2.26005 0.00242 2.02547 2.50153 0.00600
25 2.01116 2.26599 0.00119 2.03033 2.51923 0.00354
30 2.01203 2.26947 0.00070 2.03335 2.53059 0.00227
Zverag 0.02228 0.02971




Table C-9 Case 5: Index & Little(IL) fingers move

s [ vaw) v v v) Vs (v) Ve (V) v
0 1.92663 1.83788 1.83788 1.92663
2 2.13656 0.10497 1.87591 1.87591 2.13656 0.10497
4 2.24959 0.05651 1.89811 1.89811 2.24959 0.05651
6 2.32232 0.03636 1.91304 1.91304 2.32232 0.03636
8 2.37258 0.02513 1.92361 1.92361 2.37258 0.02513
10 2.40879 0.01810 1.93133 1.93133 2.40879 0.01810
15 2.46427 0.01110 1.94322 1.94322 2.46427 0.01110
20 2.49381 0.00591 1.94953 1.94953 2.49381 0.00591
25 2.51119 0.00348 1.95320 1.95320 2.51119 0.00348
30 2.52228 0.00222 1.95552 1.95552 2.52228 0.00222
Z"erag 0.02931 0.02931

Table C-10 Case 6: Middle & Ring(MR) fingers move
s [V w) Va (V) v | V2V e Ve )
0 1.92663 1.83788 1.83788 1.92663
2 1.96179 2.05534 0.10873 2.05534 0.10873 1.96179
4 1.98296 2.17872 0.06169 2.17872 0.06169 1.98296
6 1.99745 2.26048 0.04088 2.26048 0.04088 1.99744
8 2.00781 2.31790 0.02871 2.31790 0.02871 2.00781
10 2.01541 2.35956 0.02083 2.35956 0.02083 2.01541
15 2.02717 2.42337 0.01276 2.42336 0.01276 2.02716
20 2.03343 2.45681 0.00669 2.45681 0.00669 2.03342
25 2.03711 2.47598 0.00383 2.47598 0.00383 2.03711
30 2.03949 2.48787 0.00238 2.48787 0.00238 2.03948
Z"erag 0.03183 0.03183

Table C-11 Case 7: Index & Middle & Ring(IMR) fingers move
. Sensitivity Sensitivity Sensitivity
E'(S‘;a;; Vs (V) Vi Vs (V) -V, Vs (V) -V Va (V)
(V/mm) (V/mm) (V/mm)

0 1.92663 1.83788 1.83788 1.92663
2 2.18339 0.12838 2.10292 0.13252 2.05995 0.11104 1.96213
4 2.33814 0.07737 2.26768 0.08238 2.18941 0.06473 1.98386
6 2.44773 0.05480 2.38566 0.05899 2.27779 0.04419 1.99902
8 2.53058 0.04142 2.47499 0.04467 2.34202 0.03212 2.01014
10 2.59558 0.03250 2.54485 0.03493 2.39048 0.02423 2.01852




15 2.70944 0.02277 2.66583 0.02420 2.47048 0.01600 2.03229
20 2.78218 0.01455 2.74153 0.01514 2.51823 0.00955 2.04047
25 2.83170 0.00990 2.79206 0.01011 2.54946 0.00625 2.04588
30 2.86692 0.00704 2.82744 0.00708 2.57124 0.00436 2.04977
average 0.04319 0.04556 0.03472
Table C-12 Case 7-2: Middle & Ring & Little(MRL) finger moves
. Sensitivity Sensitivity Sensitivity
S'(S;anﬂj A I R (Y N YA (V) |-V Ve (V) A
(V/mm) (V/mm) (V/mm)
0 1.92663 1.83788 1.83788 1.92663
2 1.96213 2.05995 0.11104 2.10293 0.13252 2.18339 0.12838
4 1.98386 2.18941 0.06473 2.26768 0.08238 2.33814 0.07737
6 1.99902 2.27779 0.04419 2.38566 0.05899 2.44773 0.05480
8 2.01014 2.34202 0.03212 2.47499 0.04467 2.53058 0.04142
10 2.01853 2.39048 0.02423 2.54485 0.03493 2.59558 0.03250
15 2.03229 2.47048 0.01600 2.66583 0.02420 2.70944 0.02277
20 2.04047 2.51823 0.00955 2.74153 0.01514 2.78218 0.01455
25 2.04589 2.54946 0.00625 2.79206 0.01011 2.83170 0.00990
30 2.04977 2.57124 0.00436 2.82744 0.00708 2.86692 0.00704
average 0.03472 0.04556 0.04319

Table C-13 Case 8:

Index & Middle & Little(IML)/Index & Ring & Little(IRL) fingers move

Distanc Sensitivity Sensitivity Sensitivity
e (mm) Vi (V) -V1 Vs (V) VA Vs (V) Vs (V) -V,
(V/mm) (V/mm) (V/mm)
0 1.92663 1.83788 1.83788 1.92663
2 2.17947 0.12642 2.06344 0.11278 1.90898 2.13912 0.10624
4 2.32907 0.07480 2.19432 0.06544 1.95162 2.25410 0.05749
6 2.43304 0.05198 2.28309 0.04439 1.98085 2.32834 0.03712
8 2.51012 0.03854 2.34717 0.03204 2.00191 2.37980 0.02573
10 2.56936 0.02962 2.39512 0.02398 2.01752 2.41692 0.01856
15 2.66955 0.02004 2.47319 0.01561 2.04228 2.47399 0.01141
20 2.73023 0.01214 2.51858 0.00908 2.05607 2.50461 0.00612
25 2.76962 0.00788 2.54743 0.00577 2.06458 2.52291 0.00366
30 2.79660 0.00540 2.56704 0.00392 2.07029 2.53491 0.00240
average 0.04076 0.03478 0.02986
Table C-14 Case 8-2: Index & Ring & Little(IRL) finger moves
. Sensitivity Sensitivity Sensitivity
il AV Y V) v |- Vev) |-V
(V/mm) (V/mm) (V/mm)




0 1.92663 1.83788 1.83788 1.92663
2 2.13913 0.10625 1.90913 2.06348 0.11280 2.17948 0.12643
4 2.25412 0.05749 1.95178 2.19437 0.06544 2.32908 0.07480
6 2.32836 0.03712 1.98102 2.28314 0.04439 2.43305 0.05198
8 2.37982 0.02573 2.00209 2.34722 0.03204 2.51012 0.03854
10 2.41695 0.01857 2.01771 2.39519 0.02398 2.56938 0.02963
15 2.47402 0.01141 2.04246 2.47325 0.01561 2.66956 0.02004
20 2.50464 0.00612 2.05626 2.51864 0.00908 2.73024 0.01214
25 2.52295 0.00366 2.06478 2.54750 0.00577 2.76964 0.00788
30 2.53494 0.00240 2.07048 2.56711 0.00392 2.79661 0.00540
average 0.02986 0.03478 0.04076
Table C-15 Case 9: Index & Middle & Ring & Little(IMRL) fingers move
Dista Sensitivi Sensitivi Sensitivit Sensitivit
nce | Vi(V) ty-Va V2 (V) ty-Vs Vs (V) y- Vs Vs (V) y- Vs
(mm) (V/mm) (V/mm) (V/mm) (V/mm)
0 1.92663 1.83788 1.83788 1.92663
2 2.18383 | 0.12860 | 2.10757 | 0.13484 | 2.10757 0.13484 2.18382 0.12860
4 2.33940 | 0.07779 | 2.27849 | 0.08546 | 2.27849 0.08546 2.33940 0.07779
6 2.45012 | 0.05536 | 2.40329 | 0.06240 | 2.40329 0.06240 2.45012 0.05536
8 2.53431 | 0.04209 | 2.49972 | 0.04821 | 2.49972 0.04821 2.53431 0.04209
10 2.60083 | 0.03326 | 2.57675 | 0.03852 | 2.57675 0.03852 2.60083 0.03326
15 2.71906 | 0.02365 | 2.71530 | 0.02771 | 2.71530 0.02771 2.71906 0.02365
20 2.79670 | 0.01553 | 2.80725 | 0.01839 | 2.80725 0.01839 2.79670 0.01553
25 2.85136 | 0.01093 | 2.87220 | 0.01299 | 2.87220 0.01299 2.85136 0.01093
30 2.89172 | 0.00807 | 2.92009 | 0.00958 | 2.92009 0.00958 2.89172 0.00807
Zzera 0.04392 0.04868 0.04868 0.04392
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Appendix D: Distance and Corresponding Voltage Values for Modified

Electrodes Design
Table D-1 Case 1: Index(l) finger moves

il ALY v V2 Va (V) Va (V)

0 1.67836 1.36984 1.36981 1.67834
2 1.83532 0.07848 1.38515 1.37032 1.67835
4 1.91827 0.04147 1.39427 1.37064 1.67835
6 1.97132 0.02653 1.40049 1.37085 1.67835
8 2.00800 0.01834 1.40499 1.37097 1.67833
10 2.03446 0.01323 1.40831 1.37110 1.67832
15 2.07550 0.00821 1.41357 1.37126 1.67831
20 2.09773 0.00444 1.41642 1.37136 1.67830
25 2.11101 0.00266 1.41811 1.37143 1.67830
30 2.11954 0.00171 1.41917 1.37148 1.67831
average 0.02167

Table D-2 Case 1-2: Little(L) finger moves

'(Dn':f)"ce Vi (V) Vs (V) Vs (V) Ve (V) ?\?/r‘r:::;'ty Va

0 1.67836 1.36984 1.36981 1.67834

2 1.67836 1.37034 1.38511 1.83530 0.07848

4 1.67838 1.37066 1.39423 1.91826 0.04148

6 1.67836 1.37085 1.40046 1.97129 0.02652

8 1.67836 1.37100 1.40494 2.00795 0.01833

10 1.67835 1.37112 1.40827 2.03445 0.01325

15 1.67834 1.37130 1.41353 2.07548 0.00821

20 1.67833 1.37140 1.41638 2.09771 0.00444

25 1.67833 1.37148 1.41808 2.11096 0.00265

30 1.67835 1.37153 1.41916 2.11949 0.00171

average 0.02167
Table D-3 Case 2: Middle(M) finger moves

?r:frt:)”ce Vi (V) V2 (V) f/‘jr(‘\i'/t;’:qy) Vs (V) Va (V)

0 1.67836 1.36984 1.36981 1.67834

2 1.68901 1.45823 0.04419 1.37991 1.67867

4 1.69482 1.50045 0.02111 1.38547 1.67886

6 1.69849 1.52482 0.01219 1.38897 1.67900

8 1.70089 1.53993 0.00755 1.39127 1.67905

10 1.70250 1.54967 0.00487 1.39283 1.67909
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15 1.70463 1.56206 0.00248 1.39489 1.67915
20 1.70553 1.56714 0.00102 1.39577 1.67916
25 1.70599 1.56963 0.00050 1.39619 1.67914
30 1.70627 1.57106 0.00029 1.39644 1.67914
Average 0.01047
Table D-4 Case 2-2: Ring(R) finger moves
oo [va v v (V) V() ot v
0 1.67836 1.36984 1.36981 1.67834
2 1.67869 1.37996 1.45821 0.04420 1.68900
4 1.67889 1.38549 1.50041 0.02110 1.69479
6 1.67901 1.38901 1.52479 0.01219 1.69845
8 1.67908 1.39131 1.53989 0.00755 1.70086
10 1.67913 1.39287 1.54963 0.00487 1.70249
15 1.67917 1.39491 1.56199 0.00247 1.70460
20 1.67918 1.39579 1.56707 0.00102 1.70549
25 1.67918 1.39625 1.56957 0.00050 1.70595
30 1.67918 1.39650 1.57100 0.00029 1.70623
Average 0.01046
Table D-5 Case 3: Index & Middle(IM) fingers move
A v V2 v VAV Va (V)
0 1.67836 1.36984 1.36981 1.67834
2 1.85017 0.08591 1.47835 0.05425 1.38082 1.67871
4 1.94610 0.04796 1.53766 0.02966 1.38735 1.67892
6 2.01053 0.03221 1.57671 0.01953 1.39187 1.67906
8 2.05726 0.02337 1.60451 0.01390 1.39517 1.67918
10 2.09272 0.01773 1.62528 0.01038 1.39765 1.67925
15 2.15206 0.01187 1.65938 0.00682 1.40174 1.67937
20 2.18786 0.00716 1.67970 0.00406 1.40419 1.67945
25 2.21113 0.00466 1.69291 0.00264 1.40581 1.67951
30 2.22709 0.00319 1.70199 0.00182 1.40694 1.67958
average 0.02601 0.01590
Table D-6 Case 3-2: Ring & Little(RL) finger moves
X N O b e
0 1.67836 1.36984 1.36981 1.67834
2 1.67872 1.38090 1.47832 0.05426 1.85014 0.08590
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4 1.67895 1.38747 1.53764 0.02966 1.94607 0.04797
6 1.67909 1.39199 1.57667 0.01951 2.01047 0.03220
8 1.67919 1.39527 1.60450 0.01391 2.05723 0.02338
10 1.67926 1.39776 1.62526 0.01038 2.09267 0.01772
15 1.67939 1.40186 1.65938 0.00683 2.15202 0.01187
20 1.67947 1.40432 1.67971 0.00406 2.18782 0.00716
25 1.67953 1.40593 1.69291 0.00264 2.21109 0.00465
30 1.67960 1.40706 1.70199 0.00182 2.22705 0.00319
average 0.01590 0.02600
Table D-7 Case 4: Index & Ring (IR) fingers move

s v vy | V) Vs (V) v V)
0 1.67836 1.36984 1.36981 1.67834
2 1.83572 0.07868 1.39527 1.45879 0.04449 1.68899
4 1.91901 0.04164 1.40999 1.50147 0.02134 1.69483
6 1.97221 0.02660 1.41973 1.52618 0.01236 1.69850
8 2.00906 0.01843 1.42659 1.54159 0.00770 1.70095
10 2.03568 0.01331 1.43149 1.55145 0.00493 1.70254
15 2.07685 0.00823 1.43884 1.56415 0.00254 1.70468
20 2.09916 0.00446 1.44260 1.56944 0.00106 1.70559
25 2.11249 0.00267 1.44476 1.57215 0.00054 1.70610
30 2.12111 0.00172 1.44614 1.57384 0.00034 1.70643
average 0.02175 0.01059

Table D-8 Case 4-2: Middle & Little(ML) finger moves
oy |V v) Va (V) v | V2V Va (V) v
0 1.67836 1.36984 1.36981 1.67834
2 1.68903 1.45885 0.04450 1.39527 1.83575 0.07870
4 1.69486 1.50152 0.02133 1.40997 1.91899 0.04162
6 1.69854 1.52622 0.01235 1.41969 1.97221 0.02661
8 1.70096 1.54160 0.00769 1.42656 2.00905 0.01842
10 1.70258 1.55153 0.00496 1.43148 2.03567 0.01331
15 1.70471 1.56418 0.00253 1.43882 2.07681 0.00823
20 1.70562 1.56947 0.00106 1.44257 2.09911 0.00446
25 1.70611 1.57219 0.00054 1.44475 2.11245 0.00267
30 1.70644 1.57388 0.00034 1.44612 2.12107 0.00172
average 0.01059 0.02175
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Table D-9 Case 5: Index & Little(IL) fingers move

s [ vaw) A ALY Vs (V) Va (V) v
0 1.67836 1.36984 1.36981 1.67834
2 1.83534 0.07849 1.38565 1.38564 1.83532 0.07849
4 1.91831 0.04149 1.39509 1.39504 1.91827 0.04147
6 1.97134 0.02651 1.40151 1.40149 1.97133 0.02653
8 2.00800 0.01833 1.40616 1.40614 2.00796 0.01832
10 2.03450 0.01325 1.40963 1.40958 2.03446 0.01325
15 2.07548 0.00820 1.41504 1.41502 2.07550 0.00821
20 2.09769 0.00444 1.41799 1.41797 2.09771 0.00444
25 2.11098 0.00266 1.41974 1.41969 2.11095 0.00265
30 2.11954 0.00171 1.42086 1.42081 2.11951 0.00171
average 0.02168 0.02167

Table D-10 Case 6: Middle & Ring(MR) fingers move
s v Va (V) A ALY vy V)
0 1.67836 1.36984 1.36981 1.67834
2 1.68966 1.47177 0.05096 1.47172 0.05095 1.68963
4 1.69617 1.52510 0.02666 1.52508 0.02668 1.69616
6 1.70049 1.55872 0.01681 1.55870 0.01681 1.70048
8 1.70354 1.58155 0.01141 1.58154 0.01142 1.70354
10 1.70574 1.59776 0.00810 1.59774 0.00810 1.70574
15 1.70910 1.62210 0.00487 1.62206 0.00486 1.70908
20 1.71087 1.63474 0.00253 1.63470 0.00253 1.71085
25 1.71194 1.64206 0.00146 1.64203 0.00146 1.71193
30 1.71268 1.64672 0.00093 1.64669 0.00093 1.71266
average 0.01375 0.01375

Table D-11 Case 7: Index & Middle & Ring(IMR) fingers move
. Sensitivity Sensitivity Sensitivity
Z'(S‘;ax Vi (V) Vi Vs (V) V, Vs (V) Vs Va (V)
(V/mm) (V/mm) (V/mm)

0 1.67836 1.36984 1.36981 1.67834
2 1.85098 0.08631 1.49197 0.06106 1.47284 0.05151 1.68964
4 1.94802 0.04852 1.56263 0.03533 1.52772 0.02744 1.69624
6 2.01368 0.03283 1.61129 0.02433 1.56312 0.01770 1.70070
8 2.06180 0.02406 1.64732 0.01802 1.58781 0.01234 1.70386
10 2.09868 0.01844 1.67522 0.01395 1.60597 0.00908 1.70620
15 2.16165 0.01259 1.72335 0.00963 1.63529 0.00587 1.70997
20 2.20097 0.00786 1.75372 0.00607 1.65273 0.00349 1.71220
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25 2.22746 0.00530 1.77430 0.00412 1.66436 0.00233 1.71373
30 2.24622 0.00375 1.78895 0.00293 1.67270 0.00167 1.71489
average 0.02663 0.01949 0.01460
Table D-12 Case 7-2: Middle & Ring & Little(MRL) finger moves
. Sensitivity Sensitivity Sensitivity
S'(S;ar:; Vi (V) Vs (V) YA Vs (V) Vs Va (V) Vs
(V/mm) (V/mm) (V/mm)
0 1.67836 1.36984 1.36981 1.67834
2 1.68968 1.47288 0.05152 1.49192 0.06105 1.85095 0.08630
4 1.69627 1.52775 0.02743 1.56257 0.03533 1.94798 0.04851
6 1.70073 1.56316 0.01771 1.61126 0.02434 2.01369 0.03286
8 1.70388 1.58785 0.01235 1.64729 0.01801 2.06177 0.02404
10 1.70623 1.60605 0.00910 1.67521 0.01396 2.09863 0.01843
15 1.71000 1.63537 0.00586 1.72334 0.00963 2.16161 0.01260
20 1.71223 1.65281 0.00349 1.75371 0.00607 2.20093 0.00786
25 1.71376 1.66443 0.00233 1.77430 0.00412 2.22741 0.00530
30 1.71492 1.67278 0.00167 1.78895 0.00293 2.24618 0.00375
average 0.01461 0.01949 0.02663

Table D-13 Case 8:

Index & Middle & Little(IML)/Index & Ring & Little(IRL) fingers move

Distanc Sensitivity Sensitivity Sensitivity

e (mm) Vi (V) -V Vs (V) -V, Vs (V) Vs (V) -Vs
(V/mm) (V/mm) (V/mm)

0 1.67836 1.36984 1.36981 1.67834

2 1.85021 | 0.08593 1.47898 | 0.05457 1.39615 1.83577 0.07871

4 1.94616 | 0.04797 1.53875 | 0.02989 1.41186 1.91905 0.04164

6 2.01059 | 0.03221 1.57812 | 0.01968 1.42263 1.97234 0.02665

8 2.05738 | 0.02340 1.60622 | 0.01405 1.43047 2.00921 0.01844

10 2.09287 | 0.01775 1.62718 | 0.01048 1.43631 2.03588 0.01333

15 2.15226 | 0.01188 1.66160 | 0.00688 1.44570 2.07718 0.00826

20 2.18811 | 0.00717 1.68215 | 0.00411 1.45105 2.09963 0.00449

25 2.21147 | 0.00467 1.69557 | 0.00268 1.45438 2.11314 0.00270

30 2.22759 | 0.00322 1.70496 | 0.00188 1.45667 2.12202 0.00178

average 0.02602 0.01602 0.02178

Table D-14 Case 8-2: Index & Ring & Little(IRL) finger moves
. Sensitivity Sensitivity Sensitivity

S'(S;agf Vi(V)  [-Vi Va(V) | Va(v) -Vs Va (V) Vs
(V/mm) (V/mm) (V/mm)

0 1.67836 1.36984 | 1.36981 1.67834

2 1.83579 | 0.07872 1.39625 | 1.47891 0.05455 1.85018 0.08592
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4 1.91905 0.04163 1.41195 1.53870 0.02989 1.94611 0.04797
6 1.97239 0.02667 1.42277 1.57809 0.01970 2.01058 0.03223
8 2.00925 0.01843 1.43057 1.60619 0.01405 2.05737 0.02340
10 2.03591 0.01333 1.43642 1.62716 0.01048 2.09287 0.01775
15 2.07722 0.00826 1.44581 1.66155 0.00688 2.15221 0.01187
20 2.09967 0.00449 1.45116 1.68210 0.00411 2.18807 0.00717
25 2.11319 0.00270 1.45451 1.69559 0.00270 2.21147 0.00468
30 2.12206 0.00178 1.45679 1.70497 0.00188 2.22759 0.00322
average 0.02178 0.01603 0.02602
Table D-15 Case 9: Index & Middle & Ring & Little(IMRL) fingers move
Dista Sensitivi Sensitivit Sensitivit Sensitivit
nce V1 (V) ty- Vi1 V., (V) y-V, Vs (V) y- V3 V4 (V) y- Vs
(mm) (V/mm) (V/mm) (V/mm) (V/mm)
0 1.67836 1.36984 1.36981 1.67834
2 1.85103 | 0.08634 | 1.49308 0.06162 1.49307 | 0.06163 1.85102 0.08634
4 1.94819 | 0.04858 | 1.56530 0.03611 1.56524 | 0.03609 1.94815 0.04857
6 2.01408 | 0.03295 | 1.61574 0.02522 1.61571 | 0.02524 2.01404 | 0.03294
8 2.06244 | 0.02418 | 1.65371 0.01899 1.65366 | 0.01897 2.06238 | 0.02417
10 2.09962 | 0.01859 | 1.68363 0.01496 1.68357 | 0.01496 2.09955 0.01859
15 2.16359 | 0.01279 | 1.73701 0.01068 1.73695 | 0.01068 2.16352 0.01279
20 2.20425 | 0.00813 | 1.77258 0.00712 1.77252 | 0.00712 2.20418 | 0.00813
25 2.23232 | 0.00561 | 1.79803 0.00509 1.79797 | 0.00509 2.23225 0.00561
30 2.25283 | 0.00410 | 1.81706 0.00380 1.81699 | 0.00380 2.25276 | 0.00410
:‘g’:r 0.02681 0.02040 0.02040 0.02681
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Appendix E: Comparison of Two Electrode Designs within Each Case

Table E-1 Comparison within casel

Sensitivity- Vi
Distance - -
(mm) Without gnd With gnd Percentage
(V/mm) (V/mm)
0
2 0.10489 0.07848 | 74.824%
4 0.05646 0.04147 | 73.462%
6 0.03632 0.02653 | 73.037%
8 0.02511 0.01834 | 73.032%
10 0.01808 0.01323 | 73.178%
15 0.01109 0.00821 | 74.039%
20 0.00590 0.00444 | 75.297%
25 0.00347 0.00266 | 76.615%
30 0.00220 0.00171 | 77.394%
average 0.02928 0.02167 | 74.542%

Table E-2 Comparison within case 1-2

) Sensitivity- Vs
Distance - -
(mm) Without gnd | With gnd Percentage
(V/mm) (V/mm)
0
2 0.10489 0.07848 74.827%
4 0.05646 0.04148 73.461%
6 0.03632 0.02652 73.009%
8 0.02511 0.01833 73.000%
10 0.01808 0.01325 73.298%
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15 0.01109 0.00821 74.028%
20 0.00590 0.00445 75.288%
25 0.00347 0.00265 76.464%
30 0.00220 0.00171 77.405%
average | 0.02928 0.02167 74.531%
Table E-3 Comparison within case 2

) Sensitivity- V»

Distance Without gnd | With gnd
| u |

mm
(mm) (V/mm) (v/mm) Percentage
0
2 0.08783 0.04419 50.313%
4 0.04438 0.02111 47.573%
6 0.02649 0.01219 46.013%
8 0.01675 0.00755 45.093%
10 0.01091 0.00487 44.669%
15 0.00560 0.00248 44.224%
20 0.00227 0.00102 44.782%
25 0.00107 0.00050 46.629%
30 0.00058 0.00029 48.885%
average | 0.02176 0.01047 46.465%

Table E-4 Comparison within case 2-2

) Sensitivity- V3

Distance Without gnd | With gnd
ithou

mm
( ) (V/mm) (V/mm) Percentage
0
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2 0.08783 0.04420 50.325%
4 0.04438 0.02110 47.544%
6 0.02649 0.01219 46.024%
8 0.01675 0.00755 45.087%
10 0.01091 0.00487 44.632%
15 0.00560 0.00247 44.135%
20 0.00227 0.00102 44.782%
25 0.00107 0.00050 46.816%
30 0.00058 0.00029 48.885%
average | 0.02176 0.01046 46.470%

Table E-5 Comparison within case 3

Sensitivity- Vi

Sensitivity- V,

Distance

Without gnd | With gnd Without gnd | With gnd
(mm) (V/mm) & (V/mri) Percentage (v/mm) & (V/mri) Percentage
0
2 0.12630 0.08591 68.019% 0.11141 0.05425 48.696%
4 0.07466 0.04796 64.242% 0.06443 0.02966 46.028%
6 0.05185 0.03222 62.126% 0.04363 0.01953 44.756%
8 0.03842 0.02337 60.822% 0.03146 0.01390 44.182%
10 0.02953 0.01773 60.054% 0.02355 0.01038 44.083%
15 0.01996 0.01187 59.449% 0.01533 0.00682 44.486%
20 0.01208 0.00716 59.272% 0.00891 0.00407 45.643%
25 0.00782 0.00466 59.534% 0.00563 0.00264 46.919%
30 0.00532 0.00319 59.981% 0.00378 0.00182 48.042%
average 0.04066 0.02601 61.500% 0.03424 0.01590 45.871%
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Table E-6 Comparison within case 3-2

Distance

Sensitivity- Vs

Sensitivity- Va

(mm) Without gnd | With gnd Percentage Without gnd | With gnd Percentage
(V/mm) (V/mm) (V/mm) (V/mm)
0
2 0.11143 0.05426 | 48.691% 0.12630 0.08590 68.011%
4 0.06444 0.02966 | 46.031% 0.07466 0.04797 64.249%
6 0.04363 0.01951 | 44.726% 0.05185 0.03220 62.091%
8 0.03147 0.01391 | 44.219%% 0.03842 0.02338 60.854%
10 0.02355 0.01038 | 44.064% 0.02953 0.01773 60.032%
15 0.01533 0.00683 | 44.509% 0.01996 0.01187 59.461%
20 0.00891 0.00407 | 45.638% 0.01208 0.00716 59.272%
25 0.00563 0.00264 | 46.909% 0.00782 0.00466 59.534%
30 0.00378 0.00182 | 48.042% 0.00532 0.00319 59.970%
average 0.03424 0.01590 | 45.870% 0.04066 0.02600 61.497%
Table E-7 Comparison within case 4
) Sensitivity- V1 Sensitivity- Vs
?nlqs:)nce Without gnd | With gnd Percentage Without gnd | With gnd Percentage
(V/mm) (V/mm) (V/mm) (V/mm)
0
2 0.10610 0.07868 | 74.155% 0.08920 0.04449 49.877%
4 0.05731 0.04164 | 72.659% 0.04537 0.02134 47.043%
6 0.03694 0.02660 | 72.021% 0.02722 0.01236 45.393%
8 0.02555 0.01843 | 72.132% 0.01730 0.00770 44.540%
10 0.01839 0.01331 | 72.354% 0.01131 0.00493 43.578%
15 0.01127 0.00823 | 73.094% 0.00586 0.00254 43.374%
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20 0.00600 0.00446 | 74.358% 0.00242 0.00106 43.701%
25 0.00354 0.00267 | 75.339% 0.00119 0.00054 45.746%
30 0.00227 0.00172 | 75.880% 0.00070 0.00034 48.494%
average 0.02971 0.02175 | 73.555% 0.02228 0.01059 45.749%
Table E-8 Comparison within case 4-2
) Sensitivity- V, Sensitivity- Vi
?r:r:a)nce Without gnd With gnd Percentage Without gnd | With gnd Percentage
(V/mm) (V/mm) (V/mm) (V/mm)
0
2 0.08920 0.04450 49.892% 0.10611 0.07870 74.172%
4 0.04537 0.02133 47.025% 0.05731 0.04162 72.620%
6 0.02722 0.01235 45.380% 0.03693 0.02661 72.055%
8 0.01730 0.00769 44.464% 0.02555 0.01842 72.093%
10 0.01132 0.00496 43.853% 0.01840 0.01331 72.367%
15 0.00586 0.00253 43.211% 0.01126 0.00823 73.047%
20 0.00242 0.00106 43.701% 0.00600 0.00446 74.358%
25 0.00119 0.00055 45.914% 0.00354 0.00267 75.374%
30 0.00070 0.00034 48.494% 0.00227 0.00172 75.880%
average 0.02228 0.01059 45.770% 0.02971 0.02175 73.552%
Table E-9 Comparison within case 5
. Sensitivity- V1 Sensitivity- Va
(Dr:fr‘f)nce Without gnd With gnd Percentage Without gnd | With gnd Percentage
(V/mm) (V/mm) (V/mm) (V/mm)
0
2 0.10497 0.07849 74.774% 0.10497 0.07849 74.777%
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0.05652 0.04149 73.412% 0.05651 0.04147 73.382%
6 0.03636 0.02651 72.912% 0.03636 0.02653 72.959%
8 0.02513 0.01833 72.928% 0.02513 0.01832 72.887%
10 0.01810 0.01325 73.218% 0.01810 0.01325 73.191%
15 0.01110 0.00820 73.855% 0.01110 0.00821 73.964%
20 0.00591 0.00444 75.173% 0.00591 0.00444 75.173%
25 0.00348 0.00266 76.438% 0.00348 0.00265 76.180%
30 0.00222 0.00171 77.197% 0.00222 0.00171 77.187%
average | 0.02931 0.02168 74.434% 0.02931 0.02167 74.411%

Table E-10 Comparison within case 6
) Sensitivity- V, Sensitivity- Vs

Distance - - - -
(mm) Without gnd | With gnd Percentage Without gnd With gnd Percentage

(V/mm) (V/mm) (V/mm) (V/mm)
0
2 0.10873 0.05097 46.874% 0.10873 0.05095 46.863%
4 0.06169 0.02667 43.222% 0.06169 0.02668 43.245%
6 0.04088 0.01681 41.123% 0.04088 0.01681 41.124%
8 0.02871 0.01142 39.757% 0.02871 0.01142 39.771%
10 0.02083 0.00810 38.907% 0.02083 0.00810 38.907%
15 0.01276 0.00487 38.147% 0.01276 0.00486 38.116%
20 0.00669 0.00253 37.799% 0.00669 0.00253 37.799%
25 0.00384 0.00146 38.149% 0.00384 0.00147 38.201%
30 0.00238 0.00093 39.235% 0.00238 0.00093 39.235%
average | 0.03183 0.01375 40.357% 0.03183 0.01375 40.362%
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Table E-11 Comparison within case 7

. Sensitivity- V1 Sensitivity- V, Sensitivity- Vs
I()r:rt:)nce Without gnd | With gnd Percentage Without gnd | With gnd Percentage Without gnd | With gnd Percentage
(V/mm) (V/mm) (V/mm) (V/mm) (V/mm) (V/mm)
0
2 0.12838 0.08631 67.228% 0.13252 0.06106 46.077% 0.11104 0.05152 46.395%
4 0.07737 0.04852 62.709% 0.08238 0.03533 42.891% 0.06473 0.02744 42.389%
6 0.05480 0.03283 59.912% 0.05899 0.02433 41.242% 0.04419 0.01770 40.059%
8 0.04142 0.02406 58.085% 0.04467 0.01802 40.332% 0.03212 0.01235 38.436%
10 0.03250 0.01844 56.739% 0.03493 0.01395 39.930% 0.02423 0.00908 37.475%
15 0.02277 0.01259 55.305% 0.02420 0.00963 39.783% 0.01600 0.00587 36.654%
20 0.01455 0.00787 54.066% 0.01514 0.00607 40.124% 0.00955 0.00349 36.517%
25 0.00990 0.00530 53.489% 0.01011 0.00412 40.738% 0.00625 0.00233 37.224%
30 0.00705 0.00375 53.272% 0.00708 0.00293 41.408% 0.00436 0.00167 38.283%
average 0.04319 0.02663 57.867% 0.04556 0.01949 41.392% 0.03472 0.01460 39.270%
Table E-12 Comparison within case 7-2
. Sensitivity- V, Sensitivity- Vs Sensitivity- Va
Distance . . . . . .
(mm) Without gnd | With gnd Percentage Without gnd | With gnd Percentage Without gnd | With gnd Percentage
(V/mm) (V/mm) (V/mm) (V/mm) (V/mm) (V/mm)
0
2 0.11104 0.05152 46.398% 0.13252 0.06106 46.072% 0.12838 0.08630 67.224%
4 0.06473 0.02744 42.386% 0.08238 0.03533 42.884% 0.07737 0.04851 62.701%
6 0.04419 0.01771 40.066% 0.05899 0.02434 41.268% 0.05480 0.03286 59.964%
8 0.03212 0.01235 38.435% 0.04467 0.01801 40.326% 0.04142 0.02404 58.026%
10 0.02423 0.00910 37.559% 0.03493 0.01396 39.969% 0.03250 0.01843 56.713%
15 0.01600 0.00586 36.648% 0.02420 0.00963 39.783% 0.02277 0.01260 55.309%
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20 0.00955 0.00349 36.513% 0.01514 0.00607 40.122% 0.01455 0.00787 54.062%
25 0.00625 0.00233 37.218% 0.01011 0.00412 40.734% 0.00990 0.00530 53.479%
30 0.00436 0.00167 38.315% 0.00708 0.00293 41.408% 0.00704 0.00375 53.279%
average 0.03472 0.01461 39.282% 0.04556 0.01949 41.396% 0.04319 0.02663 57.862%
Table E-13 Comparison within case 8
Dist Sensitivity- V1 Sensitivity- V» Sensitivity- Vs
istance
(mm) Without gnd | With gnd Percentage Without gnd | With gnd Percentage Without gnd | With gnd Percentage
(V/mm) (V/mm) & (V/mm) (V/mm) & (V/mm) (V/mm) &
0
2 0.12642 0.08593 67.968% 0.11278 0.05457 48.382% 0.10625 0.07871 74.087%
4 0.07480 0.04797 64.135% 0.06544 0.02989 45.669% 0.05749 0.04164 72.426%
6 0.05198 0.03222 61.971% 0.04439 0.01968 44.348% 0.03712 0.02665 71.787%
8 0.03854 0.02340 60.710% 0.03204 0.01405 43.868% 0.02573 0.01844 71.660%
10 0.02962 0.01775 59.901% 0.02398 0.01048 43.701% 0.01856 0.01333 71.817%
15 0.02004 0.01188 59.275% 0.01561 0.00688 44.091% 0.01142 0.00826 72.370%
20 0.01214 0.00717 59.089% 0.00908 0.00411 45.268% 0.00612 0.00449 73.318%
25 0.00788 0.00467 59.292% 0.00577 0.00268 46.500% 0.00366 0.00270 73.825%
30 0.00540 0.00322 59.748% 0.00392 0.00188 47.884% 0.00240 0.00178 74.000%
average 0.04076 0.02602 61.343% 0.03478 0.01602 45.523% 0.02986 0.02178 72.810%
Table E-14 Comparison within case 8-2
Dist Sensitivity- V1 Sensitivity- Vs Sensitivity- Va
istance
(mm) Without gnd | With gnd Percentage Without gnd | With gnd Percentage Without gnd | With gnd Percentage
(V/mm) (V/mm) & (V/mm) (V/mm) & (V/mm) (V/mm) &
0
2 0.10625 0.07872 74.085% 0.11280 0.05455 48.360% 0.12643 0.08592 67.960%
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0.05750 0.04163 72.403% 0.06544 0.02989 45.679% 0.07480 0.04797 64.127%
6 0.03712 0.02667 71.851% 0.04439 0.01970 44.373% 0.05199 0.03223 62.006%
8 0.02573 0.01843 71.631% 0.03204 0.01405 43.857% 0.03854 0.02340 60.709%
10 0.01857 0.01333 71.802% 0.02398 0.01048 43.704% 0.02963 0.01775 59.899%
15 0.01141 0.00826 72.367% 0.01561 0.00688 44.069% 0.02004 0.01187 59.243%
20 0.00612 0.00449 73.318% 0.00908 0.00411 45.263% 0.01214 0.00717 59.084%
25 0.00366 0.00270 73.860% 0.00577 0.00270 46.726% 0.00788 0.00468 59.411%
30 0.00240 0.00178 74.031% 0.00392 0.00188 47.858% 0.00540 0.00322 59.729%
average 0.02986 0.02178 72.816% 0.03478 0.01603 45.543% 0.04076 0.02602 61.352%
Table E-15 Comparison within case 9

Sensitivity- V1 Sensitivity- V, Sensitivity- Vs Sensitivity- Va
Distance i i i i

Without With gnd Without With gnd Without With gnd Without With gnd
(mm) gnd Percentage gnd Percentage gnd Percentage gnd Percentage

(V/mm) (V/mm) (V/mm) (V/mm)

(V/mm) (V/mm) (V/mm) (V/mm)
0
2 0.12860 0.08634 | 67.135% 0.13484 0.06162 | 45.697% 0.13484 0.06163 | 45.703% 0.12860 0.08634 | 67.140%
4 0.07779 0.04858 | 62.448% 0.08546 0.03611 | 42.253% 0.08546 0.03609 | 42.227% 0.07779 0.04857 | 62.433%
6 0.05536 0.03295 | 59.513% 0.06240 0.02522 | 40.415% 0.06240 0.02524 | 40.444% 0.05536 0.03294 | 59.509%
8 0.04209 0.02418 | 57.444% 0.04821 0.01899 | 39.383% 0.04822 0.01897 | 39.351% 0.04209 0.02417 | 57.416%
10 0.03326 0.01859 | 55.895% 0.03852 0.01496 | 38.830% 0.03852 0.01496 | 38.830% 0.03326 0.01859 | 55.892%
15 0.02365 0.01280 | 54.111% 0.02771 0.01068 | 38.526% 0.02771 0.01068 | 38.523% 0.02365 0.01279 | 54.106%
20 0.01553 0.00813 | 52.360% 0.01839 0.00712 | 38.694% 0.01839 0.00712 | 38.694% 0.01553 0.00813 | 52.360%
25 0.01093 0.00561 | 51.354% 0.01299 0.00509 | 39.181% 0.01299 0.00509 | 39.181% 0.01093 0.00561 | 51.354%
30 0.00807 0.00410 | 50.824% 0.00958 0.00381 | 39.731% 0.00958 0.00380 | 39.720% 0.00807 0.00410 | 50.824%
average 0.04392 0.02681 | 56.787% 0.04868 0.02040 | 40.301% 0.04868 0.02040 | 40.297% 0.04392 0.02681 | 56.781%
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Appendix F: Variation of Voltage Signal due to the Neighbouring Fingers

Table F-1 Variation of Vi due to the movement of middle finger in original electrode design

D-middle (mm) Variation of V;

Vi (V) 0 2 4 6 8 10 15 20 25 30 A (V) average (V)

0 | 1.92663 | 1.95838 | 1.97601 | 1.98718 | 1.99455 | 1.99949 | 2.00602 | 2.00875 | 2.01009 | 2.01086 | 0.08423 1.98780

2 | 2.13640 | 2.17922 | 2.20363 | 2.21941 | 2.22997 | 2.23711 | 2.24655 | 2.25041 | 2.25222 | 2.25323 | 0.11682 2.22082

4 | 2.24931 | 2.29939 | 2.32854 | 2.34777 | 2.36085 | 2.36980 | 2.38170 | 2.38650 | 2.38867 | 2.38983 | 0.14052 2.35024

6 | 2.32195 | 2.37729 | 2.41014 | 2.43225 | 2.44759 | 2.45824 | 2.47263 | 2.47843 | 2.48095 | 2.48225 | 0.16030 2.43617

D-index | 8 | 2.37217 | 2.43140 | 2.46716 | 2.49171 | 2.50909 | 2.52141 | 2.53843 | 2.54535 | 2.54832 | 2.54978 | 0.17761 2.49748

(mm) | 10 | 2.40833 | 2.47045 | 2.50848 | 2.53504 | 2.55424 | 2.56814 | 2.58792 | 2.59616 | 2.59966 | 2.60131 | 0.19298 2.54297

15 | 2.46376 | 2.53010 | 2.57162 | 2.60160 | 2.62418 | 2.64135 | 2.66794 | 2.68024 | 2.68564 | 2.68807 | 0.22431 2.61545

20 | 2.49327 | 2.56144 | 2.60451 | 2.63613 | 2.66053 | 2.67970 | 2.71158 | 2.72834 | 2.73648 | 2.74024 | 0.24697 2.65522

25 | 2.51061 | 2.57953 | 2.62320 | 2.65549 | 2.68071 | 2.70085 | 2.73587 | 2.75622 | 2.76744 | 2.77315 | 0.26254 2.67831

30 | 2.52163 | 2.59084 | 2.63470 | 2.66721 | 2.69273 | 2.71328 | 2.74981 | 2.77237 | 2.78612 | 2.79404 | 0.27241 2.69227

Average 0.18787 2.46767

Table F-2 Variation of V> due to the movement of index finger in original electrode design

D-index (mm) Variation of V,

V2 (V) 0 2 4 6 8 10 15 20 25 30 A (V) average (V)
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0 | 1.83788 | 1.87362 | 1.89447 | 1.90848 | 1.91840 | 1.92565 | 1.93682 | 1.94273 | 1.94616 | 1.94830 | 0.11042 1.91325
2 | 2.01354 | 2.06070 | 2.08883 | 2.10804 | 2.12180 | 2.13188 | 2.14739 | 2.15546 | 2.16004 | 2.16286 | 0.14932 2.11506
4 | 2.10229 | 2.15658 | 2.18956 | 2.21245 | 2.22903 | 2.24130 | 2.26020 | 2.26995 | 2.27538 | 2.27866 | 0.17636 2.22154
6 | 2.15526 | 2.21447 | 2.25103 | 2.27682 | 2.29580 | 2.30999 | 2.33208 | 2.34344 | 2.34967 | 2.35335 | 0.19809 2.28819
D-middle 8 | 2.18877 | 2.25141 | 2.29063 | 2.31874 | 2.33975 | 2.35569 | 2.38091 | 2.39395 | 2.40101 | 2.40511 | 0.21634 2.33260
(mm) 10 | 2.21058 | 2.27558 | 2.31673 | 2.34663 | 2.36934 | 2.38685 | 2.41511 | 2.42993 | 2.43790 | 2.44246 | 0.23188 2.36311
15| 2.23859 | 2.30659 | 2.35034 | 2.38290 | 2.40838 | 2.42870 | 2.46351 | 2.48303 | 2.49371 | 2.49965 | 0.26106 2.40554
20 | 2.24994 | 2.31895 | 2.36358 | 2.39714 | 2.42380 | 2.44551 | 2.48441 | 2.50804 | 2.52179 | 2.52954 | 0.27960 2.42427
25| 2.25528 | 2.32460 | 2.36947 | 2.40333 | 2.43040 | 2.45263 | 2.49347 | 2.51974 | 2.53620 | 2.54603 | 0.29074 2.43311
30 | 2.25820 | 2.32760 | 2.37251 | 2.40643 | 2.43360 | 2.45601 | 2.49759 | 2.52516 | 2.54340 | 2.55510 | 0.29690 2.43756
Average 0.22107 2.29342
Table F-3 Variation of V> due to the movement of ring finger in original electrode design
D-ring (mm) Variation of V,
Vs (V) 0 2 4 6 8 10 15 20 25 30 A (V) average (V)
0 | 1.83788 | 1.86931 | 1.88677 | 1.89784 | 1.90515 | 1.91005 | 1.91653 | 1.91923 | 1.92052 | 1.92122 | 0.08334 1.89845
D-middle 2 | 2.01354 | 2.05534 | 2.07916 | 2.09457 | 2.10489 | 2.11188 | 2.12113 | 2.12493 | 2.12670 | 2.12763 | 0.11409 2.09598
(mm) 4 | 2.10229 | 2.15061 | 2.17872 | 2.19726 | 2.20987 | 2.21851 | 2.23005 | 2.23474 | 2.23686 | 2.23797 | 0.13568 2.19969
6 | 2.15526 | 2.20812 | 2.23943 | 2.26048 | 2.27506 | 2.28522 | 2.29898 | 2.30458 | 2.30707 | 2.30834 | 0.15307 2.26425
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8 | 2.18877 | 2.24480 | 2.27851 | 2.30159 | 2.31790 | 2.32946 | 2.34549 | 2.35209 | 2.35498 | 2.35642 | 0.16765 2.30700
10 | 2.21058 | 2.26882 | 2.30428 | 2.32895 | 2.34672 | 2.35956 | 2.37785 | 2.38556 | 2.38893 | 2.39056 | 0.17998 2.33618
15| 2.23859 | 2.29967 | 2.33753 | 2.36459 | 2.38477 | 2.40000 | 2.42337 | 2.43420 | 2.43906 | 2.44134 | 0.20275 2.37631
20 | 2.24994 | 2.31201 | 2.35072 | 2.37872 | 2.39997 | 2.41638 | 2.44306 | 2.45681 | 2.46354 | 2.46677 | 0.21683 2.39379
25 | 2.25528 | 2.31768 | 2.35666 | 2.38496 | 2.40659 | 2.42349 | 2.45176 | 2.46748 | 2.47598 | 2.48039 | 0.22511 2.40203
30 | 2.25820 | 2.32070 | 2.35975 | 2.38813 | 2.40988 | 2.42694 | 2.45587 | 2.47259 | 2.48232 | 2.48787 | 0.22967 2.40622
Average 0.17082 2.26799
Table F-4 Variation of V1 due to the movement of middle finger in modified electrode design
D-middle (mm) Variation of V;
V1 (V) 0 2 4 6 8 10 15 20 25 30 A (V) average (V)
0 | 1.67836 | 1.68901 | 1.69482 | 1.69849 | 1.70089 | 1.70250 | 1.70463 | 1.70553 | 1.70599 | 1.70627 | 0.02791 1.69865
2 | 1.83532 | 1.85017 | 1.85854 | 1.86391 | 1.86752 | 1.86995 | 1.87315 | 1.87447 | 1.87510 | 1.87547 | 0.04015 1.86436
4 | 191827 | 1.93593 | 1.94610 | 1.95281 | 1.95737 | 1.96050 | 1.96465 | 1.96633 | 1.96710 | 1.96752 | 0.04925 1.95366
D-index 6 | 1.97132 | 1.99101 | 2.00265 | 2.01053 | 2.01596 | 2.01978 | 2.02494 | 2.02702 | 2.02793 | 2.02841 | 0.05709 2.01196
(mm) 8 | 2.00800 | 2.02922 | 2.04208 | 2.05093 | 2.05726 | 2.06178 | 2.06805 | 2.07060 | 2.07170 | 2.07225 | 0.06425 2.05319
10 | 2.03446 | 2.05688 | 2.07068 | 2.08039 | 2.08751 | 2.09272 | 2.10020 | 2.10333 | 2.10465 | 2.10529 | 0.07082 2.08361
15 | 2.07550 | 2.09958 | 2.11484 | 2.12605 | 2.13471 | 2.14142 | 2.15206 | 2.15706 | 2.15926 | 2.16025 | 0.08475 2.13207
20 | 2.09773 | 2.12245 | 2.13831 | 2.15023 | 2.15973 | 2.16740 | 2.18065 | 2.18786 | 2.19140 | 2.19305 | 0.09533 2.15888
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251 2.11101 | 2.13589 | 2.15191 | 2.16407 | 2.17392 | 2.18206 | 2.19689 | 2.20598 | 2.21113 | 2.21379 | 0.10278 2.17466

30 | 2.11954 | 2.14441 | 2.16041 | 2.17260 | 2.18254 | 2.19084 | 2.20643 | 2.21670 | 2.22323 | 2.22709 | 0.10755 2.18438

Average 0.06999 2.03154

Table F-5 Variation of V> due to the movement of index finger in modified electrode design
D-index (mm) Variation of V,

Vs (V) 0 2 4 6 8 10 15 20 25 30 A (V) average (V)
0 | 1.36984 | 1.38515 | 1.39427 | 1.40049 | 1.40499 | 1.40831 | 1.41357 | 1.41642 | 1.41811 | 1.41917 | 0.04933 1.40303
2 | 1.45823 | 1.47835 | 1.49059 | 1.49904 | 1.50525 | 1.50988 | 1.51717 | 1.52107 | 1.52333 | 1.52474 | 0.06651 1.50276
4 | 1.50045 | 1.52345 | 1.53766 | 1.54771 | 1.55516 | 1.56075 | 1.56960 | 1.57431 | 1.57698 | 1.57862 | 0.07817 1.55247
6 | 1.52482 | 1.54978 | 1.56546 | 1.57671 | 1.58514 | 1.59158 | 1.60189 | 1.60737 | 1.61043 | 1.61228 | 0.08745 1.58255
D-middle 8 | 1.53993 | 1.56625 | 1.58294 | 1.59519 | 1.60451 | 1.61173 | 1.62347 | 1.62974 | 1.63322 | 1.63528 | 0.09535 1.60223
(mm) 10 | 1.54967 | 1.57688 | 1.59434 | 1.60733 | 1.61738 | 1.62528 | 1.63840 | 1.64553 | 1.64947 | 1.65175 | 0.10208 1.61560
15| 1.56206 | 1.59040 | 1.60887 | 1.62294 | 1.63416 | 1.64329 | 1.65938 | 1.66874 | 1.67400 | 1.67699 | 0.11493 1.63408
20 | 1.56714 | 1.59582 | 1.61461 | 1.62906 | 1.64077 | 1.65049 | 1.66842 | 1.67970 | 1.68645 | 1.69034 | 0.12320 1.64228
25| 1.56963 | 1.59838 | 1.61723 | 1.63178 | 1.64364 | 1.65358 | 1.67236 | 1.68486 | 1.69291 | 1.69782 | 0.12819 1.64622
30 | 1.57106 | 1.59980 | 1.61864 | 1.63320 | 1.64509 | 1.65508 | 1.67418 | 1.68728 | 1.69618 | 1.70199 | 0.13093 1.64825
Average 0.09761 1.58295

30




Table F-6 Variation of V> due to the movement of ring finger in modified electrode design

D-ring (mm) Variation of V,
Vs (V) 0 2 4 6 8 10 15 20 25 30 A (V) average (V)
0 | 1.36984 | 1.37996 | 1.38549 | 1.38901 | 1.39131 | 1.39287 | 1.39491 | 1.39579 | 1.39625 | 1.39650 | 0.02666 1.38919
2 | 1.45823 | 1.47177 | 1.47938 | 1.48429 | 1.48759 | 1.48983 | 1.49282 | 1.49407 | 1.49468 | 1.49502 | 0.03679 1.48477
4 | 1.50045 | 1.51608 | 1.52510 | 1.53101 | 1.53504 | 1.53782 | 1.54157 | 1.54312 | 1.54385 | 1.54425 | 0.04380 1.53183
6 | 1.52482 | 1.54191 | 1.55195 | 1.55872 | 1.56336 | 1.56664 | 1.57115 | 1.57301 | 1.57388 | 1.57433 | 0.04951 1.55998
D-middle | 8 | 1-53993 | 1.55805 | 1.56884 | 1.57630 | 1.58155 | 1.58531 | 1.59059 | 1.59279 | 1.59380 | 1.59432 | 0.05439 1.57815
(mm) 10 | 1.54967 | 1.56847 | 1.57983 | 1.58781 | 1.59356 | 1.59776 | 1.60382 | 1.60642 | 1.60759 | 1.60818 | 0.05851 1.59031
15 | 1.56206 | 1.58171 | 1.59389 | 1.60265 | 1.60922 | 1.61425 | 1.62210 | 1.62581 | 1.62752 | 1.62836 | 0.06630 1.60676
20 | 1.56714 | 1.58707 | 1.59950 | 1.60855 | 1.61550 | 1.62095 | 1.62998 | 1.63474 | 1.63714 | 1.63833 | 0.07119 1.61389
25| 1.56963 | 1.58963 | 1.60214 | 1.61128 | 1.61832 | 1.62393 | 1.63352 | 1.63900 | 1.64206 | 1.64370 | 0.07406 1.61732
30 | 1.57106 | 1.59106 | 1.60357 | 1.61273 | 1.61980 | 1.62546 | 1.63527 | 1.64113 | 1.64464 | 1.64672 | 0.07566 1.61914
Average 0.05569 1.55913
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Appendix G Data from COMSOL Simulation

Table G-1 Raw data of X-Y Map

D-index
Vi
V3 0.5 1.5 6 8 10 15 20 25 30
1.926 | 1.837 | 1.996 | 1.849 | 2.051 | 1.858 | 2.097 | 1.866 | 2.136 | 1.873 | 2.199 | 1.885 | 2.249 | 1.894 | 2.321 | 1.908 | 2.372 | 1.918 | 2.408 | 1.925 | 2.463 | 1.936 | 2.493 | 1.942 | 2.510 | 1.946 | 2.521 | 1.948
628 881 114 288 489 687 38 679 402 62 753 174 311 466 951 476 167 404 331 651 76 824 269 725 612 155 627 303
1.936 | 1.897 | 2.007 | 1.909 | 2.063 | 1.919 | 2.110 | 1.928 | 2.150 | 1.936 | 2.214 | 1.949 | 2.265 | 1.959 | 2.339 | 1.975 | 2.390 | 1.986 | 2.427 | 1.994 | 2.484 | 2.006 | 2.514 | 2.013 | 2.532 | 2.016 | 2.543 | 2.019
931 153 477 649 772 978 439 773 159 424 726 196 293 489 518 057 38 117 883 197 529 637 58 187 154 966 276 327
1.945 | 1.943 | 2.016 | 1.957 | 2.073 | 1.968 | 2.121 | 1.977 | 2.161 | 1.985 | 2.227 | 1.999 | 2.278 | 2.010 | 2.354 | 2.027 | 2.406 | 2.039 | 2.444 | 2.048 | 2.501 | 2.062 | 2.532 | 2.069 | 2.550 | 2.073 | 2.561 | 2.075
303 686 739 111 79 222 121 696 432 949 026 757 455 912 047 832 41 874 15 684 872 237 387 344 156 423 355 956
1.952 | 1.981 | 2.024 | 1.995 | 2.082 | 2.007 | 2.130 | 2.017 | 2.170 | 2.026 | 2.237 | 2.041 | 2.289 | 2.053 | 2.366 | 2.071 | 2.419 | 2.084 | 2.458 | 2.093 | 2.516 | 2.108 | 2.547 | 2.115 | 2.565 | 2.120 | 2.576 | 2.122
348 702 538 92 241 707 146 775 974 555 466 274 655 19 453 309 732 247 151 724 857 282 797 89 739 236 996 917
D_
mid
dle

1958 | 2.013 | 2.031 | 2.028 | 2.089 | 2.040 | 2.137 | 2.051 | 2.179 | 2.060 | 2.246 | 2.076 | 2.299 | 2.088 | 2.377 | 2.108 | 2.431 | 2.121 | 2.470 | 2.131 | 2.530 | 2.147 | 2.561 | 2.155 | 2.579 | 2.160 | 2.590 | 2.162
384 54 248 465 524 853 935 442 22 696 512 226 389 833 289 042 405 8 448 885 096 39 435 46 53 044 845 864
1.968 | 2.064 | 2.042 | 2.080 | 2.101 | 2.093 | 2.150 | 2.105 | 2.192 | 2.115 | 2.261 | 2.132 | 2.315 | 2.145 | 2.395 | 2.167 | 2.451 | 2.182 | 2.491 | 2.193 | 2.552 | 2.210 | 2.584 | 2.219 | 2.603 | 2.224 | 2.614 | 2.227
271 081 252 191 497 596 771 087 838 149 511 092 578 902 451 069 096 314 31 529 738 786 85 716 242 737 65 798
1.976 | 2.102 | 2.050 | 2.119 | 2.110 | 2.133 | 2.160 | 2.145 | 2.203 | 2.156 | 2.273 | 2.174 | 2.328 | 2.189 | 2.410 | 2.212 | 2.467 | 2.229 | 2.508 | 2.241 | 2.571 | 2.260 | 2.604 | 2.269 | 2.623 | 2.275 | 2.634 | 2.278
014 293 902 372 933 609 913 842 627 577 457 715 541 562 136 445 164 035 476 3 622 202 508 949 2 378 702 656

2,219 | 2.214 | 2.291 | 2.234 | 2.347 | 2.251
412 469 054 5 773 031

1.987
185

2.155 | 2.063 | 2.173 | 2.124 | 2.189 | 2.175
264 422 798 646 311 704

2.202
687

2.432
248

2.276 | 2.491
821 714

2.295
797

2.535
044

2.309 | 2.601
985 603

2.332
08

2.636 | 2.343 | 2.655 | 2.349 | 2.667
131 439 493 666 215

2.353
352
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1.994 | 2.188 | 2.071 | 2.208 | 2.133 | 2.224 | 2.185 | 2.238 | 2.229 | 2.251 | 2.302 | 2.272 | 2.360 | 2.290 | 2.447 | 2.318 | 2.509 | 2.339 | 2.554 | 2.355 | 2.624 | 2.380 | 2.660 | 2.393 | 2.680 | 2.401 | 2.692 | 2.405
551 769 709 299 755 693 564 873 974 406 918 818 852 625 586 736 088 747 239 69 181 911 533 947 709 015 73 113
1999 | 2.210 | 2.077 | 2.230 | 2.139 | 2.247 | 2.192 | 2.262 | 2.237 | 2.275 | 2.310 | 2.297 | 2.369 | 2.316 | 2.458 | 2.346 | 2.521 | 2.369 | 2.568 | 2.386 | 2.641 | 2.415 | 2.679 | 2.429 | 2.700 | 2.437 | 2.713 | 2.442
489 582 277 791 886 788 214 522 113 579 983 979 798 727 235 631 408 344 141 845 351 107 703 926 855 903 281 459
2.006 | 2.238 | 2.084 | 2.259 | 2.147 | 2.277 | 2.201 | 2.292 | 2.246 | 2.306 | 2.321 | 2.330 | 2.381 | 2.350 | 2.472 | 2.382 | 2.538 | 2.408 | 2.587 | 2.428 | 2.667 | 2.463 | 2.711 | 2.483 | 2.735 | 2.493 | 2.749 | 2.499
02 589 639 655 99 417 003 861 554 593 668 3 704 341 631 895 433 376 925 701 944 509 583 025 867 706 806 646

2.008 | 2.249 | 2.087 | 2.271 | 2.151 | 2.289 | 2.204 | 2.304 | 2.250 | 2.318 | 2.326 | 2.343 | 2.386 | 2.363 | 2.478 | 2.397 | 2.545 | 2.423 | 2.596 | 2.445 | 2.680 | 2.484 | 2.728 | 2.508 | 2.756 | 2.521 | 2.772 | 2.529
754 944 703 306 341 322 617 996 415 951 001 092 504 58 426 138 352 798 159 506 245 412 343 042 225 788 372 545
2.010 | 2.255 | 2.089 | 2.276 | 2.152 | 2.294 | 2.206 | 2.310 | 2.252 | 2.324 | 2.327 | 2.348 | 2.388 | 2.369 | 2.480 | 2.403 | 2.548 | 2.430 | 2.599 | 2.452 | 2.685 | 2.493 | 2.736 | 2.519 | 2.767 | 2.536 | 2.786 | 2.546
087 284 18 745 942 84 327 584 223 6 993 859 671 473 954 327 321 397 657 633 636 469 478 736 437 195 121 028

2.010 | 2.258 | 2.090 | 2.279 | 2.153 | 2.297 | 2.207 | 2.313 | 2.253 | 2.327 | 2.329 | 2.351 | 2.389 | 2.372 | 2.482 | 2.406 | 2.549 | 2.433 | 2.601 | 2.456 | 2.688 | 2.497 | 2.740 | 2.525 | 2.773 | 2.543 | 2.794 | 2.555
857 199 026 692 848 81 285 569 226 597 074 875 831 514 247 426 775 603 313 009 067 592 244 16 15 402 04 096
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Appendix H: Nonlinear Fitting Results for Equation V;=f(D,)

Table H-1 Parameters of nonlinear curve fitting equation V1=f(D1)

Parameters in V,=f(D,)

> b1 b b; Root Mean Squared Error  R-Squared
0 2.6185 3.1156 4.4941 0.00352 1
0.5 2.6427 3.1901 4.5105 0.00373 1
1 2.663 3.256 4.5265 0.00392 1
15 2.6807 3.317 4.5432 0.0041 1
2 2.6964 3.3746 4.5607 0.00426 1
3 2.7239 3.4852 4.6001 0.00455 1
4 2.7474 3.5931 4.6453 0.00479 1
6 2.7866 3.8092 4.753 0.00512 1
8 2.8185 4.0284 4.8793 0.00527 1
10 2.845 4.2478 5.0174 0.00524 1
15 2.8938 4.759 5.3651 0.00465 1
20 2.9243 5.1586 5.6512 0.00383 1
25 2.9421 5.4224 5.844 0.00326 1
30 2.9517 5.5719 5.954 0.00305 1
Average 2.781043 4.023493 4.953171 0.004235 1

Startl=[b1=2.2, b,=2.5, b3=2];
Number of observations: 14, Error degrees of freedom: 11.
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Appendix I: Nonlinear Fitting Results for Equation V,=f(D,)

Table I-1 Parameters of nonlinear curve fitting equation V>=f(D;)

V,=f(D)
D b1 b, b; Root Mean Squared Error  R-Squared
0 2.3165 1.5321 3.1579 0.0075 0.998
0.5 2.3398 1.5812 3.1793 0.00775 0.998
1 2.3596 1.6247 3.199 0.00796 0.998
1.5 2.3769 1.6648 3.2181 0.00816 0.998
2 2.3924 1.7027 3.2372 0.00834 0.998
3 2.4193 1.7746 3.2766 0.00864 0.998
4 2.4425 1.8439 3.3189 0.00889 0.998
6 2.4811 1.9805 3.4129 0.0092 0.998
8 2.5126 21171 3.5181 0.00929 0.998
10 2.5391 2.2534 3.6308 0.00918 0.998
15 2.589 2.5776 3.9174 0.00827 0.998
20 2.622 2.8485 4.1674 0.00689 0.998
25 2.6432 3.0469 4.3531 0.00552 0.999
30 2.6562 3.1751 4.4732 0.00447 1
Average 2.477871 2.123079 3.575707 0.007861429 0.9982143

Start2=[ Sb11=2.2, Sb12=4.0, Sb13=5.0]}

Number of observations: 14, Error degrees of freedom: 11.
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Appendix J: Nonlinear Fitting Results for Equation D1=f(V;)
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Appendix K: Nonlinear Fitting Results for Equation D,=f(V,)
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Appendix L: Improvement of Accuracy using the Prediction Models

Table L-1 Variation of D1 using raw data to detect index finger’s movement

D-index

Vi 0 0.5 1 15 2 3 4 6 8 10 15 20 25 30

1926 | 199 | 2.051 | 2.097 | 2.136 | 2.199 | 2.249 | 2321 | 2372 | 2408 | 2463 | 2493 | 2510 | 2.521
0 628 114 489 38 402 753 311 951 167 331 76 269 612 627

1936 | 2.007 | 2.063 | 2.110 | 2.150 | 2.214 | 2.265| 2.339 | 2390 | 2427 | 2484 | 2.514 | 2.532 | 2.543
0.5 931 477 772 439 159 726 293 518 88 883 529 58 154 276

1945 | 2.016 | 2.073 | 2.121 | 2.161| 2.227 | 2.278 | 2.354 | 2.406 | 2.444 | 2501 | 2.532 | 2.550 | 2.561
1 303 739 79 121 432 026 455 047 41 15 872 387 156 355

1952 | 2024 | 2.082 | 2.130| 2.170 | 2.237 | 2.289 | 2.366 | 2.419 | 2458 | 2.516 | 2.547 | 2.565| 2.576
1.5 348 538 241 146 974 466 655 453 732 151 857 797 739 996

1958 | 2.031 | 2.089 | 2.137 | 2.179 | 2.246 | 2.299 | 2377 | 2431 | 2470 | 2530 | 2.561 | 2.579 | 2.590

D-middle
2 384 248 524 935 22 512 389 289 405 448 096 435 53 845

1968 | 2.042 | 2.101 | 2.150| 2.192 | 2.261 | 2.315| 2.395| 2451 | 2491 | 2552 | 2584 | 2.603 | 2.614
3 271 252 497 771 838 511 578 451 096 31 738 85 242 65

1.976 | 2.050 | 2.110 | 2.160 | 2.203 | 2.273 | 2.328 | 2.410| 2.467 | 2.508 | 2.571 | 2.604 | 2.623 | 2.634
4 014 902 933 913 627 457 541 136 164 476 622 508 2 702

1.987 | 2.063 | 2.124 | 2.175| 2.219 | 2.291 | 2347 | 2432 | 2491 | 2535| 2.601 | 2.636 | 2.655 | 2.667
6 185 422 646 704 412 054 773 248 714 044 603 131 493 215

1994 | 2071 | 2133 | 2.185| 2.229 | 2302 | 2.360 | 2.447 | 2.509 | 2.554 | 2.624 | 2.660 | 2.680 | 2.692
8 551 709 755 564 974 918 852 586 088 239 181 533 709 73
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1999 | 2077 | 2139 | 2.192 | 2.237| 2310| 2.369 | 2.458 | 2.521 | 2.568 | 2.641 | 2.679 | 2.700 | 2.713
10 489 277 886 214 113 983 798 235 408 141 351 703 855 281

2.006 | 2.084 | 2.147 | 2201 | 2.246 | 2.321| 2.381| 2.472 | 2.538 | 2.587 | 2.667 | 2.711 | 2.735 | 2.749
15 02 639 99 003 554 668 704 631 433 925 944 583 867 806

2.008 | 2.087 | 2.151 | 2.204 | 2.250 | 2.326 | 2.386 | 2.478 | 2.545| 2.596 | 2.680 | 2.728 | 2.756 | 2.772
20 754 703 341 617 415 001 504 426 352 159 245 343 225 372

2.010 | 2.089 | 2.152 | 2.206 | 2.252 | 2.327 | 2.388 | 2.480 | 2.548 | 2.599 | 2.685| 2.736 | 2.767 | 2.786
25 087 18 942 327 223 993 671 954 321 657 636 478 437 121

2.010 | 2.090 | 2.153 | 2.207 | 2.253 | 2.329 | 2.389 | 2.482 | 2.549 | 2.601 | 2.688 | 2.740 | 2.773 | 2.794
30 857 026 848 285 226 074 831 247 775 313 067 244 15 04

0.069 | 0.055| 0.045| 0.039 | 0.063 | 0.049 | 0.072 | 0.050| 0.036 | 0.055| 0.029 | 0.017 | 0.011
Difference values 486 375 892 021 352 558 64 216 164 429 51 342 016

0.084 | 0.093| 0.102 | 0.109 | 0.116 | 0.129 | 0.140| 0.160| 0.177 | 0.192 | 0.224 | 0.246 | 0.262 | 0.272

Difference values 228 912 359 904 825 32 519 295 608 982 307 974 539 413
Difference distance 1 1 2 2.5 4 5 6 14 37 60 95 110 120 125
Percentage of difference 1.666 1.666 2.333 6.333 4.166
distance 2 2 667 2 667 1.5 333 | 4.625 6 333 5.5 4.8 667

Note: 1) The difference value is the real voltage difference when middle finger is fixed to zero. 2) Difference voltage values of each index distance, resulted
from middle finger, will decide the wrong distance value. 3) To compare the wrong distance decided by both Index finger and Middle finger with the real
distance of index finger, we get the difference distance. 4) The values of index distance more than 30 are predicted to increase in the same trend of the last data
point.
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Table L-2 Variation of D, using raw data to detect middle finger’'s movement

V,

0.5

l-index Diff :aer:t:;
Differen | Differen | eren ‘g
differe
ce ce ce
. nce
values values dist .
ance distanc
1.5 2 3 4 6 8 10 15 20 25 30 e
0.11042
1706 1.5
0.05927 | 0.12217
2065 3483 25 c
0.04653 | 0.13227
2528 0613 3 3
0.03801 | 0.14121
5985 5627 45 3
0.03183 | 0.14932
8499 3825 6 3
0.05054 | 0.16371
0242 7405 12 4
0.03821 | 0.17636
2575 2617 66 16.5
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215 | 217 | 218 | 220 | 221 | 223 | 225 | 2.27 | 229 | 230 | 233 | 234 | 234 | 2.35| 0.05297 | 0.19808
6 | 5264 | 3798 | 9311 | 2687 | 4469 45 | 1031 | 6821 | 5797 | 9985 | 208 | 3439 | 9666 | 3352 1024 7976 189 315

218 | 220 | 2.22 | 223 | 2.25| 227 | 229 | 231 | 233 | 235| 238 | 239 | 240 | 2.40| 0.03350 | 0.21634
8 | 8769 | 8299 | 4693 | 8873 | 1406 | 2818 | 0625 | 8736 | 9747 | 569 | 0911 | 3947 | 1015 | 5113 | 4345 4896 277 | 34.625

1| 221 | 223 | 224 226 | 2.27 | 229 | 231 | 234 | 236 | 238 | 241 | 2.42| 243 | 2.44| 0.02181 | 0.23187
0582 | 0791 | 7788 | 2522 | 5579 | 7979 | 6727 | 6631 | 9344 | 6845 | 5107 | 9926 | 7903 | 2459 | 3954 6178 340 34

1| 223 | 225 2.27| 229 | 230 | 233 | 235 | 238 | 240 | 242 | 246 | 2.48 | 2.49 | 2.49 | 0.02800 | 0.26105 28.666
8589 | 9655 | 7417 | 2861 | 6593 03 | 0341 | 2895 | 8376 | 8701 | 3509 | 3025 | 3706 | 9646 629 7269 430 | 66667

2| 224 | 227 | 228 | 230 | 231 | 234 | 236 | 239 | 242 | 244 | 248 | 250 | 2.52 | 2.52 | 0.01135 | 0.27960
0 | 9944 | 1306 | 9322 | 4996 | 8951 | 3092 | 358 | 7138 | 3798 | 5506 | 4412 | 8042 | 1788 | 9545 | 5261 0554 480 24

2| 225 | 227 | 229 | 231 | 232 | 234 | 236 | 240 | 243 | 245 | 249 | 251 | 2.53 | 2.54 | 0.00534 | 0.29074
5| 5284 | 6745 | 484 | 0584 46 | 8859 | 9473 | 3327 | 0397 | 2633 | 3469 | 9736 | 6195 | 6028 | 0251 3805 500 20

3| 225 227 | 229 | 231 | 232 | 235 | 237 | 240 243 | 245 | 2.49 | 2.52 | 2.54| 2.55 | 0.00291 | 0.29689 16.666
0 | 8199 | 9692 | 781 | 3569 | 7597 | 1875 | 2514 | 6426 | 3603 | 6009 | 7592 | 516 | 3402 | 5096 | 4721 6595 500 | 66667

Note: 1) The difference value is the real voltage difference when index finger is fixed to zero. 2) Difference voltage values of each middle distance, resulted
from index finger, will decide the wrong distance value. 3) To compare the wrong distance decided by both Index finger and Middle finger with the real distance
of Middle finger, we get the difference distance. 4) Then, the percentage of difference distance compared with real distance of middle finger is calculated. 5)
The values of middle distance more than 30 are predicted to increase in the same trend of the last data point.

Table L-3 Variation of D; using prediction model D1=f(V1, V>) to detect movement of index finger

0 0.5 1 1.5 2 3 4 6 8 10 15 20 25 30
D 1.8052 | 1.5431 | 1.2795 | 1.0186 | 0.7626 | 0.2713 | 0.1868 | 0.9891 | 1.6281 | 2.1013 | 2.6076 | 2.3095 | 1.4198 | 0.1204
2 0 16 02 7 15 76 45 38 48 13 59 05 59 09 9
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1.8570 | 1.6036 | 1.3489 | 1.0971 | 0.8506 | 0.3798 | 0.0556 | 0.8050 | 1.3803 | 1.7787 1.4864 | 0.3184 | 1.2449

0.5 58 01 87 03 67 64 52 04 54 4 2.055 09 18 57
1.8990 | 1.6525 | 1.4049 | 1.1602 | 0.9212 | 0.4663 | 0.0480 | 0.6619 | 1.1916 | 1.5386 | 1.6739 | 0.9793 | 0.2584 | 1.8059

1 33 2 28 5 66 25 97 11 11 43 07 91 22 25
1.9341 | 1.6933 | 1.4515 | 1.2127 | 0.9797 | 0.5375| 0.1329 | 0.5470 | 1.0428 | 1.3536 | 1.4050 | 0.6728 | 0.5136 | 1.8917

15 86 76 42 37 96 68 58 39 71 87 05 3 96 18
1.9641 | 1.7282 | 1.4912 | 1.2573 | 1.0293 | 0.5975| 0.2039 | 0.4523 | 0.9227 | 1.2083 | 1.2121 | 0.4953 | 0.5714 | 1.7100

2 74 29 3 16 8 48 92 23 75 03 03 73 08 54
2.0129 | 1.7846 | 1.5553 | 1.3291 | 1.1090 | 0.6932 | 0.3161 | 0.3057 | 0.7415| 0.9955| 0.9672 | 0.3577 | 0.3973 | 1.0027

3 11 97 77 81 52 07 48 19 45 72 89 08 77 44
2.0506 | 1.8283 | 1.6048 | 1.3844 | 1.1700 | 0.7658 | 0.4005 | 0.1981 | 0.6123 | 0.8492 | 0.8273 | 0.3528 | 0.0924 | 0.2165

4 9 95 65 27 76 59 08 05 63 45 96 32 56 75
2.1044 | 1.8904 | 1.6749 | 1.4623 | 1.2558 | 0.8669 | 0.5166 | 0.0535 | 0.4436 | 0.6644 | 0.6746 | 0.4201 | 0.4409 | 1.0054

6 55 21 43 97 36 86 57 64 66 91 43 14 92 92
2.1393 | 1.9305 1.5125 | 1.3107 | 0.9311 | 0.5895| 0.0352 | 0.3423 | 0.5544 | 0.5759 | 0.4304 | 0.7043 | 1.6530

8 56 99 | 1.7202 75 95 56 66 15 48 24 71 42 9 26
2.1624 | 19571 | 1.7500 | 1.5455 | 1.3468 | 0.9729 | 0.6365 | 0.0912 | 0.2786 | 0.4841 | 0.4924 | 0.3622 | 0.7284 | 1.8581

10 82 76 59 78 22 15 78 17 35 34 47 17 67 31
2.1926 | 19917 | 1.7887 | 1.5881 | 1.3930 | 1.0258 | 0.6953 | 0.1593 | 0.2029 | 0.3993 | 0.3377 | 0.0373 | 0.2286 | 1.3067

15 92 76 6 44 45 15 46 71 9 22 71 56 49 22
2.2051 | 2.0059 | 1.8045 | 1.6053 | 1.4114 | 1.0464 | 0.7176 | 0.1836 | 0.1784 | 0.3736 | 0.2692 | 0.2329 | 0.4277 | 0.2390

20 87 85 17 13 97 65 7 65 44 52 34 02 77 48
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2.2112 | 2.0127 | 1.8120 | 1.6134 | 1.4201 | 1.0558 | 0.7275 | 0.1933 | 0.1698 | 0.3667 | 0.2514 | 0.3610 | 0.8800 | 0.7140
25 09 83 11 13 21 99 88 95 05 74 76 95 82 29
2.2146 | 2.0166 | 1.8162 | 1.6179 | 1.4249 | 1.0611 | 0.7331 | 0.1986 | 0.1657 | 0.3644 | 0.2502 | 0.4040 | 1.1029 | 1.3364
30 33 5 57 89 83 74 69 42 08 53 57 63 49 44
Avera 2.0538 | 1.8313 | 1.6073 | 1.3860 | 1.1704 | 0.7622 | 0.4257 | 0.3481 | 0.6643 | 0.9309 | 0.9714 | 0.6358 | 0.5774 | 1.1503
ge 06 79 75 74 29 95 69 65 74 14 36 78 92 83
Table L-4 Variation of D, using prediction model D,=f(V1, V) to detect movement of middle finger
D:

Averag

0 0.5 1 1.5 2 3 4 6 8 10 15 20 25 30 | e
1.3299 | 1.3494 | 1.3647 | 1.3773 | 1.3877 | 1.4044 | 1.4169 | 1.4345 | 1.4458 | 1.4534 | 1.4639 | 1.4686 | 1.4710 | 1.4723 | 1.4171
0 68 2 68 08 99 18 96 54 8 92 24 05 02 38 77
0. 1.0671 | 1.0850 | 1.0996 | 1.1116 | 1.1305 | 1.1445 | 1.1637 | 1.1756 | 1.1832 | 1.1930 | 1.1968 | 1.1985 | 1.1993 | 1.1423
5| 1.0443 6 95 21 68 37 72 06 1 88 42 69 26 16 79
0.7658 | 0.7924 | 0.8130 | 0.8295 | 0.8431 | 0.8642 | 0.8795 | 0.8999 | 0.9119 | 0.9193 | 0.9276 | 0.9300 | 0.9305 | 0.9305 | 0.8741
1 51 01 42 91 95 27 79 23 72 34 13 11 69 36 32
1.| 0.4984 | 0.5289 | 0.5524 | 0.5711 | 0.5862 | 0.6094 | 0.6259 | 0.6471 | 0.6589 | 0.6655 | 0.6714 0.6708 | 0.6696 | 0.6162
5 23 11 16 04 82 38 61 05 21 68 59 | 0.6718 49 96 81
0.2444 | 0.2793 | 0.3059 | 0.3268 | 0.3437 | 0.3689 | 0.3865 | 0.4080 | 0.4191 | 0.4245 | 0.4271 | 0.4246 | 0.4217 | 0.4191 | 0.3714
2 94 55 65 68 16 2 16 36 39 55 17 91 17 55 46
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0.2153 | 0.1704

0.1367 | 0.1108
69 77

0.0905 | 0.0612
28 17

0.0419 | 0.0209
59 02

0.0127 | 0.0113 | 0.0189
87 51 59

0.0294 | 0.0380
14 83

0.0446 | 0.0716
37 64

0.6026 | 0.5451

0.5030 | 0.4713

0.4470 | 0.4136

0.3932 | 0.3745

0.3717 | 0.3765 | 0.3998

0.4223 | 0.4394

0.4518 | 0.4437

4 24 24 1 41 97 39 45 92 65 96 64 42 22 01 47
1.1321 | 1.0397 | 0.9745 0.8942 | 0.8521 | 0.8312 | 0.8233 | 0.8383 | 0.8637 | 0.9372 | 0.9990 | 1.0436 | 1.0748 | 0.9451
6 52 94 69 | 0.9279 4 07 46 06 14 34 29 76 59 83 58

1.3222 | 1.1774
8 67 97

1.0787 | 1.0112
62 37

0.9650 | 0.9134
77 66

0.8942 | 0.9038
38 46

0.9446 | 0.9993 | 1.1486
88 39 67

1.2741 | 1.3642
61 24

1.4270 | 1.1017
01 48

1| 1.2088 | 0.9903
0 73 53

0.8457 | 0.7510
74 32

0.6895 | 0.6283

0.6130 | 0.6444
64 25

0.7121 | 0.7974 | 1.0354
53 45 48

1.2471 | 1.4038
72 69

1.5130 | 0.9343
49 28

1| 0.2597 | 0.2226

0.5198 | 0.6940

0.7889 | 0.8478

0.8269 | 0.7282

0.6313 | 0.5373 | 0.2313

0.1676 | 0.5399

0.8256 | 0.5586

96 47 38 41 55 94 56 06 6 02 48 06 56 52 83
2| 0.2672 | 1.0366 | 1.4715 | 1.6861 | 1.7668 | 1.7234 | 1.5859 | 1.3422 | 1.2389 1.3203 | 1.1468 | 0.7420 | 0.3078 | 1.2054
0 13 15 58 1 82 68 94 67 28 | 1.2407 3 14 42 86 86

2| 0.4154 | 0.5761
5 81 34

1.0843 | 1.2817
21 56

1.2913 | 1.0530
61 49

0.7272 | 0.2334
69 17

0.0567 | 0.1166 | 0.6844
21 48 13

1.1260 | 1.1230
38 88

0.7997 | 0.7549
44 6

3] 2.1985 | 1.0578

0.5259 | 0.3867

0.4723 | 0.9382

1.4697 | 2.2502

2.5570 | 2.5164 | 1.6825

0.7063 | 0.1213

0.0295 | 1.2080

0 23 37 5 62 94 95 3 33 75 64 06 13 92 01 7
Table L-5 Variation of D; using prediction model Di=f(V1) to detect movement of index finger
NO.1 D=0Omm NO.2 D,=0.5mm NO.3 Dy=1mm NO.4 D,=1.5mm NO.5 Dy=2mm NO.6 D2=3mm NO.7 D=4mm
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Varition
of D4

Varition
of D4

Varition
of D,

Varition
of D,

Varition
of D,

Varition
of D4

Varition
of D,

0.3168
01

0.316801
109

0.3291
47

0.329146
826

0.340540
067

0.3511
85

0.351185
485

0.360850
233

0.3781
02

0.378101
866

0.3922
78

0.392277
977

0.7438
49

0.243848
633

0.7528
68

0.252867
937

0.7613
22

0.261321
83

0.7692
84

0.269283
71

0.7766
61

0.276660
743

0.7900
49

0.290049
178

0.8014
82

0.301481
786

1.1620
91

0.162091
392

1.1681

0.168140
255

1.1737
96

0.173796
371

1.1792
19

0.179218
909

1.1843
39

0.184339
481

1.1939
19

0.193918
77

1.2024
72

0.202471
784

1.5789
88

0.078988
055

1.5819
89

0.081989
479

1.5849
88

0.084988
011

1.5879
79

0.087978
609

1.5909

0.090899
868

1.5967

0.096719
756

1.6023
18

0.102318
302

1.9988
44

0.001155
894

1.9990
42

0.000958
369

1.9994
99

0.000501
193

2.0001
64

0.000163
552

2.0009
71

0.000971
239

2.0030
79

0.003078
605

2.0056
88

0.005687
724

2.8562
25

0.143775
172

2.8515
61

0.148439
353

2.8474
44

0.152556
302

2.8438
48

0.156151
933

2.8406
86

0.159314
449

2.8356
54

0.164345
678

2.8322
72

0.167728
093

3.7448

0.255160
041

3.7361
28

0.263871
989

3.7281

0.271809
659

3.7209

0.279079
7

3.7144

0.285599
755

3.7028
54

0.297145
778

3.6937
49

0.306251
362

5.6263
42

0.373657
89

5.6129
06

0.387094
492

5.6002

0.399799
734

5.5878
28

0.412171
594

5.5765
06

0.423493
859

5.5556
19

0.444380
793

5.5373
99

0.462600
748

7.6382
76

0.361724
107

7.6243
65

0.375634
86

7.6109

0.389039
518

7.5979
15

0.402084
985

7.5854
92

0.414507
516

7.5616
78

0.438321
609

7.5396
35

0.460364
861

9.7511
75

0.248825
333

9.7410
77

0.258923
37

9.7310
54

0.268945
834

9.7213
51

0.278648
542

9.7112
65

0.288735
105

9.6916
44

0.308356
486

9.6726
83

0.327316
713
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15.218
61

0.218605
467

15.226
65

0.226654
608

15.234
29

0.234289
833

15.241
25

0.241254
206

15.248
05

0.248046
912

15.259
59

0.259592
909

15.268
62

0.268619
364

20.516
67

0.516666
381

20.537
04

0.537042
029

20.556
21

0.556212
981

20.574
67

0.574665
123

20.593
05

0.593049
95

20.628
04

0.628035
745

20.661
11

0.661109
082

25.322
04

0.322039
128

25.332
38

0.332376
585

25.343
11

0.343106
825

25.354
22

0.354221
011

25.363
53

0.363529
961

25.383
73

0.383727
518

25.403
62

0.403615
884

29.525
26

0.474737
848

29.506
71

0.493291
581

29.488

0.511600
176

29.470
17

0.529830
697

29.453

0.546699
831

29.419
32

0.580675
414

29.386
68

0.613320
814

NO.8

NO.9

0.10

0.11

0.12

0.13

0.14

Dlp

Varition
of D1

Varition
of D1

Varition
of D1

D]p

Varition
of D1

D]_p

Varition
of D1

D]_p

Varition
of D1

Varition
of D1

0.4110
73

0.411072
913

0.4165
35

0.416534
53

0.408719
553

0.3406
85

0.340684
621

0.2372
26

0.237226
173

0.1395
51

0.139551
012

0.069748
244

0.8179
35

0.317934
853

0.8251
44

0.325144
479

0.8228
02

0.322801
967

0.7805
07

0.280506
533

0.7099
29

0.209928
956

0.6415
08

0.141508
487

0.5920
83

0.092082
67

1.2160
55

0.216055
442

1.2240
65

0.224065
301

1.2259
27

0.225927
349

1.2054
05

0.205404
655

1.1635
28

0.163527
846

1.1208
97

0.120897
373

1.0894
58

0.089458
407

1.6125
44

0.112543
931

1.6205
49

0.120549
319

1.6255

0.125560
478

1.6235
98

0.123598
301

1.6071
25

0.107125
315

1.5875
54

0.087554
188

1.5722
69

0.072268
985

2.0121
47

0.012146
551

2.0194

0.019430
353

2.0266
68

0.026668
497

2.0404
88

0.040487
641

2.0466

0.046609
945

2.0478
14

0.047813
917

2.0471
66

0.047165
652

2.8303
64

0.169636
465

2.8344
34

0.165565
81

2.8437
14

0.156285
524

2.8815
59

0.118440
758

2.9253
65

0.074635
334

2.9621
04

0.037896
356

2.9867
22

0.013278
004
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3.6829
01

0.317099
129

3.6819
46

0.318054
164

3.6904
19

0.309581
246

3.7430

0.256919
503

3.8151
86

0.184813
98

3.8800

0.119960
415

3.9252
05

0.074795
084

5.5100
79

0.489920
874

5.4964

0.503570
261

5.4967
62

0.503238
197

5.5541
23

0.445877
308

5.6559

0.344059
75

5.7553

0.244669
81

5.8272
49

0.172750
61

7.5025

0.497500
091

7.4768
44

0.523155
933

7.4653

0.534629
893

7.5001

0.499820
164

7.5964
93

0.403507
209

7.7021
72

0.297827
578

7.7823
75

0.217624
662

9.6362
74

0.363725
814

9.6056

0.394310
429

9.5839
85

0.416015
256

9.5802

0.419800
14

9.6405
69

0.359430
592

9.7244
52

0.275548
478

9.7944
87

0.205513
457

15.279
38

0.279379
509

15.278
61

0.278610
054

15.265
84

0.265835
79

15.191
05

0.191053
91

15.100
47

0.100470
117

15.042
08

0.042081
076

15.018
65

0.018648
274

20.720
09

0.720085
721

20.765
78

0.765783
501

20.794
43

0.794433
478

20.771
39

0.771392
752

20.629
14

0.629137
457

20.450
22

0.450222
799

20.313
43

0.313425
096

25.442
14

0.442139
391

25.478
08

0.478083
598

25.508
57

0.508569
646

25.552
79

0.552788
207

25.528

0.528103
892

25.436
52

0.436516
625

25.325
32

0.325322
309

29.326
52

0.673475
876

29.276
46

0.723544
348

29.241
23

0.758766
609

29.234
94

0.765058
719

29.344
32

0.655682
716

29.509
76

0.490242
811

29.655
84

0.344157
813

Table L-6 Variation of D, using prediction model D,=f(V>) to detect movement of middle finger

NO.1 D1=0Omm

NO.2 D1=0.5mm

NO.3 D1=1mm

NO.4 D1=1.5mm

NO.5 D1=2mm

NO.6 D1=3mm

NO.7 D1=4mm

Dap

Varition
Of D2

Dap

Varition
Of Dz

Dap

Varition
Of Dz

Dap

Varition
Of Dz

Dap

Varition
Of Dz

Dap

Varition
Of Dz

Dap

Varition
Of Dz

60




0.9540 | 0.954012 | 0.9654 | 0.965477 | 0.9762 | 0.976215 | 0.9863 | 0.986306 | 0.9956 | 0.995602 | 1.0114 | 1.011428 | 1.0230 | 1.023037
12 424 77 124 15 225 06 41 03 615 28 184 38 771
1.2030 | 0.703069 | 1.2127 | 0.712705 | 1.2218 | 0.721807 | 1.2304 | 0.730415 | 1.2384 | 0.738425 | 1.2523 | 0.752365 | 1.2630 | 0.763061
69 054 05 33 08 577 15 004 26 891 66 773 61 013
1.4596 | 0.459617 | 1.4673 | 0.467384 | 1.4747 | 0.474733 | 1.4817 | 0.481730 | 1.4883 | 0.488327 | 1.5000 | 0.500096 | 1.5095 | 0.509573
18 542 84 482 34 969 3 044 27 489 97 856 74 765
1.7280 | 0.228085 | 1.7337 | 0.233797 | 1.7392 | 0.239256 | 1.7445 | 0.244549 | 1.7495 | 0.249594 | 1.7589 | 0.258930 | 1.7668 | 0.266870
85 018 98 603 57 744 49 408 94 363 3 269 71 916
2.0112 | 0.011279 | 2.0149 | 0.014908 | 2.0183 | 0.018384 | 2.0218 | 0.021808 | 2.0252 | 0.025226 | 2.0318 | 0.031811 | 2.0379 | 0.037962
8 854 08 199 85 872 08 149 26 14 11 048 62 432
2.6302 | 0.369786 | 2.6293 | 0.370689 | 2.6285 | 0.371462 | 2.6280 | 0.371971 | 2.6278 | 0.372187 | 2.6282 | 0.371771 | 2.6298 | 0.370128
14 211 1 505 38 056 28 99 13 379 28 63 72 059
3.3283 | 0.671603 | 3.3228 | 0.677109 | 3.3176 | 0.682378 | 3.3129 | 0.687089 | 3.3087 | 0.691215 | 3.3023 | 0.697657 | 3.2985 | 0.701407
96 673 91 462 22 431 1 833 85 413 43 169 92 909
49887 | 1.011267 | 4.9747 | 1.025260 | 4.9614 | 1.038558 | 4.9488 | 1.051129 | 4.9370 | 1.062905 | 4.9166 | 1.083308 | 4.9008 | 1.099173
32 672 39 537 41 935 7 905 94 651 91 672 27 148
7.0056 | 0.994308 | 6.9869 | 1.013092 | 6.9688 | 1.031102 | 6.9515 | 1.048429 | 6.9350 | 1.064970 | 6.9047 | 1.095233 | 6.8792 | 1.120747
91 652 08 426 98 428 71 457 3 179 67 012 52 596
9.3261 | 0.673833 | 9.3088 | 0.691116 | 9.2922 | 0.707799 | 9.2757 | 0.724206 | 9.2598 | 0.740101 | 9.2295 | 0.770490 | 9.2022 | 0.797789
66 66 83 611 01 085 93 607 99 248 09 672 11 263
0.669998 | 15.678 | 0.678896 | 15.688 | 0.688189 | 15.697 | 0.697264 | 15.705 | 0.705419 | 15.720 | 0.720073 | 15.731 | 0.731481

15.67 776 9 491 19 127 26 733 42 138 07 907 48 64
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21.332
81

1.332808
736

21.360
43

1.360427
62

21.387
51

1.387512
573

21.413
59

1.413592
494

21.440
15

1.440152
892

21.490
83

1.490833
16

21.537
41

1.537410
38

25.617
67

0.617667
754

25.628
79

0.628788
915

25.638
84

0.638837
092

25.650
25

0.650253
179

25.659
79

0.659792
761

25.680
11

0.680111
28

25.698

0.698003
933

28.744
26

1.255738
912

28.714

1.285098
668

28.686
35

1.313648
354

28.656

1.343100
402

28.628
83

1.371167
259

28.572
81

1.427188
931

28.521
84

1.478155
594

NO.8

Do=6mm

NO.9

D,=8mm

NO.10

D2=10mm

NO.11

D,=15mm

NO.12

D2=20mm

NO.13

D2=25mm

NO.14

D2=30mm

DZp

Varition
of Dz

DZp

Varition
of Dz

DZp

Varition
of Dz

D2p

Varition
of Dz

sz

Varition
of Dz

DZp

Varition
of Dz

DZp

Varition
of Dz

1.0337
56

1.033755
589

1.0255
34

1.025534
18

0.9996
89

0.999688
522

0.8746
42

0.874642
106

0.7085
84

0.708584
372

0.5510
68

0.551067
588

0.4296
98

0.429698
227

1.2748
33

0.774832
605

1.2716
78

0.771678
046

1.2545
18

0.754517
727

1.1633
32

0.663332
369

1.0393
25

0.539325
251

0.9213
74

0.421373
657

0.8306
42

0.330642
453

1.5216
84

0.521683
923

1.5227
22

0.522721
861

1.5133
06

0.513306
456

1.4532
43

0.453243
317

1.3681
66

0.368166
273

1.2868
27

0.286827
039

1.2243
09

0.224309
475

1.7785
96

0.278596
074

1.7831
34

0.283133
647

1.7806
83

0.280682
573

1.7494
83

0.249483
27

1.7009
23

0.200923
19

1.6539

0.153929
754

1.6177
75

0.117775
204

2.0486
15

0.048614
649

2.0558
98

0.055897
637

2.0595
72

0.059571
933

2.0552
63

0.055263
153

2.0410
81

0.041080
541

2.0263
71

0.026370
532

2.0150
65

0.015064
547

2.6365
41

0.363459
464

2.6471
08

0.352891
882

2.6607
53

0.339247
326

2.7039
55

0.296044
657

2.7522

0.247780
331

2.7964
14

0.203586
182

2.8302
88

0.169712
135

3.2987
94

0.701206
281

3.3096
49

0.690350
797

3.3300
08

0.669991
969

3.4114
08

0.588591
975

3.5128
68

0.487131
697

3.6078
07

0.392193
032

3.6806
85

0.319314
865

62




4.8828 | 1.117161 | 4.8856 | 1.114302 | 4.9080 | 1.091914 | 5.0325 | 0.967478 | 5.2055 | 0.794470 | 5.3722 | 0.627732 | 5.5015 | 0.498442
38 903 98 313 86 332 22 113 29 916 68 361 58 268
6.8425 | 1.157416 | 6.8292 | 1.170784 | 6.8397 | 1.160281 | 6.9545 | 1.045403 | 7.1405 | 0.859469 | 7.3299 | 0.670055 | 7.4806 | 0.519392
84 202 15 752 18 932 97 493 3 7 45 025 08 287
9.1562 | 0.843736 | 9.1285 | 0.871482 | 9.1193 | 0.880693 | 9.1753 | 0.824653 | 9.3085 | 0.691440 | 9.4631 | 0.536850 | 9.5957 | 0.404208
63 609 18 14 06 65 47 163 59 718 5 219 91 53
15.742 | 0.742970 | 15.739 | 0.739303 | 15.716 | 0.716939 | 15.589 | 0.589911 | 15.420 | 0.420834 | 15.292 | 0.292909 | 15.228 | 0.228319
97 025 3 272 94 603 91 347 83 946 91 217 32 056
21.622 | 1.622266 | 21.679 | 1.679944 | 21.711 | 1.711453 | 21.644 | 1.644081 | 21.388 | 1.388561 | 21.060 | 1.060732 | 20.789 | 0.789192
27 417 94 431 45 653 08 399 56 026 73 375 19 048
25.735 | 0.735909 | 25.770 | 0.770713 | 25.801 | 0.801348 | 25.857 | 0.857593 | 25.852 | 0.852890 | 25.755 | 0.755468 | 25.598 | 0.598795
91 425 71 122 35 887 59 105 89 983 47 802 8 126
28.424 | 1.575648 | 28.350 | 1.649114 | 28.304 | 1.695379 | 28.334 | 1.665378 | 28.559 | 1.440073 | 28.881 | 1.118261 | 29.177 | 0.822726
35 091 89 086 62 902 62 54 93 069 74 951 27 006
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Appendix M: Participant Questionnaire Sheet

Participant Questionnaire Sheet:

Study Title: A measurement system for hand rehabilitation

Researcher: Nan HU Ethics Number: 48109

Please fill in the following questionnaire to determine your eligibility for this experiment. If yes to
any of the following questions please give details.

1. Are you aged 18-69 inclusive? Yes / No

2. Do you have a known hand impairment? Yes / No

3. Have you ever had any recent pain, infections, surgery or bleeding from either of hand? Yes / No

4. Do you experience any hand injuries or disease (such as arthritis, peripheral nerve disease,
central nervous system injury, brachial plexus injury or any other disease in either your hand or
your finger)? Yes / No

5. Do you suffer from congenital dysplasia in either your hand or your finger? Yes / No
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Appendix N: Participant Information Sheet

Participant Information Sheet

Study Title: A measurement system for hand rehabilitation
Researcher: NAN HU

ERGO number: 48109

You are being invited to take part in the above research study. To help you decide whether
you would like to take part or not, it is important that you understand why the research is
being done and what it will involve. Please read the information below carefully and ask
questions if anything is not clear or you would like more information before you decide to
take part in this research. You may like to discuss it with others but it is up to you to decide
whether or not to take part. If you are happy to participate you will be asked to sign a
consent form.

What is the research about?

This research is for a PhD program on a measurement system for hand rehabilitation. It investigates
contactless finger displacement measurement based on electrical near field sensing. A notable
advantage of this adoption is the non-contact form of measuring without complicated setting-up and
donning steps. Previous work has investigated the feasibility of using electrical near field sensing,
and proposed a mathematic relationship between the fingers’” motion and the signals detected.
Therefore, the rationale for conducting this study is to verify the regression model proposed.

Why have | been asked to participate?

You have been chosen for this experiment, as you are student or staff from the University of
Southampton and between the age of 18 and 69 years inclusive, with normal hand and finger
function.

What will happen to me if | take part?

1. You will be asked to fill in a questionnaire assessing eligibility for participation.
The information of your gender and handedness will be collected. Measuring of your
hand dimension will be conducted following steps below:

o While your hand extended, the maximum breadth and maximum depth of your
proximal interphalangeal joint of digit 2 and digit 3 will be measured with the
sliding calliper.

o  While your hand extended, the distance along midpoint of the tip of digit 2 and
digit 3 to your wrist crease baseline at the end of scaphoid bone will be measured
with a ruler.

3. Fortesting, you are required to sit and relax, and try to refrain from moving unless need
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be. Tissues will be provided before the experiment to ensure your hand clean and dry.

4. Experimental tests of your right hand will be conducted. You are required to place you
right hand on the receptacle with a horizontal posture with respect to the guidance line. If
at any point during the test you wish to stop, you have the right to do so.

o Calibration of an optical sensor will be conducted first. During this process, you
are required to keep you right hand on the receptacle without any unnecessary
movement, while the platform to hold the optical sensor will be adjusted to get
varied distance. The calibration process will take approximately 10 minutes.

o Breaks of 5 minutes will then be given. Tissues will be provided if you find your
hand sweating.

o Testing of combined movement of index finger and middle finger of your right
hand will then be conducted, while the movement of the other fingers (ring &
little finger) should be avoid. Each finger can be extended from the flat posture
but not into hyperextension. You will be asked to move the index & middle
fingers up and down for three consecutive times, take your hand away from the
receptacle, and then place your hand back to the receptacle as required. You will
be required to repeat the described movements for 10 times.

Breaks of 5 minutes will then be given. Tissues will be provided if required.

Similar to step 4, experimental tests of your left hand will be conducted. You are required
to place you left hand on the receptacle with a horizontal posture with respect to the
guidance line.

o Calibration of an optical sensor will be conducted first. While the platform to hold
the optical sensor adjusted to get varied distance, you are required to keep you
left hand on the receptacle without any unnecessary movement.

o Breaks of 5 minutes will then be given. Tissues will be provided if you find your
hand sweating.

o Testing of combined movement of index finger and middle finger of your left
hand will then be conducted, while the movement of the ring & little finger
should be avoid. Each finger can be extended from the flat posture but not into
hyperextension. You will be asked to move the index & middle fingers up and
down for three consecutive times, take your hand away from the receptacle, and
then place your hand back to the receptacle as required. You will be required to
repeat the described movements for 10 times.

7. Intotal, the entire appointment will last approximately 1 hour.

Are there any benefits in my taking part?

Taking part in this study will help to expand knowledge regarding contactless finger displacement
sensing as a measurement system for hand rehabilitation.

Are there any risks involved?

There could be some minimal risks. However, these risks have been assessed and correct
precautions have been put in place to reduce these risks by adhering to safety procedures. First-
aider will stand by during the whole process to help ensure the safety and health of the participants.

We are willing to help if you have any distressed feeling either during or following this study. If at
any point during the test you wish to stop, you have the right to do so.
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What data will be collected?

As part of this study, email address and a signed consent form will be collected; the consent form
will be digitised and the hard copy version shredded. Other than that, measurements as described in
the section “What will happen to me if | take part?’ above as well as your gender and handedness
will be collected.

Your information will not be released or viewed by anyone other than researchers involved in this
project. All the information you give will be saved in a password-protected file on a University of
Southampton network. The information will only be used for the purpose of this study. All data will
be destroyed on completion of my degree.

All responses are treated as confidential, and in no case will responses from individual participants
be identified. All data will be pooled and published in aggregate form only, where the data would
appear only as a string of numbers, so your responses will remain totally anonymous.

Will my participation be confidential?

Your participation and the information we collect about you during the course of the
research will be kept strictly confidential.

Only members of the research team and responsible members of the University of
Southampton may be given access to data about you for monitoring purposes and/or to
carry out an audit of the study to ensure that the research is complying with applicable
regulations. Individuals from regulatory authorities (people who check that we are carrying
out the study correctly) may require access to your data. All of these people have a duty to
keep your information, as a research participant, strictly confidential.

Data Protection Privacy Notice

The University of Southampton conducts research to the highest standards of research
integrity. As a publicly-funded organisation, the University has to ensure that it is in the
public interest when we use personally-identifiable information about people who have
agreed to take part in research. This means that when you agree to take part in a research
study, we will use information about you in the ways needed, and for the purposes
specified, to conduct and complete the research project. Under data protection law,
‘Personal data’ means any information that relates to and is capable of identifying a living
individual. The University’s data protection policy governing the use of personal data by the
University can be found on its website (https://www.southampton.ac.uk/legalservices/what-
we-do/data-protection-and-foi.page).

This Participant Information Sheet tells you what data will be collected for this project and
whether this includes any personal data. Please ask the research team if you have any
questions or are unclear what data is being collected about you.
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Our privacy notice for research participants provides more information on how the
University of Southampton collects and uses your personal data when you take part in one
of our research projects and can be found at
http://www.southampton.ac.uk/assets/sharepoint/intranet/ls/Public/Research%20and%20In
tegrity%20Privacy%20Notice/Privacy%20Notice%20for%20Research%20Participants.pdf

Any personal data we collect in this study will be used only for the purposes of carrying out
our research and will be handled according to the University’s policies in line with data
protection law. If any personal data is used from which you can be identified directly, it will
not be disclosed to anyone else without your consent unless the University of Southampton
is required by law to disclose it.

Data protection law requires us to have a valid legal reason (‘lawful basis’) to process and
use your Personal data. The lawful basis for processing personal information in this research
study is for the performance of a task carried out in the public interest. Personal data
collected for research will not be used for any other purpose.

For the purposes of data protection law, the University of Southampton is the ‘Data
Controller’ for this study, which means that we are responsible for looking after your
information and using it properly. The University of Southampton will keep identifiable
information about you for until successful completion of my degree after the study has
finished after which time any link between you and your information will be removed.

To safeguard your rights, we will use the minimum personal data necessary to achieve our
research study objectives. Your data protection rights - such as to access, change, or
transfer such information - may be limited, however, in order for the research output to be
reliable and accurate. The University will not do anything with your personal data that you
would not reasonably expect.

If you have any questions about how your personal data is used, or wish to exercise any of
your rights, please consult the University’s data protection webpage
(https://www.southampton.ac.uk/legalservices/what-we-do/data-protection-and-foi.page)
where you can make a request using our online form. If you need further assistance, please
contact the University’s Data Protection Officer (data.protection@soton.ac.uk).

Do | have to take part?

No, it is entirely up to you to decide whether or not to take part. If you decide you want to
take part, you will need to sign a consent form to show you have agreed to take part.

If at any time you decide you do not wish to continue, please just let the researcher know.

What happens if | change my mind?

You have the right to change your mind and withdraw at any time without giving a reason
and without your participant rights (or routine care if a patient) being affected.

70


http://www.southampton.ac.uk/assets/sharepoint/intranet/ls/Public/Research%20and%20Integrity%20Privacy%20Notice/Privacy%20Notice%20for%20Research%20Participants.pdf
http://www.southampton.ac.uk/assets/sharepoint/intranet/ls/Public/Research%20and%20Integrity%20Privacy%20Notice/Privacy%20Notice%20for%20Research%20Participants.pdf
mailto:data.protection@soton.ac.uk

Your participation is voluntary and you may withdraw consent at any time without your legal rights
being affected and without the need for justification.

If you withdraw from the study, we will keep the information about you that we have already
obtained for the purposes of achieving the objectives of the study only.

What will happen to the results of the research?

Your personal details will remain strictly confidential. Research findings made available in
any reports or publications will not include information that can directly identify you without
your specific consent.

All the information you give will be saved in a password-protected file on University of Southampton
network. The information can only be accessed by me and the supervision team, and will only be
used for the purpose of this study. All data will be destroyed on completion of my degree.

The results of this study might be published as a conference / journal paper, and will be reported in
my PhD thesis. The results will remain strictly confidential and will not be directly identifiable from
any report or publication. Results will be aggregated across all participants; no single participant will
be identified. You can receive a copy of the results if you would like.

Where can | get more information?

Should you require any additional information, please contact Nan HU (nhlul6@soton.ac.uk).

What happens if there is a problem?

If you have a concern about any aspect of this study, you should speak to the researchers
who will do their best to answer your questions.

If you remain unhappy or have a complaint about any aspect of this study, please contact
the University of Southampton Research Integrity and Governance Manager (023 8059 5058,
rgoinfo@soton.ac.uk).

We are always willing to help if there is a problem. Please contact Nan HU (nhlul6@soton.ac.uk).

Thank you.

Thank you for taking the time to read the information sheet and considering taking part in the
research.
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Appendix O: Participant Experiment Record

Name of the participant: Participant identification number:

Data/time: / Gender: [ Male [lFemale Note:

Pre-experiment Checklist:

(] Documents:
o Participant Information Sheet
o Consent Form
o Participant Questionnaire Sheet
o Participant Experiment Record
o Pen
[0 Measuring tools:
o Calliper
o Ruler
o Tissue
o Band aid
[] Experiment setting
o Measuring system set-up
o Function of measuring system checked in advance
o Staff on the ground/desk cleaned
o Participant’s folder built
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During the experiment:

2. Provide the participant with a participant information sheet.
3. Aconsent form provided. The participant give written consent before testing can

commence.
4. A questionnaire administered assessing medical history and eligibility for participation.
5. Grouping information collected: Email address:
Gender: [1 Male []Female Handedness: [ ] Right [ Left

6. Tissues provided.
7. Measuring of hand dimension conducted:
o Subject’s hand extended. With the sliding calliper, measure the maximum
breadth and maximum depth of the proximal interphalangeal joint of digit 2 (plot
(a),(b)) and digit 3 (plot (c),(d)).
Proximal interphalangeal joint (mm)

Index Middle

R
L
o Subject’s hand extended. With the ruler, measure the distance along midpoint of
the tip of digit 2 and digit 3 to the wrist crease baseline at the end of scaphoid
bone.
Length: finger tip to wrist crease (mm)
Index Middle

R
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8. Tissues will be provided.
9. Participant seated and asked to remain still throughout testing.
10. Experimental tests of right hand:

O

Researcher to illustrate the position of hand: Right hand of the participant
should adopt a horizontal posture on the receptacle, and position the fingers with
respect to the guidance line on the receptacle.

Researcher to prompt participant to keep their right hand on the receptacle
during the calibration of the distance measuring system. The platform to hold the
optical sensor will be adjusted to get varied distance.

R1.1

R1.2

R1.3 R1.4 R1.5 R1.6 R1.7 R1.8 R1.9 R1.10

Breaks of 5 minutes will be given to the participant while their right hand kept
on the receptacle.

The distance and the corresponding voltage output of the optical sensor will be
saved.

Researcher to explain the combined movement of index finger and middle finger
of the right hand, while the movement of the other fingers (ring & little finger)
should be avoid. Index & middle finger can be extended from the flat posture
but not into hyperextension. Participant will be asked to move their index &
middle fingers up and down slowly for three consecutive times, move their
hand away from the receptacle, then place their hand back to the receptacle as
required. The described movements should repeat for 10 times.

R2.0

R2.1

R2.2 R2.3 R2.4 R2.5 R2.6 R2.7 R2.8 R2.9 R2.10

11. Breaks of 5 minutes will be given to the participant.

12. MGC3030 output will be saved.

13. Tissues will be provided if the participant has a sweat hand.
14. Experimental tests of left hand:

o Researcher to illustrate the position of hand: right hand should adopt a
horizontal posture on the receptacle with respect to the guidance line.

o Researcher to prompt participant to keep their left hand on the receptacle
during the calibration of the distance measuring system. The platform to hold the
optical sensor will be adjusted to get varied distance.

L1.1 L1.2 L1.3 L1.4 L1.5 L1.6 L1.7 L1.8 L1.9 L1.10

o Breaks of 5 minutes will be given to the participant while their left hand kept on
the receptacle.

o The distance and the corresponding voltage output of the optical sensor will be
saved.

o Researcher to explain the combined movement of index finger and middle finger

of the right hand, while the movement of the other fingers (ring & little finger)
should be avoid. Index & middle finger can be extended from the flat posture
but not into hyperextension. Participant will be asked to move their index &
middle fingers up and down slowly for three consecutive times, move their
hand away from the receptacle, then place their hand back to the receptacle as
required. The described movements should repeat for 10 times.
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L2.0

L2.1

L2.2

L2.3

L2.4

L2.5

L2.6

L2.7

L2.8

L2.9

L2.10

15. MGC3030 output will be saved.
16. Pre-processing the experimental outputs. Participants have the option of being debriefed

on the experimental results.
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Post — experiment data analysing

Right Hand Left Hand
Optical sensor calibration
No. optl opt2 Note No. optl opt2 Note
1 1
2 2
3 3
4 4
5 5
6 6
7 7
8 8
9 9
10 10
Type in ‘V= D¢, V=D’ Type in ‘V=D{, ‘'V= D,
Plot & Result 1 & 2 Matlab 1 & 2 Plot & Result1 & 2 Matlab 1 & 2
Note
Sample movements
No. Range Index Middle No. Range Index Middle
1 1
2 2
3 3
4 4
5 5
6 6
7 7
8 8
9 9
10 10
Note:
Signature
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Appendix P: Participant Characteristics

Table P-1 General information of participants

Participant
Identification
Number Gender Handedness

1-F

2-M

3-M

4-F

5-M

6-M

7-M

8-M

9-M

10-M

11-M

12-M

13-F

14-M

15-F

16-F

17-F

18-M

19-F

20-M

21-F

22-F
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23-F
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Table P-2 Measurement of hand dimension1: Proximal interphalangeal joint (mm)

Participant Right Hand Left Hand

Identification Index Finger Middle finger Index Finger Middle finger
Number Width Depth Width Depth | Width Depth Width Depth
1-F 16.5 14.85 17.19 14.98 15.94 14.41 16.94 15.33
2-M 17.75 15.74 19.15 17.36 | 18.05 15.64 18.71 17.11
3-M 18.13 15.8 18.27 16.14 18.2 15.97 18.47 16.39
4-F 17.35 15.05 16.99 15.51 | 16.48 14.54 16.06 14.56
5-M 19.29 17.59 18.09 17.31| 19.59 17.13 18.51 16.78
6-M 18.9 17.29 18.66 17.1 18.08 16.45 18.34 17.04
7-M 17.94 15.87 18.47 17.23 | 17.47 16.02 17.41 16.26
8-M 18.74 15.73 18.9 15.84 18.61 15.9 18.21 1591
9-M 20.2 20.25 20.88 18.72 20 19.43 19.65 18.74
10-M 19.99 18.99 19.28 16.78 19.25 18.01 19.18 16.93
11-M 22.13 18.8 21.69 19.25 22.11 19.43 21.08 20.01
12-M 18.28 16.03 18.1 17.3 | 18.53 15.66 17.85 16.98
13-F 17.63 15.3 17.66 14.76 16.83 14.86 17.89 14.99
14-M 19.5 17.99 20 17.75 | 18.95 16.65 19.12 18.4
15-F 15.95 15.09 15.86 15.37 15.16 14.05 15.5 14.87
16-F 16.26 15.44 16.3 15.24 | 16.64 15.03 15.96 14.97
17-F 17.61 14.76 17.58 15.34 | 17.24 15.17 17.56 14.94
18-M 18.28 16.5 18.84 17.02 | 17.76 16.16 17.5 16.56
19-F 16.78 16.36 17.34 1591 | 16.59 14.92 17.07 15.25
20-M 18.2 17.32 19.67 18.73 17.96 16.74 18.16 17.11
21-F 17.76 14.38 18.47 16.07 | 16.36 14.35 17.65 15.23
22-F 17.09 16.11 18.2 16.4 16.71 15.41 16.71 16.46
23-F 17.26 15.7 18.37 16 17.52 16.28 18.19 16.17
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Table P-3 Measurement of hand dimension2: Proximal interphalangeal joint (mm)

Participant Right Hand Left Hand
|dentification Index Middle Index Middle
Number

1-F 164 177 165 177
2-M 163 175 163 175
3-M 178 187 183 192
4-F 169 176.5 172 182.5
5-M 178 184.5 180 185.5
6-M 166.5 178 166.5 182
7-M 172 183 172 184
8-M 178 190.5 178.5 188
9-M 197 207.5 193 207
10-M 192.5 203.5 195 206
11-M 209 225 208.5 224
12-M 180 187.5 182 190.5
13-F 161 167 164 174
14-M 182 195 181.5 196.5
15-F 159 165 157 164.5
16-F 177.5 183.5 176 182.5
17-F 163.5 168 162 167
18-M 182.5 193 184.5 194.5
19-F 163.5 176.5 164 178.5
20-M 175 184 175 183
21-F 161.5 173 165 172
22-F 163.5 176 165 175
23-F 173.5 181.5 173 183
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Appendix Q: Filtering Issue

Based on the output distance characteristics of the optical sensor, signal change due to
the distance change rather smoothly and slowly [21], as shown in Fig. Q-1. However, the
signals of both optical sensors from experiment are contaminated with very tall, narrow

“spikes” occurring at random intervals and with random amplitudes, but with widths of only

one or a few points, as presented in Chapter 5.5.

age ou

utput |\
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—
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Analog v

Distance to retlective object (cm)

Fig.Q-1 Output distance characteristics of the optical sensor

This type of interference is difficult to eliminate using smoothing methods which
replaces a point in the signal with the average of adjacent points, without distorting the signal

[107]. However, a “median” filter, which replaces each point with the median of adjacent
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points, can effectively eliminate narrow spikes, with little change in the signal, if the width of
the spikes is only one or a few points and equal to or less than m. Therefore, the true signals
will not be much distorted while the “spikes” will be reduced. Consequently, the filtered signal
allows more accurate signal characteristics processing and analysing, including peak position,

peak amplitude, width, etc.

For peak-type signals, the critical factor is the smooth ratio, which is the ratio between
the smooth width and the number of points in the half-width of the peak [107]. In general,
increasing the smoothing ratio improves the signal-to-noise ratio but causes a reduction in
amplitude and an increase in the bandwidth of the peak. As smooth width increases, the
smoothing ratio increases, noise is reduced quickly at first, then more slowly, and the peak
height is also reduced, slowly at first, then more quickly, as shown in Fig. Q-2. The best smooth
ratio depends on the purpose of the peak measurement. If the ultimate objective of the
measurement is to measure the peak height or width, then smooth ratios below 0.2 should be
used [107].

Particularly, the maximum improvement depends on the number of points in the peak:
the more points in the peak, the greater smooth widths can be employed without peak height
reduction, and the greater the noise reduction. Considering the mechanism of the median filter,
for a signal with n points in the peak, the maximum filter width should be less than 2n. If not,

the peak height will be lost.

0 Distance of index finger calculated from output of optical sensor1
T T T

50 — -

40 [~ -
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(a) Smooth width = 5

84



Distance (mm)

Distance (mm)

Distance (mm)

60

40

20

60

40

20

60

40

w
3

n
S

Distance of index finger calculated from output of optical sensor1
T T T

|

'

2000 4000 6000 8000 10000 12000 14000 16000 18000
NO. of data point
Distance of index finger calculated from output of optical sensor1
T T T T T T T
1 1 1 1 1 1 1 1
2000 4000 6000 8000 10000 12000 14000 16000 18000
NO. of data point
(c) Smooth width = 20
Distance of index finger calculated from output of optical sensor1
T T T T T T T
i
1 1 1 1 1 1 1 1
2000 4000 6000 8000 10000 12000 14000 16000 18000

NO. of data point

(d) Smooth width = 50

85
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Fig. Q-2 Measured distance from optical sensor1 (- before filtered, - after filtered by median
filter)

Fig. Q-3 shows the simplest case where the signal to analyse is {x|1,1,1,1, 1,1, 2, 3,

4,5,6,7,8,9,10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30,

30, 30, 30, 30, 25, 20, 15, 10, 8,6, 4, 2,1,1, 1, 1, 1}. Here, the peak height is 30 and there are

5 points in the peak (n=5). The red squares ‘/ ’ show the original signal, while the blue lines ‘-
“in Fig. Q-3 (a),(b),(c),(d) shows the signal after filtered by median filter with filter width 3,
5,9, 10. It can be indicated from the plots that the filtered signal ‘-* in Fig. Q-3 (d) start to lose
the peak height, where the filter width reaches 10 (2n), and the maximum filtered width here
is 9 (2n-1) points. The form of the equation between the number of points in the peak and the

maximum filter width can be slightly different in the case of even numbers.

(a) (b)
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(c) (d)
Fig. Q-3 Example set1 with different filtering width
However, in the real situation, there tend to be noise in the signal and that is the case to
apply filtering technique. Therefore, another set {x| 1,1, 1,1,1,1,1,1,1,1,3,5,7,9, 11, 13,
15,17, 19,21, 21,22,21,24,21,21,20,21, 21,19, 15,10,5,1,1,1,1,1,1,1, 1, 1]is taken
as an example. Here, the peak height is 21 and the number of points in the peak is 10 (n=10).

Similarly, the red squares ‘(1> show the original signal, while the blue lines ‘-° in Fig. Q-4

(@),(b),(c),(d) shows the signal after filtered by median filter with filter width 3, 10, 17, 20.

25 T T T T T T T T 25

(c) (d)
Fig. Q-4 Example set2 with different filtering width
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The filtered signal ‘-’ in Fig. Q-4 (d) with filtered width 20 (2n) starts to lose the peak
height, and the maximum filtered width here is 17 (2n-3) points. Collectively, the filter width
of a median filter should be somewhere less than 2 times of the number of points in the peak,
if not, the peak height will be lost. The messier the signal in the peak, the smaller the filter
width should be.

It is very important, however, to apply exactly the same signal processing steps to the
standard signals as to the sample signals, otherwise a large systematic error will result. For the
output of the optical sensors, there are a group of messy signals with different number of points
in the peak {nl, n2, n3, n4...}X. Therefore, the filter width is depend on the smallest number
{Nminn1, n2, n3, n4...}. From the experimental result of both optical sensors, the Nminz is 10
points. Fig. Q-5 shows the movement with the smallest number of points in the peak (13F-5).
The blue line ‘-> show the original signal, while the blue lines ‘- ¢ in Fig. Q-5 (a),(b),(c),(d)
shows the signal after filtered by median filter with filter width 10, 20, 30, 40.

0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200

(a) (b)

0 200 400 600 800 1000 1200
(c) (d)

Fig. Q-5 Output of the optical sensors with different filtering width
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It can be observed from the plots that, the median filter with width of 20 points can
effectively eliminates the ‘spikes’ in the signal while nicely maintain the peak height. This
filtering technique supports the ‘2n’ hypothesis proposed in the exemplar sets, and was applied
to the experimental results of the optical sensors for all the participants for pre-processing

purpose.

In conclusion, to deal with the ‘spikes’ noise observed in the optical outputs, a ‘median’
filter was selected to improve the signal processing and analysing performance. The median
filter was applied to the output of both optical sensors for all the 23 participants with the filter
width 20. Considering the sampling rates of 106 Hz, the filter width accounts for the time
period of approximately 0.2 seconds, which well satisfies the requirement of the peak height

measurement for finger movement in this research.
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Appendix R: Experimental Results for Extreme Case 21-F
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Fig. R-1 Example output from experiment for participant 13-F to compare with: a) Output

from optical sensorl1 (D1); b)Output from the MGC3030 measuring system for the index

finger (S1); c) Output from optical sensor2 (D;); d) Output from the MGC3030 measuring
system for the middle finger (S:)
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Fig. R-2 Example outputl from experiment for participant 21-F (Right hand): a) Output from

optical sensorl (D1); b)Output from the MGC3030 measuring system for the index finger (S1);

¢) Output from optical sensor2 (D;); d) Output from the MGC3030 measuring system for the
middle finger (Sz)
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Fig. R-3 Example output2 from experiment for participant 21-F (Right hand, raw data for
Fig.6-5): a) Output from optical sensorl (D1); b)Output from the MGC3030 measuring system
for the index finger (S1); c) Output from optical sensor2 (D;); d) Output from the MGC3030

measuring system for the middle finger (Sz)
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Fig. R-4 Example output3 from experiment for participant 21-F (Left hand): a) Output from
optical sensorl (D1); b)Output from the MGC3030 measuring system for the index finger (S1);
¢) Output from optical sensor2 (D;); d) Output from the MGC3030 measuring system for the

middle finger (Sz)
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