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Abstract

The study of hand kinematics has developed into an important research area. Several
techniques have been proposed for recording hand movements, however the majority
suffer from poor accuracy and limited functionality. To overcome these limitations,
this research aims to develop a novel goniometric sensor for tracking articulated hand
motion.
This research is the first attempt to use Malus’ law as a sensing principle for monitoring
human hand kinematics. Three distinct electro-optical sensors (sensor#1, sensor#2,
and sensor#3) with compact configurations are developed. They are coupled with the
rotation of the finger joints and detect angular motion by analysing the attenuation of
light transmitted through linear polarising films.
The three goniometric sensors are designed with different measurement capabilities
to suit different types of finger articulation. Sensor#1 has a single rotation axis and a
measuring range of 0◦ to 90◦ , which can be used for the distal interphalangeal joints.
Sensor#2 can measure the movements spanning 180◦ with an improved sensitivity in a
single plane; this is ideal for the proximal interphalangeal joints. Sensor#3 consists of
two measurement axes, each having a measurement range up to 180◦ . These properties
make sensor#3 suitable for monitoring the finger joints with two degrees of freedom
(DOFs), e.g. the metacarpophalangeal joints; this is unique in designing a single sensor
for monitoring the two-DOF finger joints.
In comparison with a commonly used commercial bend sensor, the electro-optical
sensors demonstrate higher measurement accuracy (mean absolute error: ≤0.28◦ )
and faster response time under laboratory conditions. Furthermore, the developed
sensors all successfully tracked the dynamic finger motion when attached to human
finger joints. This work verifies that the developed electro-optical sensors offer a viable
sensing technique for tracking articulated human motion directly with high measurement
accuracy.
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Chapter 1
Introduction
1.1

Motivation

The human hand is complex, exhibiting multiple degrees of freedom (DOFs). It plays a
vital role in performing daily activities combining motor and sensory functions. The
hand’s motor function can be impaired by disease, for instance, it is reported that 40
percent of people will at some point be affected by arthritis in at least one hand [1].
Other diseases such as Dupuytren’s contracture and carpal tunnel syndrome also affect
fine motor control and restrict movement. Inherited disorders such as epidermolysis
bullosa cause a gradual loss of motor function due to generalised skin contracture.
Hand function is also inhibited due to damage caused by sports and workplace injuries.
For example, hand or wrist injuries account for 25% of all sports-related injuries [2]
and approximately 13% of work-related injuries involve the hand [3]. Assessment of
hand motor function is therefore essential to enable therapists to develop suitable hand
treatments.
In clinics, range of motion (ROM) is considered an important aspect to evaluate hand
motor function [4]. Hand therapists typically use a simple manual goniometer to assess
the ROM of the fingers [5, 6]. The Rolyan® finger goniometer (Pattern Medical Ltd.
[7], Nottingham, UK) shown in Figure 1.1 is most frequently used [4]. Such a method
is only effective for static measurements, and is tedious and time-consuming when
whole hand assessments are required [8]. The measurement accuracy (4◦ - 5◦ ) is
largely determined by the skill of the clinician or therapist [9]. Continuous and accurate
monitoring of hand motion is highly desirable. This is not only essential for therapists
to select an appropriate treatment but also important for evaluating the progress of
recovery. An accurate sensing system that is able to provide continuous monitoring
1
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of hand movements is long overdue, and there is a real need to develop a sensing
technology to supplant existing clinical methods.

Figure 1.1 Manual goniometer typically used to measure the range of motion of the finger joints
in clinics [10].

Since the 1970s, considerable attention has been focused on researching methods for
capturing hand dynamic movements. Various sensing techniques including vision-based
sensors, flexible resistive sensors, optical fibre-based sensors, and magnetic sensors
have been proposed and investigated. Using one or more of these sensing techniques,
several motion tracking systems have been designed and evaluated [11, 12]. They can
roughly monitor single or multiple finger joints and are mainly used for applications not
requiring high accuracy, such as in entertainment and virtual control systems. However,
the majority of these devices suffer from one or more major disadvantages including lack
of measurement accuracy, limited functionality, time-consuming calibration procedures,
complex signal processing and large computation times for multiple finger articulations.
These disadvantages hinder the current instrumented systems from being used as reliable
tools for high-accuracy applications, e.g. in clinical practice. Additionally, the available
motion tracking systems detect finger movements in most cases using one-DOF sensors
to track flexion and/or extension. This presents an obvious limitation for two-DOF
finger joints (e.g. metacarpophalangeal) where finger abduction (ABD) and adduction
(ADD) also occur. When single-DOF sensors are adopted to monitor the motion of
two-DOF finger joints, the measurement accuracy is usually adversely affected by the
crosstalk problem. Clearly, more efforts are still required to overcome these challenges.
The intensity of polarised light through two polarisers is described by Malus’ law as a
function of the angle between the two polarisation axes. It has previously been used as
a sensing principle for measuring the relative rotation of mechanical objects [13–15].
The potential of this principle for high accuracy and direct measurement of rotation
angles, were the main reasons for adopting this methodology in this work.
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The main purpose of this research is to develop an effective sensing technique for
tracking finger motion, providing a solution to solve the major problems faced in
clinical practice and the current hand motion tracking systems. Since each finger joint
generally possesses one or two DOFs in a limited space, the developed sensor must be
capable of detecting various motion patterns and also be compact enough to suit the
joint size. The specific objectives of this research include:
• Design and characterise a stable, repeatable, sensitive, and compact angle sensor
which can be used to track the entire motion of the finger joint with one DOF, i.e.
to capture finger flexion and extension.
• Develop and evaluate an accurate angle sensor for monitoring the movements of
the two-DOF finger joints, e.g. the metacarpophalangeal joints. Accurate and
simultaneous monitoring of two-DOF motion in human hand joints is an area
underexplored in current glove-based systems.
• Investigate the performance of a typical commercial sensor. This can be used as a
reference point for the developed sensors.
• Attach the developed sensors and the commercial sensor to finger segments and
investigate their capabilities of measuring finger movements in real time. Use
video and photography of hand gestures as a reference tool.

1.2

Thesis Outline

The contents discussed in each of the remaining chapters are summarised as follows.
Chapter 2: A brief introduction to the hand skeleton and kinematics is given, laying
the foundation for a better understanding of the challenges in this research topic and the
creation of possible solutions. The fundamental concepts of physical optics, including
polarisation and Malus’ law, are also introduced in this chapter, providing a theoretical
framework for the sensing techniques adopted in this research work.
Chapter 3: This chapter reviews academic work and commercial sensing techniques
used for tracking hand kinematics. The available hand motion tracking systems using
one or more of these sensing techniques are also discussed and compared. Finally, the
unsolved problems and challenges in hand motion detection are highlighted.
Chapter 4: In this chapter, the operating principle and the design method of the
proposed electro-optical sensors are presented. The details of the automated
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measurement system and the software design to characterise the sensor performance
are also included. A data fusion approach is introduced to process the sensor outputs.
Furthermore, a user-friendly graphical interface is also developed using LabVIEW
programming to control the measurements of real finger motion.
Chapter 5: The characteristics of the three goniometric sensors including linearity,
hysteresis, repeatability, temporal stability, measurement accuracy, as well as the
dynamic response are investigated and discussed in this chapter. They are compared
with a commonly used commercial bend sensor and also several other sensors reported
for detecting finger motion.
Chapter 6: This chapter evaluates the capabilities of the goniometric sensors for
tracking finger movements. The individual sensor is attached to the corresponding
finger joint. When monitoring the proximal interphalangeal joint, the commercial bend
sensor is also attached. The sensor outputs are analysed and compared with the video
or photographic recordings which were obtained during the measurements.
Chapter 7: This chapter provides a conclusion of this thesis followed by a discussion
on potential avenues for future research.

Chapter 2
Human Hand Kinematics and
Polarisation of Light
The hand is an amazing feat of human evolution enabling incredible physical dexterity
and the ability to manipulate and develop tools. Measuring hand motion is a major
requisite in areas such as virtual reality (VR), robotics, hand therapy and rehabilitation,
but it is difficult due to the highly complicated nature of the hand. Understanding
anatomy is critical to develop methodologies for monitoring hand motion. In this chapter,
the hand skeleton and kinematics are introduced along with the sensing principles
adopted in this thesis.

2.1
2.1.1

Human Hand Skeleton and Kinematics
Hand Skeleton and Structure of Articulated Finger Joints

The human hand is a remarkably complicated system which includes the palm and five
digits, i.e. the thumb, index, middle, ring, and little finger. As illustrated in Figure
2.1, the skeleton of the human hand consists of 27 bones: eight small carpal bones,
five metacarpal bones, and fourteen phalanges [16]. The carpal bones are commonly
classified as two transverse rows: a proximal row (‘A’-‘D’ in Figure 2.1) and a distal
row (‘E’-‘H’). Among them, the four carpal bones of the distal row articulate with the
bases of the metacarpals, forming five carpometacarpal (CMC) joints. The CMC joint
of the thumb, which is also known as the trapeziometacarpal joint, differs significantly
from the other four CMC joints and is therefore highlighted separately. The heads of
the five metacarpal bones each articulate with the bases of the proximal phalanges of
5
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the five digits, forming metacarpophalangeal (MCP) joints known as the knuckles. The
phalanx bones including the proximal, middle, and distal phalanges make up the five
fingers. The thumb only consists of two phalanges (proximal and distal), while the other
four fingers each have three phalanx bones. The articulations between these phalanges
are interphalangeal (IP) joint (only for thumb) or proximal interphalangeal (PIP) and
distal interphalangeal (DIP) joints.

Figure 2.1 Left hand bones and joints [17].

The phalanges together with the metacarpal bones form five articulated chains, which
may move independently. However, the type and extent of the possible movements are
largely determined by the structure of the joints. In the human body, synovial joints
are predominant in the limbs. According to the shape of the articular surfaces, they
typically can be divided into six types [18]: plane joints, hinge joints, pivot joints,
ellipsoidal joints, saddle joints, and ball and socket joints. Human fingers only have
hinge, ellipsoid, and saddle joints, which are illustrated in Figure 2.2.
Palastanga and Soames [16] have provided detailed anatomical descriptions of the finger
joints. Hinge joints are essentially uniaxial joints, only allowing the back-and-forth
movements in one plane (see Figure 2.2(a)). The PIP, DIP, and IP joints of human
fingers are examples of the hinge type. Ellipsoidal joints, also known as condyloid
joints, consist of two oval articular surfaces (see Figure 2.2(b)); one is concave, and the
other one is convex. They are biaxial joints which permit movements in two planes.
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MCP joints are examples of the ellipsoidal type. Saddle joints shown in Figure 2.2(c)
are also biaxial joints; both bones form two reciprocally concave-convex surfaces.
Compared with the ellipsoidal joints, they have relatively limited movement due to the
saddle-shaped interlocking mechanism. The CMC joint of the thumb is regarded as a
typical saddle joint.

Figure 2.2 Structure of the synovial joints involved in human fingers [19]. (a) Hinge joint,
performing motion in one plane; (b) ellipsoid joint, allowing movements in two planes; (c)
saddle joint, allowing limited motion in two planes.

2.1.2

Human Finger Kinematics

The human hand’s interactions with the environment involve a series of basic finger
motions, i.e. flexion, extension, ABD, ADD, circumduction, and opposition [16, 20].
The fingers except the thumb perform similar movements. As demonstrated in Figure
2.3, finger flexion refers to the joint motion towards the palm relative to the standard
anatomical position with extension occurring in the opposite direction. The finger
position in line with the back of the hand is defined as zero degrees flexion, and also
called full extension. Some finger joints can extend past zero degrees - this is called
hyperextension. An injury can occur when joints are hyperextended too much [21];
in this thesis only hyperextension within normal limits is of interest. Finger ABD
and ADD are the movements away from or towards the hand’s midline (dotted line
in Figure 2.3) respectively; the middle finger is usually regarded as a reference point.
Circumduction is a circular motion combining flexion, extension, ABD, and ADD.
These movements of the thumb are defined in a different way since the thumb is rotated
about 90◦ with respect to the plane of the hand. The flexion and extension of the thumb
take place in a plane parallel to the palm, so do the ABD and ADD of the other four
digits; and the ABD and ADD are the motion in a plane perpendicular to the palm, so
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are the flexion and extension of the other fingers. Finger opposition is unique to the
thumb, and refers to the motion of the thumb when touching the finger tips.

Figure 2.3 Finger motion: flexion, extension, abduction, adduction, circumduction, and thumb
opposition.

The stable hinge joints, e.g. IP, PIP, and DIP, with one DOF only allow flexion/extension.
The two-DOF MCP finger joints are capable of flexion/extension, ABD/ADD, and
coupled circumduction. The CMC joint of the thumb also has two DOFs but with a
more complicated mechanism [22], performing motion including flexion/extension,
ABD/ADD, and opposition in three anatomic planes [23].
Each hand has roughly 27 DOFs, 21 of which are contributed by the five finger joints
for local movements and the other 6 for global hand movements [24, 25]. Each digit,
except the thumb, possesses 4 DOFs, one each for the PIP and DIP joints, and the other
two for the MCP joint. The thumb has a more complicated structure possessing 5 DOFs,
one for the IP joint, two for the MCP joint, and two more for the CMC joint [24]. In
the reported hand kinematic models, the DOFs distributed for the five fingers generally
accord with these anatomical characteristics, even though the models are presented with
different amount of the DOFs, such as 19 DOFs [26], 23 DOFs [27–29], 24 DOFs [30],
and 27 DOFs [24, 25]. In these literature only the CMC joint of the thumb and the
joints for global hand motion are modelled in a different way.
The human hand is highly articulated, but constrained at the same time and cannot
make arbitrary gestures. Hand constraints can be roughly divided into static constraints,
intra-finger constraints, and inter-finger constraints. The static constraints refer to the
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Table 2.1 The general range of motion of each finger joint.

Finger

Thumb

Index, middle,
ring, and little
fingers

Joint

Flexion/Extension

Hyperextension

ABD/ADD

CMC

40◦ -50◦

\

80◦

MCP

45◦

0◦

15◦

IP

90◦

10◦

\

MCP

90◦

50◦

30◦

PIP

90◦ -135◦

1◦ -2◦

\

DIP

90◦

5◦

\

Note: the symbol ‘\’means that the finger joints generally cannot perform the corresponding
motion.

normal ROM of finger joints. The intra-finger constraints are the constraints between
joints of the same finger and inter-finger constraints are those imposed on adjacent
fingers [31]. The inter- and intra-finger constraints are often called dynamic constraints
which are more complex and somewhat ambiguous due to their dependency on various
biomechanical factors [32].
The ROM of each finger joint varies between individuals [33], but they generally fall
into a specific range. According to Palastanga’s study [16], the average ROM of each
finger joint is listed in Table 2.1, which is consistent with the findings by Lin et al. [31].
For the thumb, the CMC joint is capable of flexing no more than 50◦ in the plane parallel
to the palm and abducting about 80◦ . The two-DOF MCP joint has a smaller range, 45◦
for flexion/extension and 15◦ for ABD/ADD. The IP joint can perform flexion/extension
about 90◦ as well as hyperextension normally no more than 10◦ .
At the MCP joints of the other four fingers, from Table 2.1 it can be seen that the
range of flexion is about 90◦ ; in fact, it is slightly less than 90◦ for the index finger,
but progressively increases towards the little finger. The active hyperextension can
reach approximately 50◦ . The ABD/ADD generally have a greater range when the
fingers are fully extended, being as much as 30◦ in each direction. However, the middle
finger displays very limited ABD/ADD motion [24], which can be approximated to 0◦
according to Lin et al. [31]. The total flexion/extension ranges of the PIP and DIP joints
of the four digits are no more than 135◦ and 90◦ respectively, and they both gradually
decrease from the little finger towards the index finger. In general, both the PIP and DIP
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joints cannot hyperextend, but in a few cases a slight hyperextension can occur equal to
1◦ or 2◦ for the PIP joints and less than 5◦ for the DIP joints.
For the intra-finger constraints, the most accepted one is related to the angular motion
of the DIP and PIP joints, which is usually represented by equation (2.1) [24]. This
correlation can be used to reduce the number of the sensing elements in glove-based
systems [31, 34, 35].
2
θDIP = θPIP
3

(2.1)

However, Park et al. [36] stated that this linear approximation may not be precise
due to the complicated activation mechanism for joint motion. They measured the
simultaneous motion of the PIP and DIP joints of five subjects’ index finger, and found
a second-order function to approximate the interdependence well.
The inter-finger constraints relate to the associations between the adjacent finger joints.
Lee and Kunii [24] performed the measurements on several participants and presented
a set of inequalities for approximating the interdependence of the limits of the adjacent
MCP joints’ flexion angles. Here the details will not be discussed.
Researchers have been attempting to express the finger constraints in a quantitative
way [24, 28, 30, 31]. However, there still exist many motion constraints of the human
hand, which cannot be explicitly represented as mathematical equations due to the large
variation in finger motion. For instance, the fingers’ ability of abducting or adducting is
reduced as they bend towards the palm [28], and ABD/ADD is no longer possible when
the fingers bend to form a fist. Furthermore, the most natural way for people to make
a fist from an open hand is to curl all fingers simultaneously, instead of bending them
successively [31].

2.2

Polarisation of Light

The sensing technique used in this thesis exploits Malus’ law of polarised light as
described in the following section.

2.2 Polarisation of Light

2.2.1
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Introduction to Polarisation

Light is a transverse electromagnetic wave. It consists of coupled oscillating electric and
magnetic fields which are always perpendicular to the direction of the wave propagation
[37]. Polarisation is an expression of the geometrical orientation of the transverse
wave’s oscillation. Since the electric field and the magnetic field of an electromagnetic
wave are always perpendicular, by convention the “polarisation” refers to the direction
of the electric field. As shown in Figure 2.4, polarisation can be classified into three
different types [38]: linear polarisation, circular polarisation, and elliptical polarisation.

Figure 2.4 The electric fields of three different polarisations. (a) Linear polarisation; (b) circular
polarisation; (c) elliptical polarisation.

In linearly polarised light (see Figure 2.4(a)), the electric field vector is confined to a
single plane in space, oscillating perpendicular to the direction of wave propagation.
In contrast, the circularly polarised light is composed of two plane waves with equal
amplitude but a phase difference of 90◦ . As illustrated in Figure 2.4(b), the resulting
electric field rotates in a plane perpendicular to the direction of the wave propagation.
Similarly, elliptically polarised light is also a combination of two linear components
(see Figure 2.4(c)), however the two plane waves differ in amplitude and their phase
difference is not a multiple of 90◦ , resulting in the electric field vector describing an
elliptical motion. Elliptical polarisation is the most common form of polarised light,
with linear and circularly polarised light considered as special cases.
Most common light sources such as the sun, incandescent lamps, and LED spotlights, are
unpolarised and emit incoherent light waves with the electric field vibrating randomly
in all directions [39]. Polarised light is produced by passing unpolarised light through a
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polarising filter which only transmits the waves of a specific polarisation while blocking
the rest of the light.
By far, linear polarisers are the most common polarising filters. Many different
categories are currently available, including wire-grid polarisers, dichroic polarisers,
birefringent polarisers, and thin film polarisers. Amongst them, the thin-film linear
polarisers are featured with high transmission, low scattering and distortion, low cost,
and the availability of multiple dimensions, therefore they are usually the best choice
for high power applications. Thin film polarisers are glass substrates coated with a
special optical layer, e.g. nanoparticles in Sodium Glass [40]. Based on either
interference effects or Brewster’s angle reflections, they work as beam-splitting
polarisers which split the incident light into two orthogonally polarised beams, i.e.
p-polarised light and s-polarised light. As shown in Figure 2.5, p-polarised light is the
linearly polarised beam with a polarisation direction parallel to the plane of incidence,
while s-polarised light has an electric field perpendicular to the plane of incidence. The
“plane of incidence” is the plane containing the incident ray and the transmitted and
reflected rays. S-polarised light is always more highly reflected than p-polarised light
[41]. In fact, the p-polarised component can be completely transmitted when the coated
plate is oriented at the Brewster’s angle with respect to the incident beam, and thus the
thin-film coating performs the function of a linear polariser [42].

Figure 2.5 P and S polarisations.

2.2.2

Malus’ Law

As illustrated in Figure 2.6, when linearly polarised light with an electric field vector E0
passes through a linear polariser, the E0 vector of the incident light can be resolved into
two mutually perpendicular components, E0x′ and E0y′ . Suppose the electric field E0 is
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oriented at an angle θ 0 with respect to the direction of the linear polariser’s transmission
axis y’, the two components can be expressed by the following equations.

|E0x′ (θ0 )| = |E0 | sin θ0

and

|E0y′ (θ0 )| = |E0 | cos θ0

(2.2)

Figure 2.6 Illustration of Malus’ Law.

Across the linear polariser, only the second component E0y′ which is parallel to the
polariser’s transmission axis can be transmitted, while the component E0x′ is blocked.
Light intensity is proportional to the square of the amplitude of the electric field, and
thus the transmitted intensity can be expressed using equation (2.3).

I(θ0 ) =

cnε0
cnε0
|E0y′ (θ0 )|2 =
|E0 |2 cos2 θ0
2
2

(2.3)

where n is the refractive index, c is the light speed in vacuum (approximately 3.00 ×
108 m · s−1 and ε0 is the permittivity of free space with a defined value of 8.85 × 10−12
F · m−1 .
Since the initial light intensity is

I0 =

cnε0
|E0 |2
2

(2.4)

The final light intensity I(θ 0 ) would be

I(θ0 ) = I0 cos2 θ0

(2.5)

2.3 Summary
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Equation (2.5) is known as Malus’ law [38], named after Étienne-Louis Malus. Clearly,
the transmitted light intensity varies as the square of the cosine of the intersection
angle between the initial polarisation and the polariser’s transmission axis. When the
parameter θ 0 equals 0◦ , i.e. the electric field is parallel to the polariser’s transmission
axis, the transmitted light intensity is maximum. When the electric field is perpendicular
to the transmission axis (θ 0 =90◦ ), in theory the incident light will be completely
blocked.

2.3

Summary

The human hand is a sophisticated and dexterous system which is highly articulated but
constrained at the same time. Such features make the hand motion detection difficult
and challenging.
According to Malus’ law, the rotation angle of a linear polariser with respect to the
polarising direction of the incident light can be detected by measuring the light intensity
passing through the polariser. It is possible to use this principle as a sensing method to
track finger flexure by coupling the movement of the polariser with the rotation of the
finger joint.

Chapter 3
Review on Sensing Technologies and
Instrumented Systems for Tracking
Hand Motion
Various sensing technologies have been proposed and investigated to track hand motion.
Among them, flexible resistive sensors including stretchable strain gauges, bend sensors,
optical sensors, inertial sensors, and magnetic sensors are the most widely researched
sensing methods [43, 44]. Other sensing techniques including potentiometers [36],
capacitive sensors [45], inductive sensors [46] and surface electrodes [47] are also
reported for monitoring finger motion. Using one or more of these sensing techniques,
several instrumented systems have been developed to capture hand movements. They
can be mainly categorised into camera-based systems, surface electromyography (EMG)based devices, and glove-based systems. In this chapter, these sensing techniques and
the available systems for tracking hand motion are reviewed and studied.

3.1

Sensing Technologies for Tracking Finger Motion

This section provides an overview of the sensing technologies which are used to monitor
hand motion.
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Flexible Resistive Sensors – Strain Gauges and Bend Sensors

Flexible resistive sensors respond to mechanical deformation with a change in resistance;
increasing the deformation is generally associated with an increased electrical resistance.
They are particularly favoured in wearable electronics due to their flexibility, light
weight, easy operation, and low cost. According to their stretchability, wearable
resistive sensors can be mainly classified into strain gauges and bend sensors, the former
being stretchable and the latter inextensible.

3.1.1.1

Stretchable Strain Gauges

Strain gauges are stretchable sensors which produce a changing electrical signal in
response to an applied strain. They are typically composed of conductive materials
coupled with highly stretchable substrates including polydimethylsiloxane (PDMS) [48–
62], Ecoflex elastomer [63–71], and elastic fabrics [26, 72–76]. A variety of conductive
materials are currently being explored and adopted to fabricate wearable strain sensors,
such as metallic films [49, 50, 77, 78], carbon blacks [52, 79, 80], carbon nanotubes
(CNTs) [51, 61, 64, 66, 67, 71], graphene [54–57, 81], silver nanowires (AgNWs)
[45, 59, 82], silver nanoparticles (AgNPs) [58, 60, 83], conductive ionic liquids [63, 68–
70, 84, 85], zinc oxide (ZnO) nanowires [53], ink filaments [65], graphite [48, 86],
platinum nanobelts [62], carbon-coated fibre [87, 88] or rubber [73] and conductive
polypyrrole [74, 89]. Generally, the majority of the metal/carbon-based resistive strain
sensors employ either piezoresistive effect or dimensional changes to measure the
applied strain [26, 53, 72, 75, 77, 86–89]. Microfluidic sensors are mainly based on the
changes in geometrical dimensions of ionic liquids [63, 69, 70, 85]. Nanomaterial-based
sensors exploit the mechanisms including the micro-crack propagation in thin films
and the disconnection between sensing elements [45, 51, 55, 56, 58–60, 66, 81]. A few
strain sensors involve multiple mechanisms when responding to bending deformations
[71, 90]. For instance, the wrinkled CNTs thin film depended on both the separation
of the wrinkled structure and the changes in the wrinkle’s geometry to respond the
strain below 400% [71]. The properties of the wearable strain sensors are discussed as
follows.
(a) Metallic strain sensors

Conventional metal-foil strain sensors consist of a fine wire or metallic film arranged on
flexible substrate in a grid pattern [77, 91]. Despite their simple structure, they typically
have small strains (maximum strain of 5%) and low sensitivity (gauge factor (GF) ∼ 2,
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i.e. the ratio of the relative change in resistance to the mechanical strain), which make
them unsuitable for measuring human motion (strain as high as 55%) [57, 59, 90, 91].
Recently, Hadrien et al. proposed a class of stretchable strain sensors by thermally
evaporating gold film patterns on silicone substrate and micro-plotting liquid metal
as conductive wires [49, 78] or terminals [50]. These resistive sensors are capable of
detecting large strains up to 50%, but still suffer from a small GF less than 5.
(b) Fabric-based strain sensors

To offer comfortable and unobtrusive measurements, several resistive fibre-meshed
strain sensors have been proposed for monitoring hand motion. They can be produced
by incorporating conductive materials into the non-conductive base textile using
different techniques, such as sewing, knitting, weaving, coating, and printing [76]. In
2003, Scilingo et al. [74] fabricated a prototype instrumented glove to record human
gesture using a screen printing technique (see Figure 3.1(a)). Masking is used to
determine the position and geometry of conductive polypyrrole deposited on the fabrics
as sensing units. In 2005, they developed another instrumented glove by spreading
carbon-filled silicone rubber mixture over the textile fabrics [73]. As shown in Figure
3.1(b), this prototype avoided the usage of metallic conducting wires and improved the
electrical response. These methods, however, require predetermined sensor positions
before fabrication, making the subsequent adjustment of sensor location impossible for
individuals.
To enhance the flexibility of sensor attachment and characterise the sensor before
tracking hand motion, researchers [26, 75, 79, 83, 86, 87, 92] began to design and study
separate strain sensors. It was reported that the performance of the fabric-based strain

Figure 3.1 Textile-based strain sensors and the instrumented sensing gloves. (a) Prototype of
an instrumented glove using screen printing technique [74]. (b) Instrumented glove coated with
conductive mixture [73]. (c) Sensing glove equipped with double-layered knitted piezoresistive
fabrics [26].
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sensors is highly dependent on the coating/knitting topology [72, 87]. In 2008, Huang
et al. [87] stated that the sensor with double wrapping yarns (a core yarn wrapped
with two carbon-coated fibres, one in the clockwise direction and the other one in the
anticlockwise direction) produced a higher linearity but yielded a lower sensitivity in
comparison with the sensor with single wrapping yarns (a core yarn wrapped with
a single fibre). In 2014, Tognetti et al. [72] declared that the knitted piezoresistive
fabrics (KPFs) configured in a double-layer structure demonstrated a better performance
than the single-layer KPF sensor in terms of angle reconstruction. Using the doublelayered KPFs, they later implemented a textile glove (see Figure 3.1(c)) for hand grasp
recognition [26].
The fabric-based strain sensors offer high wearability, but slippage of the conductive
materials on the textile fabrics [72, 87] usually deteriorates the measurement accuracy
and productivity. Additionally, it is difficult to establish a reliable relationship between
the applied strains and the kinematic parameters such as bending angles, since the
textile sensors have a large contact area and human skin tends to be uneven [93].

(c) Nanomaterial-based strain sensors

Alternatively, nanomaterial-based strain gauges have recently attracted tremendous
attention due to their outstanding performance. Several reported sensing prototypes are
illustrated in Figure 3.2.
Among the available nanomaterial-based sensors, CNT-based sensors have demonstrated
excellent stretchability with maximum strains of 280% (single-walled CNTs) [51],
400% (super-aligned CNT films) [61], 450% (vertically aligned CNT forest) [67], 510%
(multi-walled CNTs) [64], 750% (wrinkled CNTs) [71], and 960% (CNT fibres) [66].
They nevertheless suffer from large mechanical hysteresis (up to 33% [71]) and low
GFs (< 1) [51, 61, 64, 67, 71, 94]. For instance, in 2015 Ryu et al. [66] reported a
CNT-fibre-based strain sensor (see Figure 3.2(a)) with a high GF of 64 when subjected
to strains larger than 400%. However, they experimentally found the strain caused by
finger flexion/extension on the developed sensor was no more than 297% where the
GF was only 0.54. The CNTs-Ecoflex nanocomposite strain sensor shown in Figure
3.2(b) demonstrated a high stretchability of 510%, but low GFs of 0.61 and large
hysteresis errors (about 4.6% under 60% strain) [64]. In 2016, Park et al. [71] fabricated
a wearable strain sensor by depositing nano- to micro-sized wrinkled CNTs on Ecoflex
substrate (see Figure 3.2(c)). The wrinkled structure increased the sensor’s strain to
750%; however, the GF was as small as 0.65 for strains below 400%.
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Figure 3.2 Nanomaterial composited strain sensors. (a) Highly elastic strain sensor based on
CNT fibres [66]. (b) Multi-walled CNTs based strain sensor [64]. (c) Wrinkled CNTs thin
film strain sensor [71]. (d) Transparent graphene strain sensor in a form of rosette [54]. (e)
Flexible nanopaper based on crumpled graphene and nanocellulose [57]. (f) Graphene foam
based strain sensor [56]. (g) Conductive hybrids of graphene and AgNPs based sensor [60]. (h)
Sandwich-structured and simple-structured AgNW-PDMS nanocomposite strain sensors [59].

Graphene-based strain sensors generally demonstrate higher sensitivities than CNT
sensors. Using the conductive composite Ni/SiO2/Si, Bae et al. [54] fabricated a
transparent strain sensor in rosette form to monitor finger motion (see Figure 3.2(d)).
This graphene sensor showed variable GFs ranging from 2.4 to 14. Yan et al. [57]
embedded crumpled graphene and nanocellulose in the elastomer matrix to obtain a
stretchable strain sensor with a GF from 1.6 to 7.1. The image of the sensor prototype
is shown in Figure 3.2(e). In 2016, Li et al. [56] reported a 3D-graphene-foam/PDMS
strain sensor (see Figure 3.2(f)) with the GF of 47.74 to 98.66. Despite their high
sensitivity, graphene-based strain sensors generally possess limited strains due to the
intrinsic brittleness of the conductive materials. The maximum strain for the reported
wearable graphene sensors was limited to 5% [55], 7.1% [54], 30% [56, 81], and 100%
[57], much smaller than that of the CNTs strain sensors. To balance the stretchability
and sensitivity, Chen et al. [60] incorporated synergic conductive hybrids of graphene
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and AgNPs into the polymer matrix. The implemented hybrid strain sensor shown in
Figure 3.2(g) demonstrated higher strains (maximum strain of 1000%) and sensitivity
(GFs ranging from 7 to 476) than the AgNP-deposited sensors.
Due to the excellent electrical and mechanical properties, AgNWs have also been
widely studied as possible conductive materials in wearable strain sensors [59]. When
AgNW thin film is stretched, disconnection of the overlapped nanomaterials gradually
increases, causing changes in resistance of the strain sensors [59, 90]. One major
problem of the AgNW-based sensors is the weak adhesion of AgNWs on flexible
polymer substrates [45, 95]. Under repeated stretching/releasing cycles, the number
of detached and buckled AgNWs on the substrate increases because of the friction
between the nanowires and the polymeric substrates, and thus causing an irreversible
increase in resistance [45, 59]. To overcome this limitation, Amjadi et al. [59] fabricated
a sandwich-structured strain sensor (see Figure 3.2(h)), i.e. AgNW thin film embedded
between two layers of flexible PDMS substrates. This sandwich-structured sensor
demonstrated better resistance recovery and smaller hysteresis errors during repeated
stretching/releasing in comparison with the simple structured sensor (AgNWs directly
deposited on the surface of PDMS).

(d) Microfluidic strain sensors

Although nanocomposite strain sensors demonstrate outstanding performance, the major
problem is the severe hysteresis errors during the stretching/releasing cycles [63, 85].
Therefore, microfluidic sensors have emerged as an alternative stretchable strain sensor.
The microfluidic strain sensor is made of hyper-elastic elastomer with embedded
microfluidic channels filled with conductive ionic liquids [63, 68–70, 84, 85, 96].
When an external force is applied to the microfluidic sensor, the microchannel is
deformed resulting in a change of length and cross-sectional area of the embedded
microchannel. The deformation causes a proportional variation in resistance of the
conductive liquids [69, 96]. Pineda et al. [96] theoretically studied the responses of an
electrofluidic sensor to the elongations using a numerical simulation and an analytical
model. The theoretical analysis was in good agreement with the experimental results.
Additionally, by filling eutectic Gallium Indium (eGaIn) into the microchannel, Kramer
et al. [84] fabricated a strain sensor to detect the flexion of finger joints. The image of
the developed sensor is displayed in Figure 3.3(a). This sensor features large strain
(>350%) but shows a small sensitivity (GF: 0.36). Park et al. [97] also designed
eGaIn-filled microfluidic strain sensors with different lengths, as shown in Figure
3.3(b). They were characterised with a GF approximately 3.8.
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Figure 3.3 Microfludic strain sensors. (a) Soft strain sensor embedded with eGaIn-filled
microchannel [84]. (b) Two types of eGaIn-filled microfluidic strain sensors [97]. (c)
Microfludic strain sensor filled with hybrid liquid conductors [69]. (d) Artificial skin prototype
embedded with hybrid-liquid-based strain sensors [68].

Generally, microfluidic-based sensors are susceptible to electrical disturbances due to
noise caused by the electrical connecting wires. To resolve these problems, Chossat et
al. [69] employed two conductive liquids with different resistivity to fabricate the
microfluidic sensor, one liquid for sensing and the other one with high conductivity but
low piezoresistivity for wiring, as illustrated in Figure 3.3(c). Integrating 11
microfluidic sensors, they later implemented a wearable hyper-elastic artificial skin
shown in Figure 3.3(d) [68]. Despite initial positive results, the authors declared that
sometimes the sensing ionic liquids invaded the wire channels causing failure of the
system. Additionally, an alternating current is usually applied to prevent electrolysis of
the ionic solutions and polarisation of the electrodes [68, 69], making the system
complicated.
A variety of wearable strain sensors have been discussed. Although they exploit different
physical mechanisms they do share a number of common advantages and disadvantages
as summarised below.
Strengths: They are flexible, stretchable, unobtrusive, light-weight and exploit simple
operating principles.

3.1 Sensing Technologies for Tracking Finger Motion

22

Limitations: During the stretching/releasing cycles, they suffer from severe mechanical
hysteresis and failure to recover original resistance values;
They have poor repeatability and low accuracy due to temporal signal drift;
In general, large strain sensing is inversely related to the strain sensitivity, so increasing
the stretching capability of the sensor tends to compromise its sensitivity.

3.1.1.2

Bend Sensors

Bend sensors, also known as flex/flexion/flection sensors, angular displacement sensors,
or flexible potentiometers, directly measure the amount of bend in the form of
proportional variations in resistance [98]. They are generally fabricated by coating or
printing carbon/polymer ink-based materials onto flexible plastic substrates such as
polyimide and polyester. When the sensor bends, micro-cracks are introduced into the
coated film causing the change in resistance.
Resistive bend sensors, which are currently used to monitor finger movements, are
mainly commercial products. The original resistive bend sensor, marketed by Abrams
Gentile Entertainment, Inc. [99], was developed specifically for use in the ‘Power Glove’
in 1989, the earliest motion-control accessory for home entertainment [98]. A year later,
its production ceased due to the glove’s imprecision and difficulty of operation [100].
Following this, several manufacturers such as Images Science Instruments, Inc. (Images
SI) [101], Spectra Symbol, Corp. [102], and Flexpoint Sensor Systems, Inc. (Flexpoint
SS) [103] release their own patented flexible bend sensors.
As shown in Figure 3.4(a), Images SI [104] manufactures bi-directional bend sensors
with a length of 114.3 mm, which consist of a strip of resistive material sandwiched
between two copper foil laminates. According to the manufacturer’s specification, the
sensor has a nominal resistance of 10 kΩ which decreases gradually with bending in
either direction [104]. In contrast, Orengo et al. [105] reported that the piezoresistive
bend sensor by Images SI showed linear increases of resistance from 4 kΩ to 16 kΩ for
bending angles ranging from -30◦ to 180◦ . Although these bend sensors were already
used in glove sensing systems [106–108], they have been discontinued since 2010 by
Images SI because of their low accuracy and stability.
The off-the-shelf bend sensors manufactured by Spectra Symbol are usually designed
with a length of 55.9 mm or 112.2 mm, the images of which are shown in Figure
3.4(b) [109]. The sensor resistance generally demonstrates a linear dependence with
the bending angle. However, a hysteresis error of approximately 14% was reported for
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Figure 3.4 Images of commercial bend sensors. (a) Bi-directional bend sensors manufactured
by Images SI [104]. (b) Bend sensors produced by Spectra Symbol [109]. (c) Bend sensors
with different lengths manufactured by Flexpoint SS [110, 111]. (d) Custom design, bend sensor
array produced by Flexpoint SS [112].

the 112.2 mm sensor during bending-unbending operations in the range of 0◦ to 90◦ ,
much higher than the bend sensor from Flexpoint SS (about 3%) [111]. Simone and
Kamper [113] investigated the sensor’s time-varying behaviour, and observed a 31.8%
decay of the initial resistance after bending the 112.2 mm sensor over a 3-inch tube
for 30 s, almost three times higher than that of the sensors from Flexpoint SS (8.9%).
Furthermore, Borghetti et al. [111] found that the sensor resistance varied from 8.2 kΩ
to 13.1 kΩ when the 112.2 mm sensor was bent from 0◦ to 90◦ , i.e. a change of 4.9 kΩ;
in contrast, the bend sensor produced by Flexpoint SS produced a resistance variation
of 112 kΩ for the same bending range. It can be deduced that the Flexpoint SS sensors
are generally more stable and sensitive to mechanical deformations than the Spectra
Symbol bend sensors.
Due to their outstanding characteristics, thin-film bend sensors produced by Flexpoint
SS, are sold as proprietary ‘Bend Sensors® ’, and they are one of the most popular
sensors used in applications for tracking finger motion [114–119]. The sensors are
marketed with various sizes (25.4 mm, 50.8 mm, 76.2 mm, and 101.6 mm) and different
over-laminates (bare, polyester, and polyimide) as shown in Figure 3.4(c).
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The active sensing geometry determines the nominal resistance of the Bend Sensors® ;
doubling the length or halving the width doubles the sensor resistance [120]. The
polymeric over-laminated layer is designed to offer environmental protection against
humidity and moisture. However, it does increase the rigidity of the Bend Sensors® .
Several studies [111, 117, 121] have revealed that the sensor characteristics are affected
by the over-laminate layer. This may be attributed to the increased rigidity. In 2014,
Borghetti et al. [111] reported that the resistances of the polyimide, polyester, and
bare bend sensors varied by about 2%, 3%, and 30% respectively, after bending at
90◦ for 180 s. The previous research by Oess et al. [117] also stated that the temporal
signal drift of the polyester-encapsulated sensor (0.47%) was significantly smaller than
that of the bare sensor (18.20%). Therefore, the sensors over-coated with polyester or
polyimide are generally considered to be more stable than the bare bend sensor. To
enhance the stability of the bare sensors, Gentner and Classen [116] proposed a method
of gluing a thin polyvinyl chloride foil over the conductive carbon/ink layer. They
obtained comparable results (the ratio of relative change in resistance being 1.9% ±
1.0% after staying at 60◦ for 50 min) with the polyester/polyimide-coated bend sensor.
However, the over-laminated sensor generally yields a smaller change in resistance, and
thus leading to lower sensitivity than the bare sensor [111, 121]. This was verified by
the study of Saggio et al. [121] that the bare, polyester-coated, and polyimide-coated
sensors showed a resistance variation of 251 kΩ, 102 kΩ, and 65 kΩ respectively when
bending from 0◦ to 120◦ .
In addition to the standard designs, Flexpoint SS also supports custom designs for
bespoke applications. A typical configuration for tracking finger motion is the sensor
array presented by Saggio et al. [112] and shown in Figure 3.4(d). The array consisted
of a unique substrate on top of which three conductive elements with different lengths
were coated. This design minimises the number of electrical connection wires since the
three sensing areas share the same ground wire. Figure 3.5(f)) shows an instrumented
wearable glove (HITEG-Glove) that employs such a sensor array [119].
The bend sensors from Flexpoint SS are commonly used to capture finger motion.
Several tracking systems are shown in Figure 3.5. Shadow Monitor (see Figure 3.5(a)),
designed by Simone et al. [118], was equipped with five bend Sensors® to detect finger
flexion/extension. Distinct from the NeuroAssess Glove [117] (see Figure 3.5(b)), WUGlove [116] (see Figure 3.5(c)), HITEG-Glove [119] (see Figure 3.5(f)), and Borghtti’s
glove shown in 3.5(d) [115], the Shadow Monitor encased individual bend sensors in
a single sleeve directly glued to the finger joint being measured. This improved the
measurement accuracy but also increased the overall discomfort. The Tyndall/UU glove
[114], shown in Figure 3.5(e), was a flexible printed circuit board (PCB) integrated with
multiple sensors including 20 resistive bend sensors, 16 triaxial accelerometers, as well
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as 11 force sensors. This system was intended to facilitate the rehabilitation process for
the patients with rheumatoid arthritis.

Figure 3.5 Instrumented glove systems equipped with resistive bend sensors manufactured by
Flexpoint SS. (a) Shadow Monitor [113, 118]. (b) NeuroAssess Glove [117]. (c) WU-Glove
[116]. (d) Sensing glove designed by Borghtti et al. [115]. (e) Tyndall/UU glove (ver. 1) [114].
(f) HITEG-Glove [119].

Generally, ink-based commerical bend sensors are unidirectional, i.e. only sensitive to
the deflections in a single direction. To achieve a bi-directional electrogoniometer, Wang
et al. [122] placed two Spectra Symbol bend sensors back-to-back, and combined their
outputs using a multivariate linear regression model for tracking finger flexion/extension.
Flexpoint SS recently has launched bi-directional sensors by coating conductive ink on
both sides of the flexible substrate, but their performance characteristics are yet to be
reported.
Several other types of bend sensors have been researched for measuring finger motion
as reported in the literature [123–126]. In 1996, Jurgens and Patterson [126] developed
a low-cost sensor by screen printing carbon-based electrically conductive ink onto the
polyester substrate. The sensor on the 0.05 mm substrate presented a repeatability
of 6.5% and a variation in resistance less than 100 Ω when bending from 0◦ to 90◦ .
Recently, using a peeling technique, Latessa et al. [125] developed a bi-directional
flexible sensor with conductive PEDOT:PSS film, which is shown in Figure 3.6(a).
This sensor demonstrated piecewise linear responses to flexion angles from -60◦ to
60◦ , but was also sensitive to microscopic strain (GF: 17.8 ± 4). Using the same
conductive material, Tongrod et al. [124] fabricated a series of bend sensor patterns
(see Figure 3.6(b)) using ink-jet printing technology. The patterns with varied sensing
geometries demonstrated different resistances under the same bending. However, they
all showed extremely low sensitivities to angles below 20◦ . The study by Leigh et al.
[123] presented a 3D printed bend sensing strip based on piezoresistive carbon black
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filler. As shown in Figure 3.6(c), multiple sensors were embedded into the main body
of a printed glove to monitor finger motion. However, the change in sensor resistance
was small (less than 600 Ω) when the fingers were fully bent. Clearly, these sensors are
not as precise as the commercial bend sensors, especially the bend Sensors® .

Figure 3.6 Self-developed bend sensors. (a) PEDOT:PSS patterned bend sensor [125]. (b)
Different bend sensor patterns [124]. (c) Glove cover embedded with 3D printed bend sensors
[123].

The common strengths and limitations of the bend sensors are summarised below.
Strengths: They are highly flexible, light-weight, low-cost, and easy to operate.
Limitations: The commercial bend sensors are generally unidirectional, and therefore
unable to detect all of the DOFs associated with finger motion;
A time-consuming calibration process is required, since bend sensors are dependent on
the radius of curvature and therefore the size of the finger joint;
They are slow to respond, exhibit serious temporal drift, and suffer from significant
overshoot in high speed situations;
The majority are subjected to large hysteresis errors, and fail to return to the initial state
(resistance) after loading.

3.1.2

Optical Angle Sensors

Optical angle sensors designed for monitoring finger motion can be broadly divided into
fibre optic-based sensors, optical linear encoders, LED/photodetector coupled sensors,
and polarisation-based sensors.
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Fibre-optic Sensors

Optical fibres exploit the phenomenon of total internal reflection of light. They are used
extensively in long-distance telecommunications because of their reduced attenuation
and higher operating bandwidths compared to wire cables. Optical fibres have also
been developed as sensing units as early as 1977 [127]. Application areas include the
measurement of strain, temperature, pressure, and other physical quantities. Although
many studies [128–132] focus on the measurement of curvature or bending using the
fibre optic-based sensors, only a few have applied this methodology to monitor the
movements of articulated joints.
One popular fibre optic sensor for tracking articulation is based on an optical fibre
grating which records strain and bending variations in the form of a wavelength shift.
According to the period of gratings, they can be categorised into two main types: fibre
Bragg grating (FBG) containing a submicron period length, and long period fibre
grating (LPFG) typically having a longer period ranging from 100 µm to 1000 µm
[133]. FBG sensors back-reflect particular wavelengths (also called Bragg wavelengths)
and transmit all others whilst LPFG sensors couple the forward-propagating modes, i.e.
only the transmission spectra to be observed.
Using a wavelength-division multiplexing technique, Silva et al. [134] fabricated a gloveshaped polymer matrix equipped with 14 reflective FBG sensors which were supplied
by a curvilinear-configured single optical fibre, as shown in Figure 3.7. The gratings for
each sensing unit were inscribed at intervals of 1.84 nm to ensure the accommodation
of all sensors in a single fibre. The Bragg wavelength of each FBG sensor shifted in
proportion to the applied strain [135]. When attached to the upper face of a standard
fabric glove, the polymer structure could be used to monitor finger flexion/extension.
Unfortunately, the narrow spectral bandwidths result in a low sensitivity and limited
measuring range. Furthermore, additional peripherals including an optical circulator
and FBG interrogator severely limits system mobility.

Figure 3.7 Images of the FBG-based sensing polymer matrix [134].
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The FBG sensor is inherently sensitive to both strain and temperature. Silva et al. [135]
discovered that an elongation (2.5%) of the FBG sensor with the grating length of 8
mm caused the same shift (1.7 nm) in the Bragg wavelength as a 100 ◦C temperature
change. It is therefore essential to differentiate between strain and temperature effects
in order to ensure accurate strain measurements [136]. Several approaches have been
proposed to overcome this problem. A straightforward method is to use a reference
grating which is isolated from the applied strain and placed close to the sensing FBG
[137]. An alternative solution is to adopt two superimposed FBGs with much different
Bragg wavelengths, which produces different responses to the same measurands [138].
Additionally, a FBG/LPFG hybrid grating sensor was also reported to measure strain
and temperature simultaneously [139]. The sensing principle was based on the principle
that the LPFG element shows much higher response to temperature and a smaller
response to strain compared to the FBG. Finally, a superstructure FBG was proposed
to simultaneously measure the strain and temperature [140]; a superstructure FBG is a
special FBG which allows the creation of equivalent phase shifts and the generation
of gratings with greatly fluctuating phase and amplitude by adjusting the profile of the
superstructure. These methods can separate or compensate for the temperature effect,
but at the expense of increased measuring complexity.
Based on the coupling-wavelength shift, the LPFG sensing technique was also
investigated for measuring finger motion, but the measurements were limited to
bending angles below 45◦ [141]. In comparison with FBG sensors, LPFGs generally
demonstrate much higher sensitivity [133]. However, the accuracy of LPFG sensors is
challenged by the difficulty in measuring the exact notch wavelength since LPFG
sensors work in transmission configuration producing broad bandwidth of the
attenuation bands [142].
Another promising fibre optic-based sensing technique is the hetero-core structured
sensor which works using light intensity modulation. As shown in Figure 3.8, the
hetero-core optical fibre sensor consists of a short-length segmental fibre inserted in
a transmission line fibre by means of thermal fusion splicing. The core diameter of
the sensing fibre is typically 3 or 5 µm, smaller than that of the transmission fibre (9
or 50 µm). According to the combined core diameters, the sensors are called 9-5-9,
9-3-9, and 50-3-50 respectively. Amongst them, the embedded 9-5-9 optical fibre
sensor is most suitable for bending detection due to the relatively small optical loss
at the interface boundary between the transmission fibre and the hetero-core region.
When the hetero-core region is subject to macro bending, the leakage into the cladding
appreciably increases, leading to changes in transmission loss [143, 144].
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Figure 3.8 Basic structure of hetero-core optical fibre.

Nishiyama et al. [144] investigated the characteristics of the 9-5-9 fibre sensor by
mounting the sensor on to two displacement stages. The hetero-core portion was placed
at the middle and the bending action was controlled by adjusting the distance between
the two stages. The measured optical loss monotonically increased with the given
displacement. When equipped in wearable systems in the form of a sensing jacket, a
wristband, and a gait system, the hetero-core optical fibre sensors demonstrated attractive
performance in recording human motion including shoulder, elbow, wrist, and knee
[143]. Later, they investigated the possibility of monitoring finger flexion/extension
by attaching three embedded 9-5-9 hetero-core sensors to a sensing glove [145]. As
illustrated in Figure 3.9, in this sensing glove the hetero-core portion of the sensor was
located on the back of the hand (initially bend), and the transmission fibre lines with two
fixed terminals (point B and C) were fed through multiple short tubes stuck on the glove.
When the finger flexed, the transmission fibre lines were pulled causing variations in
the bending of the hetero-core portions, and thus producing different output intensity.
The flexion angle of the joint was derived using the geometric relationship related to the
thickness of the measured finger [145], and a calibration process is therefore required
for different individuals. Due to the single-mode transmission scheme, the embedded
9-5-9 hetero-core sensors had good immunity to temperature fluctuations. However,
the splicing portions between the different core diameter fibre parts may cause fragility
issues for long-term use.
Plastic optical fibres (POFs) feature comparatively large core diameters (about 1 mm).
In comparison with the glass/silica optical fibres, the major advantage of POF is the
mechanical robustness under bending and stretching, and the low costs of manufacturing,
connection and installation [146]. Due to the large attenuation and distortion, POF is
commonly used for low-speed and short-distance communications. In recent years,
POF sensing techniques have also attracted intense interest.
For POF-based sensors, the response sensitivity to external stimuli usually needs to be
enhanced by modifying the structure of the optic fibre, such as side polishing [147],
surface abrasion [148], creation of sensitive zones in the shape of teeth [149], removal
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Figure 3.9 Configuration of the embedded hetero-core fibre-optic sensor on human hand [145].

of the cladding at equal intervals [150]. Based on the modulation of light intensity,
a multi-mode POF sensor was reported for strain and bending measurements [151].
Results revealed that this sensor was only capable of measuring limited strain (1.2%)
and bending (0.7%). Compared with FBG-based optical sensors, POF sensors do not
require complicated demodulation techniques. The majority of the reported studies
focus on the applications of POF sensors in detecting knee movements [147, 149, 150].
Fujiwara et al. [152] fabricated an optical fibre transducer based on microbending
attenuation. The sensor was configured with a periodical array structure as illustrated
in Figure 3.10. The transducer consisted of a silica multimode fibre passing through
the gaps between flexible silicone rods positioned periodically. As the user flexed
his fingers, the silicone rods were stretched, and thus the optical fibre was pressed,
inducing light attenuation proportional to the angular displacements. Five transducers
were attached to a fabric glove for recording the movements of the index finger and the
thumb. Meanwhile, a reference fibre was adopted to monitor the source stability by
delivering the light directly to the charge-coupled device (CCD).

Figure 3.10 Optical fibre bending transducer based on the microbending attenuation [152].
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Other fibre optic-based sensing techniques have also been proposed to detect angular
displacements, including a stress-induced birefringence fibre polarisation controller
[153] and a bevelled step-index multimode fibre sensor [154]. These techniques suffer
from either low measurement accuracy or limited measuring range (<90◦ ).
The common strengths and limitations of fibre optic-based sensors are summarised
below.
Strengths: Fibre optic-based sensors are small in size, lightweight, flexible, immune to
electromagnetic interference and fast response times;
Electrical connection wires are not required during the operation;
FBG optical sensors are featured with high multiplexing capability, high stability, and
low crosstalk.
limitations: Fibre optic-based sensors are sensitive to temperature fluctuations over
time, especially the FBG-based sensors;
The stability and the reliability of the sensors based on intensity modulation are generally
determined by the fluctuations in the optical power, the propagation mode of the adopted
optical fibre, and undesirable bends;
The sensors based on wavelength shift, i.e. fibre grating sensors, require demodulation
techniques (e.g. spectrum analyser) to separate the spectra;
Creation of structural imperfections is needed to enhance the sensitivity of the POFbased sensors.

3.1.2.2

Optical Linear Encoders

An optical encoder based position sensor optically recognises sequential surface
patterns and then mathematically determines the position or displacement. Li et al. [27]
implemented an optical linear encoder module by housing a commercial LED
integrated mouse sensor (ADNS 3530 [155], Avago Technology Ltd.) and encoder strip
into a customized baseplate. Using these sensing modules, they developed a
finger-motion tracking device, named as SmartGlove (see Figure 3.11), to capture the
flexion/extension of the MCP and PIP joints. The linear encoders recorded the
displacement of the movable strips. Under the assumption that each finger joint
flexed/extended around a fixed centre, the angular positions of the joints were
calculated using the geometrical relationship determined by the measured displacement
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and the radius of the joint. SmartGlove demonstrated a relatively high repeatability and
reliability.

Figure 3.11 SmartGlove integrated with ten commercial optical linear encoders [27].

Also, using the same commercial optical mouse sensor and the encoder strip, Lim et al.
[156] developed a sensing goniometer to monitor the flexion of the elbow. Additionally,
they also demonstrated the feasibility of using an optical linear encoder together with
an accelerometer for tracking the movements of the human arm [157]. This optical
linear encode consisted of an infrared emitter, a receiver, and a reflective strip. The
receiver converted the light reflected off the strip into the number of pulse indicating
the distance travelled as the elbow bent.
Strengths: Optical encoders are featured with high accuracy and high resolution.
Limitations: They are susceptible to surface contaminants on the encoder strips, such
as dirt, oil, and dust;
The thick and wide strips may inhibit the natural finger motion.

3.1.2.3

LED/Photodetector Coupled Sensors

The LED/photodetector coupled sensors detect the variations in bending angles by
measuring the changes in transmitted and/or reflected light intensity. The LEDs and
photodetectors are usually located at opposite ends of the transmission path. In 1985,
Zimmerman [158] patented an optical sensor which used a reflective interior wall within
a flexible tube as the light transmission tool. The tube flexion caused a proportional
decrease in the amount of light received by the photodetector. In 2009, Cavallo et
al. [159] reported a LED/photodiode coupled angular sensor taking advantage of the
angle-varying radiation pattern of the LED. They mounted the LED and photodiode
to two contiguous phalanges of a tendon-driven robotic hand for tracking the flexion.
Results indicated that this sensor had a relatively low sensitivity for the angles below
15◦ , and also suffered from ambient light interference. To improve the sensor’s linearity,
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later designs incorporated a mechanical component with an integration of a movable
link to partly occlude the light emitted by the LED [160]. The thickness of the canal
varied with the flexion of the robotic joint, causing the changes in the received light
intensity. In 2014, Zhao et al. [161] measured the motion of the articulated fingers using
the photoplethysmography technique, an optical method used to detect the volumetric
changes of an organ. The sensor consisted of two LEDs and one photodiode which
measured the slight variation in the reflected intensity after the light passed through the
tissue. The outputs varied with the finger motion.
The strengths and limitations of such a sensing method can be summarised below.
Strengths: LED/photodetector coupled sensors have simple structures.
Limitations: They are prone to external light interference, limiting measurement
accuracy;
The response to changes in bending angle is generally non-linear.

3.1.2.4

Polariszation-based Rotary Sensor

Based on Malus’ law, several rotary sensors have been proposed to measure the change
in rotation angle. In 1995, Albion et al. [162] patented two-phase and three-phase
rotation sensors for applications in military and commercial aircraft. In the two-phase
sensor, polarised light beams with their polarisation directions initially oriented at 45◦
to each other passed through a linear polariser. The three-phase sensor consisted of
three light beams with a difference of 60◦ between their polarisation axes. In theory,
the rotation of the linear polariser causes proportional changes in the measured light
intensity. Following on from the two-phase polarisation sensing principle presented by
Albion et al. [162], Barnett et al. [13], in 2002, patented a rotary motion transducer for
measuring the speed, direction and displacement of a rotating shaft. In 2005, Wijntjes
et al. [14] developed an optical rotary encoder in which a polariser synchronously
rotated with the rotatable object, the transmitted polarised light was directed towards a
plurality of analysers and photodetectors. In 2009, Li et al. [163] also passed incident
light through a polarising disc mounted with four analysers for measuring the angular
displacement. In 2010, Baxter and Raynor [15] proposed an optical rotary encoder using
the polarisation difference imaging technique. In 2014, Ikeda et al. [164] implemented
a compact optical rotary encoder which measured the rotation angle by detecting the
differential light intensity of the orthogonal polarisation components.
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Overall, the reported polarisation-based sensors are used either as optical rotary encoders
or as the sensing units for measuring the relative rotation of two mechanical objects
[13–15]. Several sensors of this kind have found application in the aircraft industry
[162]. Polarisation-based optical sensors are capable of producing accurate, fast, and
direct measurements for the relative rotation. In this work polarisation-based sensing
has been extended to monitor real-time finger motion as described in chapters 4 to 6.

3.1.3

MEMS Gyroscopes and Accelerometers

Gyroscopes and accelerometers are inertia-based electronic devices that measure the
orientation and/or position of an object with respect to a known starting point. A
gyroscope is a freely spinning wheel mounted on two or three gimbals, which are
pivoted supports allowing the rotation of the wheel about the spin axis. When rotating,
the orientation of the spin axis is not affected by any tilting or rotations of the mounting,
and thus gyroscopes are generally used for measuring or maintaining orientation in
space. An accelerometer is a compact electromechanical unit measuring either static or
dynamic acceleration along a given axis. Static forces can be used to calculate the tilt
angle of an object with respect to the Earth’s surface, while dynamic accelerations are
useful for analysing the way that the object is vibrating or accelerating.
Although gyroscope-based tracking can offer stable and accurate orientation estimation
during short-term rapid movements, a major limitation is the accumulated error which
occurs during the integration of the angular velocity outputs over time [165].
Accelerometers are capable of detecting dynamic accelerations, but they are unable to
distinguish between the actual dynamic acceleration and the component of Earth’s
gravity when the measured object accelerates in a particular direction [166]. A number
of hand tracking devices have implemented accelerometers [167–169]. The
AcceleGlove [168] uses a set of six dual-axis accelerometers mounted on the finger
phalanges and the back of the hand to recognise the American Sign Language. Another
glove-based prototype was equipped with two accelerometers for recording the
movements of the thumb and the index finger [169]. However, these devices are only
able to measure static or low-speed finger motion (i.e. flexion/extension or ABD/ADD)
due to the limitation of the accelerometers.
In practical applications, many devices benefit from the combination of gyroscopes
and accelerometers, i.e. inertial sensing modules. In recent years, the lightweight
inertial modules are also increasingly used to measure human kinematics in clinical and
rehabilitation communities [170]. Under the assumption that the human knee is a perfect
hinge joint, Cooper et al. [171] positioned an inertial sensing module on either side
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of the knee joint and then used Kalman filters to calculate the knee flexion/extension
during dynamic activities. Using two inertial sensing modules, each containing a
triaxial gyroscope and accelerometer, El-Gohary and McNames [172] combined the
kinematic models of upper limb with state-space methods to continuously estimate the
movements of human shoulder and elbow. Similarly, Seel et al. [173] also reported
an inertial sensor-based motion tracking system for gait analysis, in which the knee
flexion/extension and ankle plantar/dorsiflexion angles were investigated. In addition,
Dai et al. [174] attached an inertial sensing module to the user’s middle finger for
capturing hand grasping. The dominant frequency and the mean range of hand grasps
were calculated to assess Parkinsonian bradykinesia. Noort et al. [175] implemented
a system with an integration of eleven inertial sensing modules for tracking multiple
DOFs of the human hand, i.e. the movements of the left thumb, index finger, and middle
finger.
The combination of gyroscopes and accelerometers improves the precision of position
and orientation estimation, but the integration drift is still an obvious limitation for
long-term use. Moreover, since accelerometers are incapable of detecting the motion
perpendicular to the direction of the Earth’s gravity, i.e. the yaw rotation, the readings
of gyroscopes cannot be compensated in such situations. Therefore, inertial sensing
modules are usually limited to track one or two degrees of motion trajectories
[166, 171, 173, 176]. Recently, more and more studies adopt magnetometers together
with inertial sensing modules to estimate the 3D motion trajectory [170, 177, 178];
magnetometers provide absolute position information by measuring the magnetic field
vector surrounding the object. In this thesis, the combination of gyroscopes,
accelerometers and magnetometers, is referred to as an inertial measurement unit
(IMU).
In IMU-based tracking systems, gyroscopes are generally used to provide the orientation
information, and accelerometers and magnetometers mostly provide complementary
data to compensate the drift errors produced by the gyroscopes. Their outputs are
fused by different algorithms to calculate the orientation and positions. The reported
algorithms include integration, vector observation, Kalman filtering and complementary
filtering, etc. [170]. Among them, the Kalman filter based fusion approaches including
basic Kalman filters, extended Kalman filters, and unscented Kalman filters are favoured
in estimating human motion [172].
One of the main limitations of IMU-instrumented tracking systems is their susceptibility
to ferromagnetic disturbances leading to erroneous readings by the magnetometers.
Several approaches were proposed to compensate for magnetic distortions, such as the
modified factored quaternion algorithm [179] and the ellipsoid least-square fit algorithm

3.1 Sensing Technologies for Tracking Finger Motion

36

[180, 181]. Improvements were achieved but at the expense of increased computational
load for the tracking system. At present, the simplest and most common way to obtain
reliable measurements is to operate the IMU-based systems under controlled conditions
[182–184], e.g. staying away from ferromagnetic objects.
Another challenge for IMU-based human motion capturing systems is achieving
alignment of the sensors’ local coordinate axes with those of the joint [173]. Despite
several attempts [185, 186], it has proven very difficult to make these two coordinate
frames coincident without introduction of elaborate sensor attachments. Therefore, a
sensor-to-segment transformation matrix is usually required to assess human
kinematics. The common approach is to perform several predefined calibration
postures and/or movements. These calibration procedures significantly influence the
final measurement accuracy [173, 175, 179, 184, 187].
Developments in MEMS technology has led to the miniaturisation of inertial sensing
modules and IMUs to the point where it is now feasible to use them for recording human
hand movements as described in the following section.
As illustrated in Figure 3.12(a), SCURRY [176], a wearable glove-like input device,
included two gyroscopes packaged in the base module and four dual-axis accelerometers
embedded in ring modules. The gyroscopes detected the direction of hand motion, and
the accelerometers reported finger clicking. SCURRY allowed users to select a specific
input character or operation using hand motion and finger clicking.
The UU/Tyndall smart glove (ver. 2) [188], as shown in Figure 3.12(b), was configured
with sixteen IMUs to measure the range of finger movements. This IMU-based system
could offer unbiased measurements. However, complicated data fusion and analysis
were involved to determine finger movements. In this case, only the static finger
flexion/extension was evaluated. The capability of this system in measuring the dynamic
motion including finger flexion/extension and ABD/ADD in real time was not yet
known.
Moreira et al. [180] integrated eleven IMUs with a glove to assess hand motion, which
is depicted in Figure 3.12(c). Two IMUs were attached on the proximal and distal
phalanges of each finger, and one IMU was located at the back of the hand. This glove
system presented high stability (standard deviation 0.13◦ ), acceptable accuracy (average
error -2.23◦ ), and high reliability (intra-class correlation coefficient 0.88-0.99) but
required a complicated calibration procedure including the zero-offset and temperaturebased offset correction for the gyroscopes and accelerometers, and also compensation
for magnetic distortions.
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Figure 3.12 (a) Wearable input device, SCURRY [176]. (b) The UU/Tyndall smart glove
equipped with 16 IMUs [188]. (c) Motion-capture glove [180]. (d) PowerGlove equipped
with multiple IMUs [184]. (e) Modified PowerGlove only equipped with gyroscopes and
accelerometers [175]. (f) Hand motion tracking systems with IMU-based sensing strips [187].

The PowerGlove implemented by Kortier et al. [184] was a 3D motion tracking system
for reconstructing hand motion as shown in Figure 3.12(d). In this instrumented system,
two inertial sensing modules including triaxial gyroscopes and accelerometers were
placed on the dorsal side of the proximal and middle phalanges of each finger, and
double IMUs were deployed on the fingertip and the metacarpal. The gyroscopes were
used to determine the orientation of each finger segment, while the accelerometers and
magnetometers offered calibration information against the bias drifts in the estimated
orientation data. Under the assumption of the kinematic chain of the articulated finger,
an extended Kalman filter was designed to search the optimal trajectory assessment.
Although this PowerGlove was equipped with IMUs for each finger joint, the authors
only presented the dynamic flexion/extension of the thumb and the index finger at a
speed no more than 116 full range finger flexions/extensions per minute. Following
this research, they modified the system configuration (see Figure 3.12(e)) to include
only gyroscopes and accelerometers. This can eliminate the artefacts introduced by the
magnetic sensors as a result of inhomogeneous magnetic field throughout the hand when
the user stays close to ferromagnetic objects [175]. The system performance was further
evaluated for capturing the flexion/extension of the thumb, index and middle fingers, and
the ABD/ADD and circular pointing of the index finger. Compared with a commercial
motion capture device (Optotrak 3020 [189]), the system demonstrated a root mean
square error ranging from 3.3◦ to 8.4◦ during the flexion/extension, ABD/ADD and
circular pointing tasks of the index finger. Inconsistency was greatest for fast motion and
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pointing tasks which could be related to the uncompensated offset and skin movement
artefacts.
Recently, Valtin et al. [187] presented another IMU-based modular system for measuring
hand motion. As showed in Figure 3.12(f), this system was placed directly on to the
hand and consisted of three sensor strips and a base unit. Each sensor strip contained
three IMUs for each finger and the base unit embodied a microcontroller and a 9-axis
IMU. The length of the sensor strips was sufficient to accommodate stretching of the
finger skin during the flexion. In contrast to the PowerGlove introduced by Kortier et
al. [175, 184], this system calculated the orientation of each finger segment directly,
without any assumptions on the kinematic chain.
Fang et al. [190] also implemented a data glove which was embedded with 15 IMUs.
Hand gestures were estimated using linear Kalman filters under the assumption that the
static magnetic field through the hand was homogeneous. Lemos et al. [191] presented
IGlove, a wearable glove-based device that used four IMUs to evaluate manual dexterity
on surgical simulators. Mańkowski et al. [192] described the design of a glove-like
device, called CIE-DataGlove, to capture hand postures using 12 IMUs.
According to the review analysis by López-Nava and Muñoz-Meléndez [170], the
majority of the inertial module based wearable systems focused on tracking human
motion of upper limb or lower limb, and only a few investigated the movements of
other anatomical regions including the trunk and hand/fingers. Similarly, Wang et al.
[193] declared that the IMU is the most frequently used sensing technique in interactive
wearable systems for monitoring upper extremity; however, most studies used IMUs to
evaluate the motion of shoulder, elbow, and wrist. The lack of attention towards hand
motion detection can be explained by the complicated articulation and the small sizes
of the finger joints. As described in 2.1.2, there are 21 DOFs in each human hand which
are only contributed by the five finger joints for local movements. Using IMUs to track
all finger articulations will require complicated data fusion processes resulting in large
computational overheads and thus limiting the system’s real-time capability.
The following statements summarise the strengths and limitations of inertial sensors for
tracking articulated motion.
Strengths: Inertial/IMUs-based tracking systems are capable of tracking 3D hand
motion;
Inertial sensors are lightweight and non-obstructive, suitable for applications in portable
devices.
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Limitations: Calibration is required to transform the outputs from the sensing
coordinate system to the joint coordinate system;
Complicated data fusion procedures cause large computation time, limits the system’s
real-time capability;
Gyroscopes suffer from severe accumulated drift, resulting in erroneous estimates of
orientation over long periods;
Accelerometers can only determine the orientation of stationary objects with respect to
the Earth’s surface. Furthermore, they are incapable of sensing the motion perpendicular
to the direction of the Earth’s gravity, i.e. the yaw rotation;
Magnetometers are affected by distortions caused by inhomogeneous magnetic fields.

3.1.4

Magnetic Induction-based Sensors

Magnetic induction-based sensing techniques use a permanent magnet or electromagnet
as a reference point and the hand position with respect to the magnetic source is detected
by the magnetic sensor. Magnetometers which are used together with gyroscopes and
accelerometers to reconstruct hand motion have been discussed in section 3.1.3. Here,
we only describe magnetic sensing techniques for tracking hand trajectories.
In 2004, Kuroda et al. [194] presented a data glove named as StrinGlove for sign
language recognition. This system used 24 linear inductcoders to measure the finger
flexion/extension and ABD/ADD, as well as the wrist motion. The inductcoder [195]
was a magnetic induction-based sensor which was composed of a ferromagnetic core
moving in a conversion element, and the hand motion was recorded in the form of a
phase difference.
Similarly, using magnetic induction technology, Fahn and Sun [34] constructed an
instrumented system consisting of five sensing coils and ten generator coils to monitor
ten finger joints. As illustrated in Figure 3.13(a), for each finger a single sensing
coil was placed on the palmar side of the proximal phalange, and two magnetic flux
generators were attached to the middle phalange and the metacarpal. The generator
coils were energized consecutively resulting in induced electromotive forces (emfs)
in the sensing coils. A geometric model was adopted to derive finger flexion angles,
which were dependent on the distances between the finger joints and the magnetic
generator/sensing coils. To determine these distance parameters, a two-step calibration
process was required. In a subsequent study, they adopted the same sensing technique to
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track the fingertip position and orientation [196]. Five sensing modules, each including
two coils, were installed to five fingertips and one additional sensing coil was placed to
the metacarpal of the middle finger. On each MCP joint there located two generator
coils, co-centred and perpendicular to each other. This tracking system simplified the
calibration process but at the expense of increased numbers of magnetic flux coils and
stringent requirements on coil module installation, i.e. the coils on the each joint and
fingertip required to be co-centred and perpendicular.

Figure 3.13 (a) Positions of the sensing and generator coils [34]. (b) Structure of the magnetic
hand tracking system [35]. (c) uTrack, a 3D input device [197]. (d) Finexus, a multiple fingertip
capturing system [198].

As illustrated in Figure 3.13(b), using small permanent magnets and an electronic
wristband, Ma et al. [35] implemented a hand motion tracking system for humanmachine interactions. When the fingers were flexed or extended, the combined magnetic
fields generated by the permanent magnets at the fingertips were captured by six twoaxis commercial magneto-resistive sensors around the wristband. Finger posture could
be reconstructed from the location and orientation of the fingertips calculated using a
geometric model. When a subject was instructed to only move the index finger with the
other fingers unchanged, the system produced motion readings with a similar trend to
the commercial tracking system (Vicon [199]). However, this system was not suitable
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for tracking the simultaneous motion of all fingers, since the magnetic sensors located
in the wristband were sensitive to all of the magnetic fields of the permanent magnets.
In a similar way, Friedman et al. [200] mounted two magnetometers at the wrist and a
magnetic ring on the index finger for capturing the motion of the wrist and finger joints.
As shown in Figure 3.13(c), uTrack [197], a single-point input system, uses a magnetic
field sensing technique to detect the relative motion between the thumb and ring finger
in 3D space. A single permanent magnet was placed on to the thumb to generate a
magnetic field and two triaxial magnetometers were located on the back of the ring
finger with their axis aligned. In a recent study, an improved tracking system named
as Finexus was reported (see Figure 3.13(d)). Finexus equipped with four magnetic
sensors was capable of tracking the motion of multiple fingertips [198]. Different from
uTrack, Finexus adopted a frequency-division technique to enable multipoint tracking,
i.e. driving each electromagnet using alternating currents with different frequencies and
then applying a band-pass filter to the outputs. Additionally, Finexus also featured a
more extensive sensing space (volume of a sphere with a diameter of 120 mm) than that
of uTrack (70 mm (width) × 30 mm (depth) × 60 mm (height)).
The majority of magnetic-based tracking systems only focus on fingertip positions.
Their common strengths and weaknesses are summarised below.
Strengths: Magnetic sensing units are capable of providing precise hand positioning
data.
Limitations: Magnetic sensors are prone to inaccuracies due to interference from the
Earth’s magnetic field or nearby ferromagnetic objects;
External magnetic excitation is required in magnetic tracking systems;
When monitoring multiple joints or fingertips, time-division or frequency-division
multiplexing method is needed to avoid the effects of mutual induction;
Finger flexion angles are usually derived by geometric models which are related to the
sensor locations and hand dimensions.

3.1.5

Other Sensing Techniques

Except the commonly used sensing techniques described above, other sensing
techniques including capacitive sensors, inductive elements, piezoelectric sensors,
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potentiometers, surface electrodes, and Kinect sensors are also reported to track finger
motion. These sensing approaches are discussed briefly in the following text.
A few research groups [45, 67, 201] have investigated nanocomposite-based capacitive
strain sensors for sensing articulated human motion. The literature [45] presented a
parallel-plate capacitive sensor with a AgNW film embedded in the top and bottom
surfaces of a polymeric substrate. Vertically aligned a CNT forest was also used to
fabricate wearable piezocapacitive strain gauges [67]. Although the reported
nanocomposited capacitive strain sensors could detect large tensile strain up to 50%
[45, 201] and 150% [67], their GFs were no more than 1.
Inductive sensors are also used in wearable motion tracking systems. For instance,
an inductive fibre meshed strain sensor was constructed to measure finger motion by
Wijesiriwardana [46]. Cu wire with a diameter of 0.12 mm is knitted into lycra fabrics as
sensing coils. These coil bands could be either integrated into gloves or put on as rings.
This transducer avoided the intrinsic limitations of the resistive fibre-meshed sensors
including performance degradation with repetitive usage, but complicated models are
required to obtain the bending angles due to the simultaneous coexistence of self and
mutual induction of the sensing coils.
A piezoelectric sensor produces an electric charge in response to mechanical inputs.
Cha et al. [202] fabricated flexible piezoelectric sensors using polyvinylidene fluoride
as the sensing material, and also integrated them with a data glove. Finger motion
caused proportional variations in the sensor output voltages. The measured movements
of the index finger were in good agreement with camera recordings.
Park et al. [36] used multiple linear potentiometers to detect finger motion. A wearable
sensory glove was fitted with a combination of ten linear potentiometers, ten return
springs, and ten flexible wires. The potentiometers and the return springs were located
on the back of the hand as a compact sensing module. One terminal of each flexible
wire was connected with the potentiometer and the other one was tied to the finger
segments of glove. Finger flexion/extension caused movement of the corresponding
flexible wire, which was measured by the potentiometer (essentially a voltage divider)
in the form of electrical voltage. Finally, the joint angles were calculated by a kinematic
model dependent on the dimension of the finger articulations.
The Kinect sensor, developed by Microsoft Corp. (Washington, US) [203], is an imaging
device consisting of a RGB camera and infrared depth-finding sensors. In recent years,
the Microsoft Kinect has attracted much attention due to its performance in tracking fullbody motion. Hernoux and Chrisman [204] used the Kinect sensing system to retrieve
the position of the user’s hands for natural interactions in 3D virtual environments.
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Bakar et al. [205] also attempted to recognise hand gestures by analysing the image
frames captured by the Kinect sensor. This sensing method allows drift-free 3D motion
tracking. The measured motion trajectory, however, suffered from position fluctuation
due to sensor noise and occlusions. To overcome this limitation, Tian et al. [206] used
an IMU and the Kinect together to estimate the 3D position of the upper limb.
EMG is another approach for tracking articulated motion. Multiple electrodes are
attached to the skin to record the electrical signal produced by skeletal muscles. Finger
movements activate the extrinsic flexors/extensor muscles located on the forearm,
producing corresponding variations in the electrical activity [47]. Therefore, gestures
can be recognised by analysing the extracted EMG patterns. This sensing approach
enables the fingers to move without constraints, but the measurement accuracy is poor
and also affected by the condition of the skin, e.g. the presence of sweat.

3.2

Hand Motion Tracking Devices

Monitoring hand motion has developed into many areas such as anthropomorphic robots
[207, 208], physical therapy [114, 188] and rehabilitation [115, 193], VR [188, 209,
210], entertainment [106, 211], sign language understanding [167], human-machine
communications [212], and even design and manufacturing [11]. The available hand
tracking devices can be categorised into three main types: camera-based systems,
EMG-based systems, and instrumented gloves, which are discussed as follows.

3.2.1

Camera-based Motion Capture Systems

The camera-based approach is to use single or multiple cameras to capture the scene,
and then map the gestures by analysing the recorded video streams. They can be broadly
divided into marker-based capturing and contour analysis. Marker-based systems place
multiple dot markers strategically on the hand to track movements, while contour
analysis performs hand edge and silhouette detection.
Various passive/active marker-based vision systems have been presented. In the early
1980s, the MIT Media Lab [213] developed a camera system to capture body and limb
motion for real-time computer graphics animation by putting multi LEDs on a glove
[12]. Later, Park and Yoon [214] also used LEDs mounted glove to capture hand gesture.
In 1999, Rash et al. [215] attached 5-mm diameter retro-reflective spheres on the dorsal
aspect of finger segments, and adopted three infrared cameras to record finger position
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changes. Theobalt et al. [216] glued coloured reflective tape on a transparent glove
for capturing the hand location of baseball athletes. To enhance the contrast between
each marker, four distinct marker colours (red, yellow, blue, green) were distributed for
the system. Cerveri et al. [217] configured up to 24 surface markers to estimate fine
finger motion and investigated optimisation of markers position. Guskov et al. [218]
introduced a wearable glove marked with numerous small colourful cloth blocks for
tracking dynamic motion. Similarly, Wang et al. [219] presented a cloth glove imprinted
with 20 large coloured patches, and used a single camera to capture the pattern location.
The contour tracking approach identifies hand poses without external markers,wires and
cloth covers (e.g. glove). Using two cameras, Abe et al. [220] designed a 3D interface
system by matching the observed hand contours with predefined gesture shapes. The
literature [221–223] also reported on silhouette and edge extraction from recorded
image sequences to track articulated hand motion.
Camera-based systems are generally regarded as the gold standard for tracking hand
motion [121, 224]. Several commercial systems, such as the Vicon [199] and the
Optitrack [225], are usually used to capture biomechanically-relevant motion and
treated as a reference for other motion tracking devices. Additionally, camera-based
measurement systems, especially the contour tracking devices, do not impede hand
motion. However, there are several limitations which hinder their application and
universality. The major limitation is that the measurement can only be performed in a
restricted space determined by the position of the cameras. The subjects therefore can
only stay in a confined room. Lack of portability means that the camera-based systems
cannot be widely used in daily life. Secondly, image recording systems usually need to
work in a special environment where the background should be uniform and obviously
different from the hands or markers. Thirdly, the self-occlusion of the subjects’ hands
or poor image quality can lead to inaccuracies or even non-observable situations. To
solve these problems, nonparametric belief propagation tracking algorithm [226], and
the combination of a hierarchical filter and Bayesian filtering [221] were proposed
to derive the variables related to hand position. Despite the improved performance,
the measurement accuracy is still limited in poor conditions, e.g. complex lighting,
cluttered background, and severe self-occlusion.
Furthermore, most camera detection devices involve complex and computation-intensive
algorithms for gesture estimation, including data training, data segmentation, and
template matching [223, 227, 228]. This affects the systems’ capability in real-time
measurements.
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Lastly, commercial camera systems are costly, experiencing an exponential increase in
cost with measurement accuracy.

3.2.2

Surface Electromyography (EMG)-based Systems

The surface EMG-based systems measure finger motion by recording the muscle’s
electrical activity. Generally, multiple electrodes are located either on the user’s forearm
[229, 230] or at the wrist [231]. The extracted surface EMG patterns are used to
recognise gestures via the processes of signal segmentation, feature extraction and
classification [232]. The processed information is commonly used to manipulate the
finger motion of the prosthetic hand [233–235], computer-animated virtual hands [234]
and other human-computer interaction activities [236].
Generally, the EMG-based systems offer non-restrictive measurements, but they can
only detect the isolated finger motion [229, 237] or limited predefined multiple-finger
motion [230] due to the cross-talk phenomenon. It is a major challenge to record
simultaneous and arbitrary finger motion with multiple DOFs [238]. Additionally, the
quality of the finger motion reconstruction greatly depends on the number of electrodes
and the spatial location [239]. In comparison with the camera-based and glove-based
systems, the surface EMG tracking devices demonstrate low accuracy and poor stability
in finger motion recognition [230]. Kawaguchi et al. [231] equipped 16 electrodes with
a wrist-mounted sensing device which showed an averaged root-mean-square error
ranging from 29◦ to 34◦ during finger motion.

3.2.3

Instrumented Glove Devices for Hand Motion Acquisition

Glove-based sensing devices integrate wearable sensors with gloves/cloth covering
or even directly onto the finger joints for recording hand motion. Compared with the
camera-based and surface EMG-based systems, the instrumented glove devices are
unaffected by finger occlusion and are able to measure multiple finger positions. These
advantages make glove-based systems become the dominant devices for capturing finger
movements [240]. In this work, an attempt is made to integrate the developed sensors
with a glove for measuring finger motion as descripted in Chapter 6.
The most popular glove-based devices in the current market are CyberGlove [241],
5DT Data Glove [242], and HumanGlove [243], which offer automatic detection of
hand positions for various activities. CyberGlove systems have two versions with
either 18 or 22 piezo-resistive sensors to measure individual finger movements [241].
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Kessler et al. [244] evaluated the characteristics of the CyberGlove equipped with 18
sensors (model CG1801) in terms of the system’s sensitivity, the capability of measuring
angles, and the factors affecting the measurement accuracy. 5DT Data Glove uses fibre
optic-based sensors to monitor the articulated finger joints. The configurations with
five and fourteen sensors are available [242]. 5DT Data Glove 5 Ultra only captures
finger flexion/extension (one sensor per finger), while 5DT Data Glove 14 Ultra is
designed to measure the flexion/extension of MCP and PIP joints and also the finger
ABD/ADD. HumanGlove is a Bluetooth-based wireless device using Hall Effect sensors
to reconstruct hand posture [243]. Dipietro et al. [8] evaluated the performance of a
HumanGlove (ver. 1), and finally concluded that this glove in principle could operate
as a goniometric device for dynamic recording of both finger flexion/extension and
ABD/ADD. These systems, however, are relatively expensive, e.g. the 5DT Data Glove
14 Ultra is marketed at $5495. This factor restricts their widespread use in real life
applications.
Table 3.1 summarises the properties of several representative sensing systems for
measuring finger motion. Although some of them can offer hand orientation and/or
tactile feedback [168, 180, 184, 194, 245], only finger motion is considered here.
From Table 3.1, it is obvious that the majority of the tracking systems integrate
multiple sensing units with a glove or a hand-shaped cover for measuring finger
movements. This integration method simplifies the sensor attachment, facilitates the
donning and removing of the system for individuals, and also offers improved comfort
in comparison with the approach by directly securing sensors on to the finger’s skin.
The wearable hand motion tracking systems can be used in various applications such as
VR, rehabilitation, animation, human-machine interaction, sign language
understanding, and remote operation. However, the majority of the tracking devices
require a separate calibration process for each individual, since the adopted sensors are
highly dependent on the dimension of the finger joint. The calibration is critical to
determining the system performance and can take minutes to complete [118, 152].
Furthermore, finger flexion/extension tracking has attracted much more attention than
the detection of finger ABD/ADD. For monitoring finger flexion/extension, one-DOF
sensors are commonly used in wearable glove-based devices. However, the
measurement accuracy is usually adversely affected when monitoring two-DOF finger
joints, e.g. the MCP joints. The main reason is that finger ABD/ADD and
flexion/extension do not occur in isolation [24] leading to unwanted deformations of
the flexion sensors. For example, the spaces between adjacent fingers generally
decrease when fingers curl into the palm.

Devices

CyberGlove * [241]

5DT Data Glove * [242]

HumanGlove (ver. 1) * [8]

Sensors

18 or 22 resistive
bend sensors

5 or 14 fibre optics
based sensors
20 Hall effect
sensors

Sensor attachment

Recorded finger motion

[26]

5 KPF strain sensors

glove

Flexion/extension and ABD/ADD

Artificial skin [68]

5 AgNW strain
sensors
11 microfluidic
strain sensors

prototyping, biomechanics,

Required

medical and military training

glove

glove

Flexion/extension (the MCP and/or

Animation and other motion

PIP joints), and ABD/ADD

capture applications

Flexion/extension and ABD/ADD

glove

of middle/little fingers, the PIP joint
of the ring finger), and ABD/ADD
(the thumb/little finger)

Wireless smart glove [59]

Calibration

Animation, VR, digital

Flexion/extension (the MCP joints
KPF-based sensing glove

Applications

glove

hand cover

Flexion/extension (PIP joints)
Flexion/extension, and ABD/ADD
(thumb)

Rehabilitation, robotics, and
VR

Required
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Required

Rehabilitation, robotic
teleoperation, and

Required

entertainment

VR

Required

Motion capture applications

Required
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Continued on next page

Devices

SIGMA glove [107]

Shadow Monitor [118]

WU-Glove [116]

NeuroAssess Glove [117]

Sensors
18 bend sensors
from Images SI

Sensor attachment

Recorded finger motion

Applications

Calibration

glove

Flexion/extension and ABD/ADD

Clinical

Required

5 bend sensors from

directly on finger

Flexpoint SS

digits

14 bend sensors
from Flexpoint SS
6 bend sensors from
Flexpoint SS

Sensing glove designed by

10 bend sensors

Borghtti et al. [115]

from Flexpoint SS

glove

glove

glove

Required
Flexion/extension (each MCP joint)

Healthcare

(8 min per
person)

Flexion/extension (MCP and PIP

Widespread use in research,

Required

joints), and the ABD/ADD

clinical, and Rehabilitation

(10 s)

Flexion/extension (the thumb and

Clinical practice and

index finger)

rehabilitation

Flexion/extension (the MCP and

Sign language recognition,

PIP joints)

tele-diagnosis, and VR

Flexion/extension

Rehabilitation
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No

Required

4 bend sensor arrays
HITEG-Glove [119]

and 2 discrete
sensors from

glove

unknown

Flexpoint SS
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Continued on next page

Devices

Sensors

Sensor attachment

10 bend sensors
DAGLOVE [245]

from Spectral

glove

Symbol

SmartGlove [27]

10 optical linear
encoders

glove

Recorded finger motion

Flexion/extension (the MCP and
PIP/DIP joints)

Flexion/extension

5 optical fibre

Fujiwara [152]

sensors

Soft sensing system

7 microfluidic

directly on finger

Flexion/extension and ABD/ADD

developed by Park [97]

sensors

joints

of the thumb/index finger

directly on finger

Flexion/extension (the MCP and

phalanges

PIP joints)

glove

Flexion/extension and ABD/ADD

glove [34]

StrinGlove [194]

5 magnetic sensing
coils and 10
generator coils
24 inductcoders

Calibration

Teleoperation

unknown

Animation

Required

Flexion/extension (the thumb and

Sensing glove designed by

Magnetic induction based

Applications

glove

index finger), and ABD/ADD
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Required

HCI

(∼1 min)

(index finger)

VR and Rehabilitation

Required

HCI

Required

Sign language recognition

Required
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Continued on next page

Devices

AcceleGlove [168]

Sensors

Sensor attachment

6 dual-axis

Directly on finger

accelerometers

phalanges

20 pairs of

Recorded finger motion

Applications

Calibration

Flexion/extension or ABD/ADD

Sign language recognition

unknown

Kinematic analysis

Required

3D finger kinematics

Required

Dynamic assessment for the

PowerGlove by Kortier

gyroscopes and

directly on finger

flexion/extension (thumb/index

[184]

accelerometers, and

phalanges

finger) and the ABD/ADD (index

10 magnetometers

Modified PowerGlove
[175]

Motion-capture glove
[180]
GESTO [29]

11 pairs of
gyroscopes and
accelerometers
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finger)

Directly on finger
phalanges

Flexion/extension (thumb, index,
middle fingers), and ABD/ADD and
circumduction (index finger)

11 IMUs

glove

Flexion/extension and ABD/ADD

Rehabilitation and animation

Required

11 IMUs

glove

Flexion/extension and ABD/ADD

VR

Required

Note: In the first column, the devices with their names followed by ‘*’are commercial systems, and the others are instruments under research. In the column labelled as ‘Recorded
finger motion’, ‘ABD/ADD’ stands for finger abduction/adduction. The column, named as ‘Applications’, lists the main applications reported in the literature for each system.
The abbreviations of ‘VR’ and ‘HCI’ denote virtual reality and human-computer interaction respectively.
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Currently, only a few glove systems are able to measure two-DOF finger movements.
One method is the use of inertial sensing modules or IMUs that can provide 3D
information of hand motion including finger ABD/ADD. The major drawback is the
accumulated integral error and the large computation time required for data fusion
processes. An alternative method is to use multiple one-DOF flexible sensors. As
shown in Figure 3.14, the flexion/extension sensors are usually placed on the finger
joints of interest, and the ABD/ADD sensors are attached to the dorsal surface of the
proximal phalanxes of adjacent fingers either in an arched configuration (Figure 3.14(a))
or in a straight line (Figure 3.14(b)). The arched sensing structure for measuring the
finger ABD/ADD is favoured in the glove-based sensing systems, such as CyberGlove
[241], 5DT Data Glove 14 Ultra [242], WU-Glove [116], and Tyndall/UU [114].

Figure 3.14 Sensor configurations in glove-based systems. (a) CyberGlove II [241], in which
the abduction sensors are in an arched configuration. (b) Soft strain sensor based system [97],
in which the abduction sensor was attached to the proximal phalanxes of adjacent fingers in a
straight line.

However, with the approaches shown in Figure 3.14, reliable ABD/ADD readings can
only be obtained when the adjacent fingers have similar flexion, otherwise
twisting/elongation of the ABD/ADD sensors by pure flexion motion can occur leading
to inaccurate and unreliable readings. Additionally, gestures, such as crossed fingers,
deteriorate the measurement accuracy of both finger flexion/extension and ABD/ADD
when one-DOF sensors are used for recording the motion of the two-DOF MCP joints.
These problems are further explained in Figure 3.15, in which the ABD/ADD sensor is
simplified as a red straight bar and the flexion/extension sensors are represented using
green bars. Clearly, the ABD/ADD sensor is elongated with the flexion of only the
index finger (see Figure 3.15(b)); when the index finger crosses over the middle finger,
both the flexion/extension and the ABD/ADD sensors deform and fail to detect the
actual finger motion, as shown in Figure 3.15(c).
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Figure 3.15 Problems of using one-DOF flexible sensors to track the movements of two-DOF
joints. (a) Normal sensor position. (b) Finger flexion/extension without ABD/ADD. (c) Crossed
finger gesture.

Recently some approaches are reported to tackle the crosstalk problem. Kim et al. [246]
identified the optimal locations of the single-axis sensors for properly measuring the
two-DOF CMC joint motion. During the measurements of thumb motion, this approach
reduced the amount of crosstalk, but the estimated errors were still large, i.e. more than
5◦ . Moreover, Park et al. [97] applied decoupling algorithms to the signal from the
microfluidic strain sensors; the algorithms were based on the projected triangle formed
by the joint position. Experimental results showed the root-mean-square errors of the
measured motion of the two-DOF joints were still larger than those of the one-DOF
joints.
Both finger flexion/extension and ABD/ADD are important parameters for finger
kinematics. The majority of studies to date only consider finger flexion and extension,
but accurate information on finger ABD/ADD is essential for areas such as medical
diagnostics and rehabilitation. Accurate and simultaneous monitoring of two-DOF
motion in human hand joints is an area underexplored in current glove-based systems.
Therefore, one of the major objectives in this work is to find an effective solution to this
problem.

3.3 Summary
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Summary

A literature survey regarding the various sensing techniques and the instrumented
systems for tracking articulated hand motion is given in this chapter. The performance
of each type of sensor are briefly presented and their common advantages and
disadvantages are summarised. For discussion, the available motion tracking systems
are mainly divided into three categories: camera-based systems, EMG-based devices,
and glove-based systems. Due to the unique features, glove-instrumented devices have
become the dominant devices for capturing hand motion. Certain limitations of the
sensing capabilities of the current glove-instrumented devices are highlighted which
need to be addressed.
The polarisation-based sensing method provides a direct measurement of angle, as
opposed to other types of flexure sensor, which generally use indirect methods such as
electrical resistance or capacitance changes converted to angles using a trigonometrical
conversion model. Additionally, the polarisation-based technique offers high
measurement accuracy and a fast response time. Therefore, a polarisation-based
method was considered an ideal choice as the sensing technique in this research.

Chapter 4
Electro-optical Goniometric Sensor
Design and Experimental Methods
Inspired by the articulated structure of finger joints, three electro-optical goniometric
sensors based on Malus’ law were developed and investigated for tracking finger motion.
These electro-optical sensors were designed with different capabilities, so as to measure
different types of finger joints. 3D printing technology was used to manufacture the
sensors, making the sensor configurations compact. In this chapter, the operating
principle, the sensor fabrication, the experimental set-up for sensor characterisation, the
signal processing approach, and the developed software will be described.

4.1

Electro-optical Goniometric Sensor Design

Three distinct sensors were developed in this work utilising a single-axis sensor design
(sensor#1 and sensor#2) and a two-axis goniometric sensor (sensor#3). The operating
principle and the manufacture of these three sensors are described in this section.

4.1.1

Operating Principle of the Electro-optical Goniometric
Sensors

The operating principle of all three electro-optical sensors were based on Malus’ law,
i.e. detecting the change in rotation by analysing the attenuation of polarised light
transmitted through a linear polarising film. The three sensors differed from each other
in the configuration and number of sensing components.
54
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The schematic diagram of sensor#1 is shown in Figure 4.1. This sensor has a single
transmission pathway which is referred to as a channel in this thesis. The sensor consists
of two linear polarising films that rotate relative to each other. The unpolarised light
passed through the first polariser and was attenuated by the second polariser, also known
as the analyser. The dash-dot lines represent the transmission axes of the polariser
and the analyser. According to the coordinate system illustrated in Figure 4.1, the
incident light was polarised in the direction of θ110 to the negative z-axis after travelling
through the linear polariser. After that, the polarised light was partly blocked and only
the components parallel to the analyser’s transmission axis were transmitted to the
photodiode, a light-sensitive semiconductor device which converted the incident light
to a flow of electric charge.

Figure 4.1 The schematic diagram of sensor#1, a basic single-axis sensor.

Supposing the polarising film is perfect, the intensity of the polarised light passing
through the analyser, I11 , can be computed using equation (4.1) according to Malus’
Law which is descripted in 2.2.2.

Ii j = Iini_i j cos2 (δi j ) = Iini_i j cos2 (θi j1 − θi j0 )

(4.1)

where the subscripts i and j denote the label of the electro-optical sensor and the sensing
channel to be measured respectively. The parameter Iini_ij represents the initial polarised
light intensity in the channel j of the goniometric sensor labelled as i. The parameter
δi j denotes the angle between the direction of the light’s initial polarisation and the
analyser’s transmission axis, i.e. the difference between θij0 and θij1 .
For sensor#1, the subscripts both i and j equal one in equation (4.1). It can be found that
the final luminous intensity is proportional to the intersection angle of the transmission
axes of the polariser and the analyser. The photodiode shown in Figure 4.1 can linearly
convert the received light intensity into an electric current i11 , which can be estimated
by equation (4.2).
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(4.2)

where the parameter kij is a constant dependent on the performance of the employed
photodiode, and mij is the product of kij and Iini_ij .
According to equation (4.2), the angular rotation can be obtained by measuring the
output current. In this case, the measuring range of sensor#1 is 90◦ , which is adequate
for tracking the entire range of flexion and extension of the DIP joints (< 90◦ ). However,
certain finger joints can perform movements in excess of 90◦ , e.g. the PIP joints (up
to 135◦ ) and in this case, sensor#1 is insufficient for tracking such finger activities. To
solve this problem, sensor#2, an improvement on the single-axis goniometric sensor,
was developed.
As illustrated in Figure 4.2, sensor#2 consists of a single visible light source, a linear
polariser PL20 , two thin-film analysers AL2j (j = 1, 2), and two photodiodes PD2j .
Passing through PL20 , the light was polarised in the direction of the transmission axis
(the dash-dot line) at an angle θ20 to the negative z-axis and then split into two separate
channels (CH2j ). Each channel had its own analyser and photodiode, so that the incident
polarised light was analysed and recorded in the form of an electric current. CH21 and
CH22 were arranged symmetrically around the central line of the light source, producing
simultaneous outputs.

Figure 4.2 The schematic diagram of sensor#2, an improved single-axis sensor. PL20 represents
a linear polariser. AL2j and PD2j represent the linear analyser and the photodiode in the channel
CH2j (j = 1, 2), respectively.

The two channels of sensor#2 transmitted the polarised light in the same way as that
of sensor#1. In each channel, the light intensity received by the photodiode obeys
equation (4.1) and the converted electric current follows equation (4.2). In these two
equations, the subscript i denoting the label of the electro-optical sensor equals two, and
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the channel number j can be one or two. The parameters Iini_21 and Iini_22 in equation
(4.1) represent the amount of the polarised light initially entering CH21 and CH22
respectively; in theory they are half the value of Iini_2 shown in Figure 4.2 due to the
symmetrical structure of the two sensing channels.
The analysers AL21 and AL22 were oriented with their transmission axes set at 40◦ .
This arrangement enables CH21 and CH22 to produce different simultaneous outputs,
since the polarised light entering the two channels comes from the same source. To
ensure that at least one channel will be operating in the region with maximum sensitivity
and linearity, the oriented angle should be in the range 40◦ to 50◦ because the cosine
squared function demonstrates a high linearity in the region of 20◦ to 70◦ .
The simultaneous outputs of the two sensing channels of sensor#2 were combined to
determine the angular displacement. This expanded the measuring range to 180◦ and
also improved the sensitivity. The data fusion method will be described in detail in
section 4.2.3.
Sensor#2 had an improved measuring range in comparison with sensor#1, but both
single-axis sensors were only capable of measuring finger movements in one plane.
Finger articulations by MCP joints can perform motion in two planes including
flexion/extension, ABD/ADD, as well as circumduction. Therefore, another
electro-optical sensor, i.e. sensor#3, with two rotational axes, was developed to monitor
two-DOF joint motion.
The operating principle of sensor#3 is illustrated in Figure 4.3. This design is comprised
of four symmetrical optical channels (CH3j , j =1, 2, 3, and 4). The unpolarised light
source provided visible light for all four channels. Each channel included a linear
polariser PL3j , a thin-film analyser AL3j , and a photodiode PD3j , operated in the same
way as sensor#1. The received light intensity I3j and the output current of the photodiode
obeyed equations (4.1) and (4.2) respectively. In such a case, the subscript i in these two
equations equals three and j donating the channel number is an integer ranging from 1
to 4.
According to the coordinate system defined in Figure 4.3, CH31 and CH33 were
oriented along the x-axis. Their simultaneous outputs were fused to determine finger
flexion/extension. Supposing that the transmission axes of the polarisers PL31 and PL33
were in the same direction, the analysers AL31 and AL33 were initially oriented with
their transmission axes at a fixed angle to each other in the range 40◦ to 50◦ . This was
the same as sensor#2.
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Figure 4.3 The schematic diagram of sensor#3, a two-axis electro-optical goniometric sensor.
PL3j , AL3j , and PD3j represent a linear polariser, a linear analyser and a photodiode in the
channel CH3j (j =1, 2, 3, and 4), respectively.

In Addition, CH32 and CH34 located along the y-axis were designed for recording the
finger ABD/ADD movements. They were configured and operated in the same way as
CH31 and CH33 .

4.1.2

Sensor Models for 3D Printing and Integrated Goniometric
Sensors

Using 3D printing technology, the electro-optical sensors were all designed with
compact hinge configurations. The 3D models for the three sensors were modelled in
SolidWorks 2015 [247]. The assembly models are shown in Figure 4.4(a), Figure
4.5(a), and Figure 4.6(a), and the details of the technical designs are presented in
Appendix A. Each sensor had two wings for attachment to the finger segments, and a
housing (holder) for integration of the electronic and optical components. The length of
the sensor wings can be made bespoke to suit different finger sizes.
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The sensor framework was manufactured by an EnvisionTEC’s Perfactory Mini Multi
Lens 3D Printer (EnvisionTEC, Inc., Dearborn, US) [248]. This printer uses the state
of art Digital Light Processing technology to produce fine details with a resolution
capability of 32 µm. The nanoparticle-filled resin RCP30 (EnvisionTEC, Inc., Dearborn,
US) [249] was chosen as the 3D printing material due to its outstanding features
including superior stiffness, opaque appearance, and suitability for building parts at
very high resolution.
According to the operating principle described in 4.1.1, the light source, linear polarisers,
analysers, and photodiodes are required for all three electro-optical sensors. The surface
mounted LED (KPG-1608ZGC, Farnell element14, Leeds, UK) [250], with a dominant
wavelength of 525 nm, was chosen as the visible light source due to its small dimension
(1.6 mm × 0.8 mm × 0.25 mm) and the high luminous intensity (400 millicandelas).
The thin-film linear polarisers and analysers were made from commercial polarising
sheet (Edmund Optics Ltd., York, UK) [251], with an extinction ratio of 9000:1 and
high transmission from 450 nm to 700 nm. This high contrast polarising film with a
thickness of 0.18 mm can be cut to any size. The photodiode (TEMD6200FX01, Farnell
element14, Leeds, UK) [252] with a peak spectral sensitivity at 540 nm was employed
to detect the resultant light intensity. Its operating wavelength range matched that of
the LED and the polarising film. The photodiode also featured a high response speed
(rise time and fall time about 150 ns), low dark current (< 5 nA), low diode capacitance
(typically 60 pF when the reserve voltage is 0 V), and small dimensions (2 mm × 1.25
mm × 0.85 mm).
The goniometric sensors worked in the visible region, it was therefore necessary to
eliminate the influence of ambient light. The 3D printing material RCP30, was opaque
and partially blocked the ambient light. Non-reflective, black Aluminum foil tape
(AT205 [253], Thorlabs Inc., Ely, UK) was used to block the remaining ambient light
(not included in the figures for clarity).
As shown in Figure 4.4, sensor#1 had an overall length of 40.0 mm, a width of
approximately 10.0 mm, and a height of 4.0 mm; i.e. dimensions suitable for most
adults’ fingers. Several separate holders (housings) were designed for the electronic
and the optical components. The green, red, and yellow surfaces of the holders shown
in Figure 4.4(a) were for the attachment of the LED, the linear polariser, and the
thin-film analyser respectively. The photodiode was fixed to the blue surface of the
Photodiode holder, facing opposite to the LED. In fact, the LED and the photodiode
were soldered onto separate double-layered circular PCB with a thickness of 0.4 mm
and a diameter of 4 mm, as shown in Figure 4.4(b).
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(a)

(b)
Figure 4.4 Sensor#1, a single-axis electro-optical sensor with a measuring range of 90◦ . All
units are in millimetres. (a) The 3D model design; (b) the images of the complete sensor and
the PCBs for the LED and photodiode.

Finally, the holders for the LED, the polariser, and the photodiode were glued to Wing
1 and the holder for the analyser was fixed inside Wing 2. A rotation between Wing 1
and Wing 2 causes the same rotational change between the polariser and the analyser.
The wings were attached to the dorsal surfaces of adjoining phalanges and rotated in
unison with the joint rotation during finger flexion or extension.
The 3D model and the photograph of sensor#2 are displayed in Figure 4.5. The overall
length of this sensor was 40.0 mm, width 8.0 mm and height 4.5 mm. The design,
shown in Figure 4.5(a), was similar to that of sensor#1except for embedded internal
chambers inside the holders. This enabled all of the components including the LED,
linear polariser, analysers and photodiodes to be integrated directly without the use of
PCB boards. In Figure 4.5(a), the red surface and the green space (inside the holder)
were designed for the linear polariser and the visible LED respectively. Parallel channels,
each consisting of an analyser/photodiode pair, were symmetrically housed inside the

4.1 Electro-optical Goniometric Sensor Design

61

holder embedded inside Wing 2. A baffle plate (purple part in Wing 2) was located
in the central plane of the holder to prevent light in one channel interfering with the
other channel. Furthermore, the holder section that passes the electrical wiring to the
photodiodes also forms part of the hinge mechanism.

(a)

(b)
Figure 4.5 Sensor#2, a single-axis electro-optical sensor with improved measuring capability.
All units are in millimeters. (a) The 3D model design; (b) a photograph of the integrated sensor.

As shown in Figure 4.5(b), the holder for the LED and polariser together with the
electrical wire holder were glued so that they followed the rotation of Wing 1. When
the two wings rotate relatively, the angle between the polariser and the analysers also
changes, leading to variations in the output intensities of the two channels. This compact
design enabled tracking of the larger range motion typically seen in PIP joints.
The two-axis goniometric sensor (sensor#3) used an alternative hinge structure. As
shown in Figure 4.6(a), the LEDs and linear polarisers, for four channels, were located
inside a cross-shaped holder which was optically aligned with the analysers and
photodiodes in the two wing sections. In each channel, the green, red, yellow, and blue
surfaces were for the location of the LED, the linear polariser, the thin-film analyser,
and the photodiode respectively. Not all component locations are visible in Figure
4.6(a) but a detailed technical drawing of sensor#3 can be found in Appendix A.
Figure 4.6(b) shows an image of the integrated two-axis optical goniometric sensor.
When the sensor wings are aligned, the horizontal line along CH31 and CH33 is defined
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(b)

(c)

Figure 4.6 Sensor#3, a two-axis goniometric sensor. All units are in millimetres. (a) The 3D
model design; (b) a photograph of the integrated sensor and the two rectangular hollow parts
glued on the adhesive plasters; (c) an example of the sensor’s placement on the MCP joint of
the left index finger.

as the x-axis and the vertical line along CH32 and CH34 as the y-axis. This sensor
prototype had an overall width of 10 mm, height of 10 mm and a length of 56 mm.
An example of sensor#3 attached to the MCP joint of the index finger is shown in Figure
4.6(c). The two rectangular components, glued on to adhesive plasters, were placed
on the metacarpal and the proximal phalanx of the left index finger. The sensor wings
were inserted into the rectangular parts, enabling them to slide in response to finger
movements. When the index finger flexes or extends, the rotation of the wings occurs
about the x-axis of the sensor. Similarly, ABD/ADD motion causes sensor rotation
about the y-axis. Finger circumduction is also possible using recorded output data from
both rotation directions.
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Motorised Measurement System and Software
Design to Investigate Sensor Characteristics

An automated measurement apparatus controlled under LabVIEW was implemented to
investigate the sensor performance. In the following, an overview of the measurement
system is given, including the conditioning circuitry, the data processing method, and
the software.

4.2.1

Measurement System Overview

To reduce human operating errors and improve measurement consistency, an automated
experimental set-up was built to assess the performance of the goniometric sensors.
The block diagram and the system photograph are shown in Figure 4.7 and Figure 4.8,
respectively.

Figure 4.7 The block diagram of the automated measurement apparatus. Under the drive of the
controller BS201, the motorised stage NR360S is used to adjust the rotation speed and angle.
The sensor is connected to the rotation stage by the clamps. The sensor outputs are conditioned,
acquired, and stored in the PC.

A 360◦ continuous motorised rotation stage (NR360S [254]) in combination with a
stepper motor actuator from Thorlabs Inc. (Ely, UK) [255] was employed to control
the rotation angles and speeds. The two-phase hybrid stepper motor provided an
accuracy of 5 arcmin (about 0.1◦ ) and a maximum speed of 50◦ /s when driven by the
micro-stepping motor controller (BSC201 [256]). The single channel stepper motor
controller offered 409600 microsteps per revolution. This motor controller contained a
full suite of software support tools which allowed immediate control of all settings and
operations. ActiveX interfacing technology enabled programmable equivalents of the
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Figure 4.8 The photograph of the automated measurement apparatus.

parameter settings for a wide range of software development environments including
LabVIEW [257], MATLAB [258], and Visual C++ [259]. In this work, all activities
were controlled using ActiveX in LabVIEW, and signal acquisition using a National
Instruments (NI) data acquisition card (USB-6211, National Instruments Corp., Austin,
US [260]). This data acquisition (DAQ) device having one 16-bit analog-to-digital
converter provides a resolution of 153 µV and an absolute accuracy of 1410 µV with
the input range from -5V to 5 V.
Output signals were passed through conditioning circuitry prior to data acquisition.
As shown in Figure 4.8, the surface-mounted amplifiers, for the optical sensors, were
PCB mounted on to breakout boards, and the complete conditioning circuitry was built
using a standard prototyping breadboard. Although not implemented in this work,
manufacturing the conditioning circuitry as a complete PCB should reduce effects due
to parasitic capacitance and electrical noise interference. The conditioning circuits are
described in section 4.2.2.
As shown in Figure 4.8, clamps (in the red circle) were used to hold the sensor under
test, to enable the sensor to follow the motor’s rotation. The lateral view of the holders
and clamps is displayed in Figure 4.9(a). The translation stage adjusted the position of
the post along the horizontal direction, and the right-angle clamp controlled the vertical
location. A post-mountable clamp with a flat base adapter was used to clamp the sensor
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wing, and the pedestal holder fixed to the central aperture of the rotation stage supported
the sensor holder.

Figure 4.9 (a) Photograph of the mechanical set-up for holding sensors; (b) the method to hold
the electro-optical goniometric sensor; (c) the approach to fix the commercial bend sensor.

Figure 4.9(b) shows the method used to fix the single-axis goniometric sensor. A
pin vice, mounted vertically on the pedestal holder shown in Figure 4.9(a), held the
electro-optical sensor in place. For the single-axis sensors, i.e. sensor#1 and sensor#2,
Wing 2 was fixed rigidly by the post-mountable clamp, whilst Wing 1 was allowed to
rotate under the control of the motorised stage. For the dual-axis sensor, sensor#3, the
performance along each axis were assessed separately using the same rotation stage.
To evaluate the rotation about the x-axis, Wing 2 was clamped rigidly and Wing 1 was
allowed to move. Similarly, Wing 1 was clamped and Wing 2 was rotatable during the
testing for the rotation about the y-axis.
As stated in Chapter 3, the commercial resistive bend sensors from Flexpoint SS have
been widely utilised in glove-based systems for detecting hand motion due to their
flexibility, low cost, and light weight. Such a bend sensor without any overlamination
film was evaluated using the automated measurement system. This acted as a reference
point for comparison with the electro-optical goniometric sensors. The dimensions of
the bend sensor was 50.80 mm × 7.00 mm × 0.16 mm, as shown in Figure 3.4(c), and
it was fixed according to the method described by Saggio [261]. As shown in Figure
4.9(c), it was inserted into two plastic sleeves attached to the surface of the plastic hinge
with the conductive ink layer facing away from the hinge surface. One leaf of the hinge
was fixed and the other was free to follow the rotation of the motor. In this work, the
radius of curvature of the hinge was 8.5 mm.
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Sensor Signal Conditioning Circuitry Design

The electro-optical sensors produce a changing electrical current and the bend sensor a
change in electrical resistance in response to rotation. Signal conditioning is required to
convert these responses into voltage, since DAQ systems that measure voltage are more
readily available. In this work, the sensing data was acquired using the NI USB-6211.
The circuit diagrams for a single channel of the electro-optical sensors and the bend
sensor are shown in Figure 4.10(a) and (b) respectively.

Figure 4.10 The conditioning circuits. (a) The current-to-voltage converter for a single channel
of the optical sensors, R2 =3 MΩ, R3 =820 Ω, C1 =3.3 pF, C2 =0.1 µF, R1 =3.3 MΩ (sensor#2 and
sensor#3) or 6.6 MΩ (sensor#1); (b) the resistance-to-voltage converter for the bend sensor,
Vre f =0.5 V, R5 =39 kΩ, and Rb represents the sensor resistance.

A photodiode is a PN junction or PIN structure. It produces a photocurrent when the
light is absorbed in the junction’s depleted region. The photocurrent flows from cathode
to anode outside the diode, opposite to the direction of the current in a normal diode
or LED. A photodiode typically operates in photovoltaic mode or photoconductive
mode. In photovoltaic mode, the photodiode is zero biased and the converted voltage is
linearly dependent on the incident radiation. For photoconductive mode, an external
reverse bias is usually applied to the photodiode, which improves the speed of response
but also directly increases the dark current (current that is generated in the absence of
light). This produces more electronic noise than the photovoltaic circuit mode. The
total current through the photodiode is the sum of the dark leakage current and the
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photocurrent. Zero dark current results in maximum sensitivity of the device [262]. In
low-frequency applications and low-level light detections, photovoltaic mode generally
outperforms photoconductive mode. For this reason, photovoltaic mode was chosen as
the mode of operation in this work.
As shown in Figure 4.10(a), the operation of the photodiode (PD) eliminates the dark
current and linearly converts the received light intensity to electric current i. The resistor
R1 determines the gain. The feedback capacitor C1 is used to compensate for the
photodiode junction capacitance and the input capacitance of the amplifier, preventing
unstable operation. Meanwhile, the parallel combination of R1 and C1 together also
determine the frequency response of the circuit. The signal is initially amplified by the
feedback resistor R1 , and then modulated further by a second-stage amplifier with a
low-pass filter. Finally, the output voltage can be obtained by equation (4.3).

Vout_o =

iR1
R4
R4
(1 + ) ≈ iR1 (1 + )
1 + jwC1 R1
R3
R3

(4.3)

where the parameter w is the angular frequency presented in radians per second and the
symbol j expresses the phase shift between the voltage and the current.
For the three electro-optical sensors, the signal generated in each channel is conditioned
using the circuit shown in Figure 4.10(a). The circuit utilises a dual, high speed, CMOS
operational amplifier LTC6244HVIMS8#PBF [263] (Farnell element14, Leeds, UK)
featured with a low input offset voltage (<100 µV), low input bias current (1 pA at
25 ◦C), low input capacitance (3.5 pF in differential mode), low noise, and high slew
rate (40 V/µs).
By substituting the expression for i (equation (4.2)) into equation (4.3), the output
voltage in the sensing channel can be calculated using equation (4.4). In theory, the
output voltage is 0 V when the relative rotation angle between the polariser and the
analyser located in the same channel is 90◦ . However, a non-zero constant voltage ai j
may appear due to the amplifier’s offset current and imperfect light extinction of the
polarising film. Therefore, the measured voltage obeys equation (4.4).

Vout_i j = mi j cos2 δi j R1 (1 +

R4
) + ai j = ni j cos2 δi j + ai j
R3

(4.4)

where the subscripts i and j denote the label of the electro-optical sensor and the
channel being measured respectively. The parameter nij is a constant of proportionality
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determined by the amplification factor. The parameter aij is a constant voltage value; in
ideal conditions, it equals 0.
Therefore, the rotation angle in one period (i.e. 180◦ ) of the optical sensors can be
derived by the following equation.

δi j =


p

arccos (Vout_i j − ai j )/ni j

(0◦ < δi j ≤ 90◦ )


p

− arccos (Vout_i j − ai j )/ni j

(−90◦

(4.5)
< δi j

≤ 0◦ )

As shown in Figure 4.10(b), a non-inverting operational amplifier circuit was designed
for use with the bend sensor. The quadruple low-noise operational amplifier
TLC2274CNE4 (Farnell element14, Leeds, UK) [264] was used exhibiting a high slew
rate (3.6 V/µs). The symbol Rb represents the sensor resistance and R5 is a constant
resistance for determining the output range. Vre f is a reference voltage applied to the
positive input. Equation (4.6) was used to compute the output voltage of the
commercial bend sensor.

Vout_b = Vre f (1 +

4.2.3

Rb
)
R5

(4.6)

Weighted-average Fusion Method for Multichannel Signal
Data

As described in section 4.1, a two-channel methodology was employed for both sensor#2
and sensor#3. The simultaneous output data would be fused to determine the actual
rotation angle. As expressed in equation (4.4), the output voltage of each channel is
proportional to the square of the cosine of the rotation angle. To explain the data fusion
method, two cosine squared output signals (y1 and y2 ) with a certain phase difference
(ϕ), mathematically represented in equation (4.7) are thereby introduced.
y1 = k1 cos2 β1 + b1
(4.7)
2

2

y2 = k2 cos β2 + b2 = k2 cos (β1 + ϕ) + b2
where the parameters k1 and k2 denote the peak-to-peak amplitude of the output, b1
and b2 representing the constant offset values, and β1 and β2 denoting the rotation or
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bending angles in degrees. The parameters k1 (k2 ), b1 (b2 ) and β1 (β2 ) in equation (4.7)
correspond to the parameters ni j , ai j and δi j in equation (4.4), respectively. According
to the operating principle of sensor#2 and sensor#3, the parameter ϕ can be any value
ranging from 40° to 50°.
For simplification, a special case is taken as an example. The parameters, k1 , k2 , b1 , and
b2 , are assigned with a same value of one volt, and the phase difference ϕ is assigned
with 45◦ . The variable β1 is specified with a series of values between -90◦ and 90◦ with
an equal space of 0.5◦ to calculate the output signals using MATLAB. The computed
signals y1 and y2 are plotted in Figure 4.11.

Figure 4.11 The simulated signals (y1 and y2 ) with the same amplitude but a phase difference
of 45◦ . They are proportional to the square of the cosine of the angle variable β1 . The signals
can be divided into three regions: I, II, and III according to the output amplitudes, and they can
be further divided into six subregions (A-F) based on the angular position with the maximum or
minimum output.

As shown in Figure 4.11, the amplitude of the two signals can be divided into three
regions: I, II, and III. In region I and region III, the values of y1 are smaller in comparison
with y2 , while the opposite is true in region II. According to the angular positions with
the maximum or minimum value, these three regions can be further split into six
subregions (A-F). According to equation (4.5), β1 and β2 in each subregion can be
calculated using the mathematical expressions listed in Table 4.1.
Figure 4.12 shows the angular positions which are derived from the two signals using
the expressions in Table 4.1. Clearly, both β1 and β2 are successfully derived in the
range from -90◦ to 90◦ . The difference between them is 45◦ at any point, which is
consistent with the initial setting.
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Table 4.1 Calculation of the angular positions of the two simulated signals.

Region

Estimated value of β1

Estimated value of β2

subregion A

p
− arccos( (y1 − b1 )/k1 )

p
− arccos( (y2 − b2 )/k2 )

subregion B

p
− arccos( (y1 − b1 )/k1 )

p
arccos( (y2 − b2 )/k2 )

subregion C

p
− arccos( (y1 − b1 )/k1 )

p
arccos( (y2 − b2 )/k2 )

subregion D

p
arccos( (y1 − b1 )/k1 )

p
arccos( (y2 − b2 )/k2 )

subregion E

p
arccos( (y1 − b1 )/k1 )

p
arccos(− (y2 − b2 )/k2 )

subregion F

p
arccos( (y1 − b1 )/k1 )

p
arccos(− (y2 − b2 )/k2 )

I

II

III

Figure 4.12 The angle variables calculated using the simulated output signals and the
mathematical model.
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Since y1 and y2 are presented digitally, the sensitivity of these two signals, i.e. the
change in output for unit input, can be computed using equation (4.8).

Si (Ni ) = ki (cos2 (Ni + Pi ) − cos2 (Ni ))

(i = 1, 2)

(4.8)

where the subscript i denotes the signal label, e.g. the calculation for y1 when i equals
one. Ni is the current angle and Pi is the step size. Si (Ni ) represents the incremental
sensitivity of signal yi at the angle of Ni . Here Pi is assigned with a value of 0.5◦ which
is same to the step size used to generate yi .
The computed incremental sensitivities of y1 and y2 are shown in Figure 4.13. It can
be found that the sensitivity of the two signals varies with the angular position. The
absolute value of the sensitivity of y1 is maximum (8.7 mV/0.5◦ ) at ±45◦ and becomes
0 mV/0.5◦ at ±90◦ and 0◦ . For the ease of description, the region with sensitivity
greater than 5.5 mV/0.5◦ is defined as sensitive region and otherwise as insensitive
region. At the angle ranging from -70◦ to -20◦ and from 20◦ to 70◦ , y1 is just operated
in the sensitive region while y2 does work in the insensitive region at some positions
(i.e. -55◦ to -35◦ and 35◦ to 55◦ ). In the range of -90◦ to -70◦ , -20◦ to 20◦ , and 70◦ to
90◦ , y1 falls into the insensitive region at some points whilst y2 performs in the sensitive
region. The setting of the phase difference (i.e. 45◦ ) between y1 and y2 ensures that at
least one signal works in the sensitive region for the angle spreading 180◦ .

Figure 4.13 Incremental sensitivity for 0.5◦ steps.

To improve the sensitivity, the angles derived from the two output signals are fused to
determine the angular position by a weighted average method. Variable weighting is
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applied to each signal taking into account the angular dependency of their sensitivities.
Higher weights are applied when the sensitivity of the signal is maximum, i.e. near to
the angle of 45◦ . Therefore, the final angle β can be computed by equation (4.9).

β = w1 β1 + w2 (β2 − ϕ)

w1 = 1 −

|y1 − h1 |
|y1 − h1 | + |y2 − h2 |

n
(4.9)

w2 = 1 − w2

where w1 and w2 denote the allocated different weights for the two signals y1 and y2 ,
respectively. The symbol h1 represents the value of y1 when β1 equals 45◦ and h2 is the
value of y2 with β2 equal to 45◦ in equation (4.7). The parameter n is determined by
the nonlinear least squares regression based on the experimental dataset for the optimal
angle estimation. In this example, n equals one for the computed dataset represented in
Figure 4.11.
Unlike the single signal example, it is very difficult to determine the incremental
sensitivity after applying the data fusion method to the two signals (y1 and y2 ).
According to equation (4.9), when either y1 or y2 works in the insensitive region, the
angle β will be largely determined by the signal operating in the sensitive region. When
they both work in the sensitive region, the angle β is almost equally determined by the
two signals. The sensitive region is usually treated as a linear part. For this reason, the
sensitivity can be approximated as the slope of y1 or y2 in the sensitive region, i.e.
8mV/0.5◦ , after applying the data fusion approach to the dataset shown in Figure 4.11.
Additionally, the angle β in equation (4.9) is dominantly determined by the linear
part (i.e. the sensitive region) of the two signals, and thereby the fused output can be
regarded as linear.

4.2.4

Software for Measurement System Control and Sensor Data
Acquisition

As stated in 4.2.1, both the rotating stage and the signal acquisition are controlled using
LabVIEW programming. To fully characterise the sensor, three distinct investigations
were conducted; (1) assessment of static and dynamic characteristics, (2) evaluation of
the data fusion approach, and (3) the capability of the sensor in monitoring finger motion.
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The programming methodology is described below, and the LabVIEW programs can be
found in Appendix B.

4.2.4.1

Virtual Instrument for Investigation of Sensor Characteristics

Characterisation of the sensor included linearity, repeatability, stability and dynamic
responses. All measurements under static conditions were controlled in a similar
way using LabVIEW. The simplified block diagram is shown in Figure 4.14. After
initialisation, the motorised stage and sensor rotated to a specific position according
to the first element in the angle sequence. Following this, the configured DAQ virtual
channels started to acquire the output voltage of the sensor, and then the data were saved
to a file in the PC. These processes executed in a loop to test the sensor at different
angular positions. The iteration stopped when the rotation stage reached the position
defined by the last element in the angle sequence. Finally, the rotation stage was
deactivated and all DAQ tasks were stopped and cleared.

Figure 4.14 The simplified LabVIEW block diagram for evaluating the sensor’s static
characteristics. The iterative actions included motor rotation, data acquisition, data display and
storage.

Different angle sequences were created using LabVIEW code for testing the sensor
linearity, repeatability, and stability. For instance, a sequence of equally spaced angle
points were generated for the linearity assessment by controlling the parameters, such
as the start and finish positions, and the angle intervals. Data sampling at each angle
was also determined by setting the sampling rate and sampling time. The LabVIEW
programs for generating these angular positions are listed in Appendix B (SubVI: C &
E).
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The method for performing dynamic measurements is illustrated in Figure 4.15.
Rotation tasks and data acquisition were synchronised to measure the sensor’s dynamic
responses. The synchronisation signal, initiated rotation of the motor stage, registered
the motor’s real-time position and acquired the sensor output. The motorised stage
stopped rotating when it arrived at the specified angle.

Figure 4.15 The simplified LabVIEW block diagram for evaluating the sensor dynamic
responses. The motorised stage keeps rotating continuously until it reaches to the specified
angular position. Synchronous to the motor’s rotation, the data acquisition and processing of the
motor’s trajectory and the sensor outputs are performed in two producer/consumer loops.

The acquisition, processing, and storage of the motor’s trajectory and the sensor’s
outputs were executed in two producer/consumer patterns. The producer/consumer
pattern contains two major components and share a common buffer used as a data queue.
The producer generates data and puts them into the queue for later processing, and
the consumer is then free to remove the data from the queue at any time in the future.
This pattern can efficiently decouple the processes that produce and consume data at
different rates. In this application, the motor’s position and the sensor’s output and the
corresponding timestamp were acquired in the producer loops, and the data storage as
well as the waveform display was dealt with by the consumer loops.

4.2 Motorised Measurement System and Software Design to Investigate Sensor
Characteristics

75

Figure 4.16 shows the graphical user interface (LabVIEW front panel) for evaluating
the sensor’s static and dynamic characteristics. It mainly included four subpanels: A1,
B1, C1, and D1. A1 displayed the virtual control panel of the motorised rotation stage,
B1 for setting the parameters of the stage, C1 showing the sensor output waveforms,
and D1 for selecting the measurement to be made and adjusting the test settings.

Figure 4.16 The LabVIEW graphical user interface for testing sensor characteristics.

In the active control panel of the motorised stage (A1), the current operating states
(e.g. the motor position, the range of travel, and the specified settings) and a series of
control buttons were displayed, so that the user can manually interact with the rotation
controller units through this panel. This Virtual Instrument (VI), however, used the
software functions based on the ActiveX interfacing technology to set all parameters and
to control the motor operations automatically. The parameters including the rotational
velocity and acceleration can be adjusted in B1, and thus the user does not need to
change anything in the control panel of the motorised rotation system. Before taking
measurements, the user can also choose to send the motor to the home position where
the counter is reset to zero degrees by clicking the ‘Move to home?’ button located in B1.
In D1, the tab control including three pages: Linearity and Repeatability, Stability, and
Dynamic response will switch to the corresponding page according to the selected test.
In each tab page the parameters can be altered to generate a sequence of rotating angles
for the measurement to be carried out. The sensor output voltages were graphically
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displayed in C1. The number of the plots shown in the waveform chart can be adjusted;
two plots were displayed in the graphical user interface as shown in Figure 4.16.

4.2.4.2

Virtual Instrument for Evaluating the Data Fusion Method

This VI is used to evaluate the data fusion approach employed by the multi-channel
optical goniometric sensors, i.e. sensor#2 and sensor#3. The simplified block diagram
of the LabVIEW VI is shown in Figure 4.17.

Figure 4.17 The simplified LabVIEW block diagram for evaluating the data fusion method. A
sequence of uniformly distributed pseudorandom angle values is generated to control the system
rotation. After the motor moves to the specific angle, the sensor data acquisition and processing
is performed.

To simulate finger motion, uniformly distributed pseudorandom angles were generated
and applied to the motorised stage. As for previous measurements, the motor rotation,
data acquisition, and data processing were performed in sequence and repeated
continuously for all specified angular positions. The sensor outputs acquired by the NI
DAQ were fused by the weighted average approach which was achieved using a
MATLAB script in LabVIEW. The motion trajectories recorded by the sensor were
displayed in the LabVIEW front panel.
Figure 4.18 shows the corresponding user interface. It contained four subpanels: A2,
B2, C2, and D2. The subpanels A2 and B2 presented the virtual control panel and
the parameter settings for the rotation stage, respectively. All the parameters of the
motorised stage were adjusted in B2. In C2, the user can select the investigation to
be made and trigger the Stop event for the measurement. D2 displayed the difference
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between the position of the rotation stage and the angular result derived from the output
voltage of each sensing channel. The result after applying the weighted average fusion
method was also demonstrated in D2.

Figure 4.18 The user interface for evaluating the efficiency of the data fusion method for
sensor#2 and sensor#3.

4.2.4.3

Virtual Instrument for Monitoring Finger Motion

To evaluate the bend sensor and all three optical sensors for monitoring finger motion, a
LabVIEW VI has been developed. Appropriate finger joints were selected according to
each sensor’s specific measuring capabilities. Sensor#1 was used to track the motion
of the DIP joint, sensor#2 and the bend sensor to monitor the PIP joint, and sensor#3
to record the movements of the MCP joint. It was not possible to mount each sensor
simultaneously on to the finger due to space restrictions caused by overlapping wings.
This problem can be easily overcome by reducing the length of the sensor wings in
future designs.
During finger motion, video frames were also recorded using a single-camera system
as a reference point; video recording is commonly regarded as the gold standard for
monitoring articulated motion. In this research, the camera was mounted 300 mm
above a table on which the user’s hand was placed during the measurements and the
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focal plane of the camera was kept parallel to the table top. The camera provides 1080
pixel high-definition video recording when operating at 60 frames per second. Multiple
markers were made onto the electro-optical sensors and their location is discussed
in Chapter 6. The camera system recorded the trajectories of the markers during the
measurements.
As shown in Figure 4.19, the user starts by selecting the finger joint to be measured, and
then the camera-based system and the sensor data acquisition are trigged simultaneously.
For the camera system, the video is kept recording until the measurement is finished.
For each sensor or sensor pair, the data acquisition occurs in the producer loop, and the
data processing and analysis take place in the consumer loop. In the consumer loop,
the output voltages of the sensors are converted to angles based on the voltage-to-angle
relationships; both senosr#2 and sensor#3 require data fusion processing. In addition,
the user is allowed to define the zero-degree position of the finger joints. The subsequent
finger motion is then assessed and mathematically described with respect to the defined
zero point.

Figure 4.19 The simplified LabVIEW block diagram for monitoring finger motion. After the
confirmation of the finger joint to be measured, the sensor output acquisition and the data
processing are triggered in the producer and consumer loops, respectively; meanwhile, the
single-camera system also starts to record the finger movements.

This research took the left index finger as an example to investigate the sensors’
capability. Figure 4.20 shows the graphical user interface for monitoring the finger
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motion. The user interface is divided into three subpanels: A3, B3 and C3. The image
of a left hand with highlighted index finger joints is displayed in A3. At the beginning
of the measurements, the user needs to select the finger joint to be measured. After the
selection, the grey circular shape located on the chosen joint turns green. The subpanel
B3 includes a tab control which consists of three pages: DIP: Sensor#1, PIP: Sensor#2
and bend sensor, and MCP: Sensor#3. According to the selected finger joint, the tab
pages switch automatically. The motion of the recorded finger joint is demonstrated in
the corresponding tab page. In Figure 4.20, the PIP joint is selected; the grey circular
shape on the PIP joint in A3 changes to green and the tab control in B3 turns to the
page named as PIP: Sensor#2 and bend sensor. C3 allows the user to set the current
hand gesture as the zero-degree position, adjust the sensor’s parameters and terminate
the measurements at any time.

Figure 4.20 The user interface for monitoring finger motion.

4.3

Summary

Based on Malus’ law, three electro-optical goniometric sensors with compact
configurations were developed. Sensor#1 was designed with one sensing channel and a
measuring range of 90◦ . Sensor#2 was created with a single rotation axis but had two
sensing channels producing simultaneous outputs. Sensor#3 featured two rotation axes
each having two channels. A weighted-average fusion method was introduced to
process the output of sensor#2 and sensor#3, which enabled these two sensors to detect
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a range of 180◦ and also improved the senor sensitivity. The distinctive features make
the three electro-optical sensors suitable for monitoring different finger joints. A
commonly used commercial bend sensor was chosen as a reference point for the
developed sensors. To investigate the sensor performance, an automated measurement
system consisting of the motorised rotation stage, conditioning circuitry and data
acquisition system was built. Meanwhile, LabVIEW programs were also coded to
control the system and data acquisition.

Chapter 5
Sensor Static and Dynamic
Characteristics
The performance of the three electro-optical sensors and the commercial bend sensor
are investigated using the automated measurement apparatus discussed in Chapter 4.
In this chapter, their static characteristics including linearity, hysteresis, repeatability,
stability, and accuracy are assessed. The dynamic response was studied using sensor#1
and compared with the bend sensor.

5.1

Sensor Static Characteristics

The static measurements for the three electro-optical sensors and the bend sensor were
all carried out under the same conditions. The motor rotated at 10◦ /s (clockwise and
anticlockwise directions), the sensor data was sampled at 100 Hz, and all measurements
were conducted at room temperature.
A separate Cartesian coordinate system is defined for each sensor type. For the optical
sensors, alignment of wings is defined as 0◦ ; and for the commercial bend sensor, the
natural flat position is defined as 0◦ .

5.1.1

Performance of the Single-axis Electro-optical Sensor

The static characteristics of sensor#1, including linearity, hysteresis, repeatability, and
temporal stability, are evaluated and presented as follows.
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5.1 Sensor Static Characteristics
5.1.1.1

Voltage-to-Angle Relationship

To investigate the voltage-to-angle relationship, sensor#1 was rotated through angles
ranging from -20◦ to 100◦ and then back to -20◦ with increments of 5◦ . For each angle
setting, up to 500 samples were taken. This process was repeated five times with an
interval of three minutes between each cycle. At each angular position, the data obtained
in the five repeated tests were averaged and plotted in Figure 5.1.

Figure 5.1 The voltage-to-angle relationship of sensor#1 in the range of -20◦ to 100◦ .

According to the descriptions in Chapter 4, the output voltages of sensor#1 would
follow the mathematical model presented in equation (4.4), in which the subscripts i
and j equal one. Trust-region-reflective least square algorithm was applied to determine
the parameters n11 and a11 , and the fitted function is shown in equation (5.1).

Vout_11 = 4.423 cos2 (δ11 ) + 0.052 = 4.423 cos2 (δ + 0.1) + 0.052

(5.1)

where the variable δ11 represents the relative orientation of the transmission axes of
the polariser and the analyser, and the variable δ denotes the motor’s angular position
ranging from -20◦ to 100◦ , i.e. the position of sensor#1. The value 0.1 indicates that the
transmission axes of the two polarising films are closely aligned when sensor#1 is at 0◦ .
Using equation (5.1), the predicted output of sensor#1 is plotted in Figure 5.1. It can be
seen that the measured output voltages of sensor#1 are consistent with the predicted
values. The absolute value of the deviation from the predicted values is 0.1% - 13.3%,
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averaged as 2.3%. The deviation greater than 5.0% occurs at the angles ranging from
80◦ to 100◦ where the sensitivity is close to zero as analysed in 4.2.3.
According to Malus’ law, the output voltage should be 0 V when the transmission axes of
the polarising films are perpendicular to each other. However, an offset voltage of 0.052
V existed in the outputs of sensor#1, as shown in Figure 5.1 and equation (5.1). This
may be caused by several reasons including limited polariser quality, misalignment of
the two pieces of polarising film, the input bias current of the amplifier, and interference
from the ambient light.
The polarising film features an extinction ratio of 9000:1, equivalent to the ratio of
the percentage light transmission for parallel (36%) and crossed polarisers (0.004%).
The polariser and the analyser of sensor#1 were located inside two separate 3D printed
holders and great effort was made to correctly align the polarising films. The maximum
measured output of sensor#1 is 4.48 V, and thus the offset voltage due to the above
extinction ratio should be around 0.5 mV which is much smaller than the detected offset
voltage (52 mV). Therefore, the polarising film is not the main reason for this offset
value.
The input bias current sensor#1’s amplifier, i.e. the average of the current entering
the terminals of the amplifier, is typically about 1 pA at 25 ◦C. Passing through the
conditioning circuitry, this current can be converted to a voltage of about 0.12 mV.
Clearly, the input bias current of the amplifier is not a key factor leading to the offset
voltage either.
As described in Chapter 4, two approaches are taken to avoid the influence of the
ambient light: the use of the opaque printing material and the coverage of the nonreflective black Aluminium foil tape to the optical sensors. Furthermore, all the light
sources including the fluorescent lamp in the lab room were turned off during the
measurements of sensor characteristics. Therefore, the influence of the ambient light
can be ignored.
The visible LED source of sensor#1 typically offers a high luminous intensity about
400 millicandelas when driven by a current of 20 mA. The LED is located at a distance
of 6.50 mm from the photodiode. The unpolarised light emitted by the LED can be
possibly transmitted through the sensor wall via a series of reflection and refraction,
and finally hit the photodiode. Furthermore, the integration gaps of sensor#1 can also
facilitate the transmission of the visible light.
According to the above analysis, the unwanted internal reflection of the visible light
emitted by the LED source can be the main reason for the detected offset voltage, which
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will be further discussed in 5.1.3.1. All the measured outputs shifted up by an equal
value, and thus the offset voltage does not affect the measurement performance of
sensor#1.

5.1.1.2

Hysteresis Analysis

By averaging the data acquired in the five repeated measurements, the sensor outputs
for clockwise and anticlockwise rotations were obtained as shown in Figure 5.2.

Figure 5.2 The clockwise and anticlockwise outputs of sensor#1 for the rotations ranging from
-20◦ to 100◦ .

Clearly, the two output curves presented in Figure 5.2 almost coincide. At each testing
angle, only slight differences between them can be observed. For numerical description
of the hysteresis magnitude, the equation defined in the literature [63, 265] is employed
to quantify the hysteresis errors.

DH(φ ) =

△V (φ )
× 100%
Vmax −Vmin

(5.2)

where ∆V (φ ) denotes the difference between the sensor outputs in the clockwise and
anticlockwise directions at a given angle φ . The parameters Vmax and Vmin are the
maximum and the minimum output voltages of the sensor of interest, respectively.
The calculated results showed the hysteresis of sensor#1 was no more than 1.1% for
the range -20◦ to 100◦ . The hysteresis errors may be due to tolerance limits of the 3D
printing process. The friction between the contact surfaces of the rotating parts together

5.1 Sensor Static Characteristics

85

with manufacturing limitations may lead to differences in the mechanical clockwise and
anticlockwise rotations. Additionally, the sensor wing was designed to lie perpendicular
to the rotation axis and deviations from this configuration may also be a factor.

5.1.1.3

Repeatability Evaluation

As mentioned in 5.1.1.1, the bidirectional measurements for sensor#1 were repeated five
times under identical conditions. For each rotation cycle, the output voltages measured
at the same angular position were averaged. The results for the five tests are displayed
in Figure 5.3.

Figure 5.3 The output voltages of sensor#1 during the five repeated rotation tests in the range
of -20◦ to 100◦ . The readings at 10◦ and 45◦ are enlarged as examples.

Sensor#1 produced similar readings at each angle during the repeated tests. The enlarged
view of measurements taken at 10◦ and 45◦ , insets displayed in Figure 5.3, shows a
maximum difference less than 4 mV, significantly smaller than the output signals (4.345
V at 10◦ and 2.250 V at 45◦ ). For the tested angles, the relative standard deviation
(RSD), i.e. the ratio of the standard deviation to the mean value, is no more than 0.8%,
with an average of 0.1%. The large RSD occurs at the angular positions ranging from
80◦ to 100◦ , which can be explained by the uncertainty of the measurement system (±5
mV) and the low sensitivity in this region.
Numerous different quantitative indices exist for the evaluation of sensor repeatability.
The Statistical Range (SR), i.e. the difference between the highest and the lowest
measured angles, and the standard deviation (SD) are frequently used for repeatability
assessment of sensors used in glove-based systems [8, 27, 116, 118, 119, 266]. For
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comparison purposes, the same statistical approach is adopted for this work, however
it should be noted that the measurements reported here were obtained under more
controlled conditions compared to the hand model data reported in the literature. Since
the effective measuring range of sensor#1 is limited to 90◦ , only rotations in the range 0◦
to 90◦ are considered. According to equations (5.2) and (4.5), the output data presented
in Figure 5.3 are converted to angular positions in degrees. The computed sensor angles
versus the rotation stage angles are plotted in Figure 5.4.

Figure 5.4 The rotation angles derived from the output voltages of sensor#1 during the five
repeated tests in the range of 0◦ to 90◦ . The results at 10◦ and 45◦ are enlarged as examples.

The spread in output data over five measurement cycles is shown in the insets in Figure
5.4. In these examples, the maximum spread is less than 0.03◦ for measurements at 10◦
and 45◦ .
At each position, the difference between the highest and lowest derived angles, i.e. the
SR of sensor#1, was computed. The average values of SR and SD, computed over all
angles in the range 0◦ to 90◦ , are 0.03◦ and 0.01◦ , respectively. This is much smaller
than the results of the fibre optic sensor (SR: 5.60◦ , SD: 2.30◦ ) [266], Hall Effect
sensor (SR: 6.65◦ , SD: 2.14◦ ) [8], optical linear encoder (SR: 3.29◦ , SD: 3.06◦ ) [27],
and resistive bend sensor (SR: 3.25◦ , SD: 1.07◦ ) [119], which were integrated into
gloves or supports and investigated by using real hand models. The less controlled
conditions, i.e. mounting on real hands, are likely to exaggerate repeatability values
for the reported sensors; the sensor repeatability under laboratory conditions were not
reported. Sensor#1, with much higher repeatability albeit under ideal conditions, shows
great promise as a sensory element for future glove-based systems.
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Furthermore, with respect to the predefined rotation angles, sensor#1 demonstrates a
mean absolute error (MAE) of 0.28◦ ; all errors fall within ± 0.94◦ . The insets in Figure
5.4 show that the sensor angles differ from the predefined rotations 10◦ and 45◦ by no
more than -0.16◦ and 0.19◦ , respectively. Therefore, it can be deduced that sensor#1 is
also featured with a high measurement accuracy.

5.1.1.4

Sensor Stability

The sensor stability was assessed by fixing the bending angle and measuring changes in
the output over an extended period of time. In the test, sensor#1 was rotated to a specific
bending angle, and then remained at that position for 180 minutes during which the
output data was continuously acquired. The sensor stability was investigated at rotation
angles of 30◦ , 45◦ , 60◦ , and 90◦ . The data was sampled at 100 Hz, generating a data
set of 1,080,000 points at each angle. To reduce the amount of the samples, the raw
data was averaged per second, i.e. every 100 data points. The change in sensor output
at angular positions of 30◦ , 45◦ , 60◦ , and 90◦ is displayed in Figure 5.5 along with
the average output voltage and the range of variation values. The results in Figure 5.5
show that the outputs of sensor#1 generally remain constant at the investigated angular
positions. Over the maximum measurement period of 180 min, the variations in the
output amplitudes are small (2.4-3.8 mV). The voltage variations at 30◦ (3.4 mV), 45◦
(3.8 mV), and 60◦ (3.1 mV) all correspond to an angular change of 0.05◦ . The small
voltage variation at 90◦ (2.4 mV) causes a change in the angular reading about 1.34◦ ;
this can be explained by the extremely low sensitivity which is close to zero at 90◦ .
The observed variations can be possibly explained by the change in ambient temperature,
the stability of the power supply, and the thermal effect of the electronic components
including the LED light source and the photodiode. However, all the measurements were
carried out at room temperature (25 ◦C), and thus the change in ambient temperature
cannot be the main reason. For the power supplied to sensor#1 (+5 V), it showed
a decrease of 6 mV when measured over 180 min using NI USB 6211. This would
cause a reduction of approximately 0.07 mA in the forward current of the LED, and
thereby causing proportional changes in the luminous intensity (about 1.4 millicandela
in theory). Consequently, the measured outputs would show a decreasing trend during
the measurements. Furthermore, the thermal effect of the electronic components may
also contribute to the variations in the sensor outputs. According to the manufacturer’s
datasheet, the luminous intensity of the LED decreases with an increase in temperature.
As the LED gradually heated up, the luminous intensity of the visible light would
decrease, leading to a reduction in the photocurrent generated by the photodiode, and
thus the output voltages would decline.
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Figure 5.5 The outputs of sensor#1 at different rotating angles over 180 minutes. (a) is the
sensor output at the rotation angle of 30◦ ; (b) for 45◦ ; (c) for 60◦ ; and (d)for 90◦ . V_aver(δ )
represents the averaged output reading of sensor#1 at the angular position δ (δ =30◦ , 45◦ , 60◦ ,
and 90◦ ).

The sensor output at 30◦ , 45◦ , 60◦ , and 90◦ all demonstrated random fluctuations of 1-2
mV which can be regarded as the electronic noise. This is a reduced number due to the
averaging applied to the raw data.
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Performance of the Single-axis Electro-optical Sensor Using
Data Fusion Approach

The static characteristics of sensor#2, including linearity, hysteresis errors, and
repeatability, are presented and analysed in the following. The sensor performance
obtained for random angle testing is also discussed.

5.1.2.1

Voltage-to-Angle Relationship

As described in Chapter 4, to expand the measuring range, sensor#2 was designed with
two sensing channels. The measurements followed the same procedures as for sensor#1
but carried out in the range of -90◦ to 110◦ . During the measurements, the two channels
CH21 and CH22 were sampled simultaneously. The output voltages of both channels
are shown in Figure 5.6.

Figure 5.6 The voltage-to-angle relationship of the two sensing channels of sensor#2 (CH21
and CH22 ) in the range of -90◦ to 110◦ .

The output voltages of CH21 and CH22 follow closely the model values predicted by
equation (4.4), in which the subscript i equals 2 and j being 1 or 2. Based on the data set
shown in Figure 5.6, trendline functions were fitted for the two channels and presented
in equation (5.3).
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Vout_21 = 3.799 cos2 (δ21 ) + 0.412 = 3.799 cos2 (δ − 32.6) + 0.412
(5.3)
Vout_22 = 3.889 cos2 (δ22 ) + 0.328 = 3.899 cos2 (δ + 6.9) + 0.328
where the variable δ21 represents the relative rotation of the polariser’s and analyser’s
transmission axes in CH21 , and δ22 is the variation happened in CH22 , respectively.
The variable δ denotes the angular position of the motorised stage and sensor#2. The
value -32.6◦ indicates the analyser’s orientation relative to the polariser’s transmission
axis in CH21 when the motorised stage and sensor#2 are at the zero position, and 6.9◦
occurring in CH22 . Since the light entering into CH21 and CH22 are polarised in the
same direction, the phase shift (39.5◦ ) in these two channels indicates the difference
between the analysers’ orientation, basically meeting the design requirement (40◦ -50◦ ).
Additionally, the differences between the coefficients of the two fitted functions may be
due to inconsistencies in fabrication and differences due to tolerances of the electronic
components in the conditioning circuits.
Using equation (5.3), the theoretical outputs for CH21 and CH22 are computed and also
plotted in Figure 5.6. Clearly, the measured outputs of the two sensing channels are
consistent with their predicted values at each angular position. The average deviations
from the predicted values are ±3.9% for CH21 and ±3.7% for CH22 . These numbers
are greater than the average deviation of sensor#1 (±2.3%), which may be caused by the
challenging fabrication of sensor#2 due to the more complicated design. The deviations
are greatest at the positions close to the maximum and the minimum outputs, which can
be explained by the small sensitivities at these angular positions.

5.1.2.2

Hysteresis Error

The performance of sensor#2 was investigated for both clockwise and anticlockwise
directions. For each channel, the bidirectional outputs were obtained by averaging the
data measured over five repetitions.
As shown in Figure 5.7, both CH21 and CH22 produce consistent responses during
clockwise and anticlockwise rotations. There are small deviations near the maxima and
minima amounting to less than 0.06 V.
Using equation (5.2), the hysteresis of sensor#2 were quantified as 1.8% for CH21 and
1.5% for CH22 , higher than the hysteresis performance with sensor#1 (1.1%). This can
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Figure 5.7 The clockwise and anticlockwise output voltages of the two sensing channels of
sensor#2. CH21 _Clockwise and CH21 _Anticlockwise represent the outputs of CH21 when
sensor#2 rotates from -90◦ to 110◦ , and then back to -90◦ . Similarly, CH22 _Clockwise and
CH22 _Anticlockwise represent the corresponding readings of CH22 .

be explained by the complicated mechanical design and the difficultly of integration of
sensor#2.

5.1.2.3

Repeatability Analysis

Figure 5.8 and Figure 5.9 shows the outputs of the two sensing channels of sensor#2, i.e.
CH21 and CH22 , respectively. Over five tests, both channels generated similar outputs
at each angular position.
As the examples shown in the insets in Figure 5.8 and Figure 5.9, CH21 shows variations
in the voltage no more than 0.060 V at -10◦ and 0.004 V at 55◦ , and CH22 demonstrates
fluctuations of less than 0.015 V at both -10◦ and 55◦ . These variations are small in
comparison with the measured output values at the two rotation positions.
For any angle in the range -90◦ to 110◦ , the RSD values in CH21 and CH22 are no more
than 1.6% and 2.0%, respectively. The average RSD is 0.5% in both CH21 and in CH22 .
These two sensing channels demonstrate comparable performance during the repeated
tests. In comparison with sensor#1 (0.1%), the two channels of sensor#2 show much
higher RSD. This is related to the difficulty of fabrication of sensor#2 and the wide
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Figure 5.8 The output readings of CH21 of sensor#2 during the five repeated measurements in
the range of -90◦ to 110◦ . The readings at -10◦ and 55◦ are enlarged as examples.

Figure 5.9 The output readings of CH22 of sensor#2 during the five repeated measurements in
the range of -90◦ to 110◦ . The readings at -10◦ and 55◦ are enlarged as examples.

testing angle range (200◦ for sensor#2 and 120◦ for sensor#1) including more regions
with low sensitivity.
The SR and SD together are used to quantitatively evaluate the repeatability of sensor#2.
For consistency, the rotation angles of sensor#2 were measured simultaneously from
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the output voltages of CH21 and CH22 . For these measurements, a range of -70◦ to 110◦
was investigated to replicate the ROM of a PIP joint.
By comparing the output amplitudes of the two sensing channels, voltage readings are
divided into three regions: I, II, & III, as shown in Figure 5.6. In region I and region III,
the outputs of CH21 are smaller than the ones of CH22 , while it is opposite in region
II. These three regions are further divided into seven subregions: A – G, according to
the angular position with the maximum or minimum output. The expressions listed
in Table 4.1 are applied to derive the rotation angles based on the dataset presented in
Figure 5.8 and Figure 5.9. Finally, the derived angles in CH21 and CH22 are combined
together by using the data fusion approach introduced in 4.2.3. From the five tests, the
fused rotation angles are displayed in Figure 5.10.

Figure 5.10 The rotation angles derived from the outputs of sensor#2 for the five repeated tests
in the range of -70◦ to 110◦ .

The insets in Figure 5.10 indicate that during the five tests the sensor output vary
no more than 0.51◦ and 0.12◦ at the position of -10◦ to 55◦ , respectively. For each
investigated angle, the difference between the highest and the lowest derived values,
i.e. the SR, over five measurement cycles are computed. The value of SR ranges from
0.05◦ to 0.69◦ , with an average of 0.24◦ . SD is also calculated which is spreading from
0.03◦ to 0.28◦ and averaged as 0.10◦ .
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Random Angle Testing to Evaluate the Performance of the Single-axis
Sensor after Applying Data Fusion Method

This investigation further evaluated the efficiency of the data fusion method of sensor#2.
One hundred uniformly distributed pseudorandom numbers ranging from -70◦ to 110◦
were generated in MATLAB to simulate finger motion. Measurements were carried out
successively, i.e. sensor#2 rotated from one measurement position to the next, with five
hundred samples recorded at each angle. These operations and data processing were
controlled using LabVIEW as described in 4.2.4.2.
The differences between the output angles of each channel and the defined rotation
angles are plotted in Figure 5.11. The output of sensor#2 after applying the data fusion
method is also presented.

Figure 5.11 The differences between the measured readings of sensor#2 and the predefined
pseudorandom testing angle for the range of -70◦ to 110◦ .

For CH21 and CH22 , the majority of the output angles differ from the test angles by
±0.5◦ . However, the differences are larger at angles in the range -65◦ to -50◦ and from
25◦ to 35◦ for CH21 (up to 2.6◦ ), and in the range -15◦ to 0◦ and 75◦ to 90◦ for CH22
(about 2.1◦ ). This can be explained by the small sensitivities in these regions, at which
the sensing channels produce outputs close to the minimum or the maximum values
(see Figure 5.6). Additionally, the uncertainty of the measurement system (±5 mV) can
also be a factor causing such errors, since the detectable change in the rotation angel is
limited to 2◦ at the least sensitive point. The result obtained by fusing the readings from
CH21 and CH22 shows significantly smaller (±0.4◦ ) sensing errors, in comparison with
the outputs measured in a single channel. The MAE is 0.29◦ and 0.34◦ in CH21 and
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CH22 , respectively, and this decreases to 0.13◦ after applying the data fusion approach.
Clearly, the proposed data fusion method improves the measurement accuracy and also
reduces the influence of the uncertainty of the measurement system. Furthermore, this
investigation verifies that sensor#2 is capable of detecting rotations over a 180◦ range.

5.1.3

Performance of the Two-axis Electro-optical Sensor Using
Data Fusion Method

The static performance of sensor#3, including the linearity, hysteresis, repeatability, and
the improvements of measurement accuracy after applied the data fusion approach are
studied and presented as follows.

5.1.3.1

Voltage-to-Angle Relationship

Sensor#3 is designed with two rotational axes, i.e. defined as the x-axis and the y-axis
in this investigation. The performance about these two axes was investigated separately
using the motorised system which performs movements in a single plane. For the
rotations about the x-axis, data from CH31 and CH33 were acquired simultaneously.
This operation was repeated for CH32 and CH34 when sensor#3 was rotated about the
y-axis. The measurements about each rotational axis were carried out in clockwise and
anticlockwise directions and repeated five times.
The voltage-to-angle relationship for CH31 and CH33 was averaged over five cycles and
is plotted in Figure 5.12. Similarly, the sensing performance about the y-axis for CH32
and CH34 , is presented in Figure 5.13.
In theory, the output voltages of the four sensing channels of sensor#3 should follow
the regression model described in equation (4.4), in which the subscript i equals 3 and
the channel number j being 1, 2, 3, or 4. According to the data set presented in Figure
5.12 and Figure 5.13, the estimated regression functions for the four channels CH3j is
given by equation (5.4).
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Figure 5.12 The voltage-to-angle relationship of CH31 and CH33 of sensor#3 for the rotations
about the x-axis in the range of -100◦ to 100◦ .


Vout_31 = 3.985 cos2 (δ31 ) + 0.316 = 3.985 cos2 (δx + 2.3) + 0.316 


Vout_33 = 3.958 cos2 (δ33 ) + 0.314 = 3.958 cos2 (δx + 48.0) + 0.314

x-axis




(5.4)


Vout_32 = 3.895 cos (δ32 ) + 0.291 = 3.895 cos (δy + 0.2) + 0.291 


2

2

Vout_34 = 3.878 cos2 (δ34 ) + 0.274 = 3.878 cos2 (δy + 45.3) + 0.274

y-axis





where the variable δ3j (j=1, 2, 3, and 4) denote the relative rotation angle between the
polariser and the analyser in CH3j . The variables δx and δy denote the angular position
of the motorised stage, i.e. the rotation in degrees of sensor#3 about the x-axis and the
y-axis, respectively.
As shown in equation (5.4), the phase difference between the outputs of CH31 and CH33
is 45.7◦ (48.0 minus 2.3), and the phase of the outputs of CH32 shifts from that of CH34
by 45.1◦ (45.3 minus 0.2). These differences are in accordance with the original design
intention. The other coefficients of the four regression functions are close to each other,
which implies similar performance of the four channels. The slight difference may
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Figure 5.13 The voltage-to-angle relationship of CH32 and CH34 of sensor#3 for the rotations
about the y-axis in the range of -100◦ to 100◦ .

be caused by inconsistencies in the conditioning circuits and the fabrication, the latter
being hand built.
Using equation (5.4), the theoretical outputs of the four sensing channels of sensor#3
were calculated. The predicted output curves for CH31 and CH33 are plotted in Figure
5.12 and the ones for CH32 and CH34 are displayed in Figure 5.13. The output voltages
measured in the four channels of sensor#3 are consistent with the predicted values at
each angular position. The average deviations from the predicted values are ±1.6%
in CH31 , ±1.2% in CH33 , ±1.5% in CH32 , and ±1.3% in CH34 . They are all smaller
than the average deviations of sensor#1 (±2.3%) and sensor#2 (±3.9% for CH21 and
±3.7% for CH22 ). This can be related to the more integrated 3D design of sensor#3,
i.e. the holders for the electronic and optical components directly located inside the
sensor wings. Unlike sensor#2, each sensing channel of sensor#3 is designed with one
physical channel without sharing any source. This configuration may be also a factor.
In addition, the four sensing channels all produce a voltage offset of about 0.30 V, which
is similar to that of sensor#2 (0.33 V, see Figure 5.6), but much greater than the value
of sensor#1 (0.05 V, see Figure 5.1). According to the analysis in 5.1.1.1, the unwanted
internal reflections of the visible light emitted by the LED should be the main reason
for the measured offset voltages.
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For all three electro-optical sensors, identical LEDs were used and driven under the
same current, thus it can be assumed that the same unpolarised light intensity was
emitted by the light source into each sensing channel. According to the inverse-square
law, i.e. the intensity is inversely proportional to the square of the distance from the
light source, the offset voltage caused by the unwanted internal reflections of the visible
light can be mathematically formulated using the following equation:

V ∝ ki ∝ kI ∝

k
r2

(5.5)

where the parameter i represents the output current generated by the photodiode, and
k is the amplification factor determined by the conditioning circuit. The parameter I
denotes the intensity of the unpolarised light received by the photodiode, and r is the
distance between the LED and the photodiode.
According to the conditioning circuitry and the 3D technical design, the parameters
k and r for each optical sensor is listed in Table 5.1. The value of the parameter k
represented the total amplification factor in the conditioning circuit.
Table 5.1 The amplification factor k and the distance r between the LED and the

photodiode for the three electro-optical goniometric sensors.
Parameters

sensor#1

sensor#2

sensor#3

amplification factor k

1.23 × 108

2.28 × 107

2.11 × 107

distance r (mm)

6.50

1.15

1.20

By substituting the parameters listed in Table 5.1 into equation (5.5), the calculation
shows that the voltage caused by the unwanted internal reflection in sensor#3 should
be 0.8 times that of sensor#2 and also 5.0 times the amount in sensor#1. In fact, the
measured offset voltage in sensor#3 (0.30 V) is 0.9 times as great as that in sensor#2
(0.33 V, see Figure 5.6), and about 5.8 times the amount in sensor#1 (0.05 V, see Figure
5.1). The calculated results closely match the ratio of the offset voltages measured in
the three sensors. This further verifies that the unwanted internal reflection of the visible
light is the main reason for the measured offset voltage.
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Hysteresis Analysis

Figure 5.14 and Figure 5.15 show the bidirectional performance of sensor#3 to the
rotations about the x-axis and the y-axis, respectively. As can be seen, there was no
obvious hysteresis behaviour in the output curves of all four channels.

Figure 5.14 The outputs of sensor#3 for the clockwise and the anticlockwise rotations about
the x-axis. CH31 _Clockwise and CH31 _Anticlockwise represent the outputs of CH31 when
sensor#3 rotates from -100◦ to 100◦ , and then back to -100◦ . Similarly, CH33 _Clockwise and
CH33 _Anticlockwise represent the corresponding readings of CH33 .

Equation (5.2) was used to quantify the hysteresis error of sensor#3. For bidirectional
rotations about the x-axis, CH31 demonstrates 1.6% hysteresis and CH33 shows 1.4%
hysteresis. For clockwise and anticlockwise rotations about the y-axis, the hysteresis
errors are 1.9% in CH32 and 1.7% in CH34 . Clearly, all four sensing channels of
sensor#3 exhibit similar hysteresis effects which are comparable to sensor#2 (1.8% for
CH21 and 1.5% for CH22 ) but greater than sensor#1 (1.1%). This can be explained by
the more complicated 3D design of sensor#2 and sensor#3 compared with sensor#1.

5.1.3.3

Repeatability Analysis

As stated in 5.1.3.1, the measurements were repeated five times for the rotations about
the x-axis and also the y-axis. The outputs measured in each channel of sensor#3 are
shown in Figure 5.16.
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Figure 5.15 The outputs of sensor#3 for the clockwise and the anticlockwise rotations about
the y-axis. CH32 _Clockwise and CH32 _Anticlockwise represent the outputs of CH32 when
sensor#3 rotates from -100◦ to 100◦ , and then back to -100◦ . Similarly, CH34 _Clockwise and
CH34 _Anticlockwise represent the corresponding readings of CH34 .

Generally, at each angular position, the four sensing channels all demonstrate small
variations in the output voltages during the repeated tests. The readings at 35◦ are taken
as examples and shown in the insets in Figure 5.16. As displayed in Figure 5.16(a) and
(b), when the measurement system was rotated to 35◦ about the x-axis, the readings
of CH31 vary no more than 0.040 V, and the variations in the outputs of CH33 are
less than 0.004 V during the five measurements. Similarly, for the rotation about the
y-axis the maximum changes in the outputs of CH32 and CH34 are 0.040 V and 0.004
V respectively (see insets in Figure 5.16(c) and (d)). These variations are all relatively
small with respect to the overall signal values.
Overall, for the investigated angle range, the RSD values are no more than 0.8% for
CH31 , 0.6% for CH33 , 1.1% for CH32 , and 0.6% for CH34 . The averaged RSD is as
small as 0.4% for CH31 , 0.2% for CH33 , 0.6% for CH32 , and 0.4% for CH34 .
As for sensor#1 and sensor#2, the SR and SD were also used to evaluate the repeatability
of sensor#3. According to the derivation method presented in Table 4.1, the measured
outputs were converted to rotation angles. By applying the data fusion approach, the
signal obtained in CH31 and CH33 were combined to determine the angle about the
x-axis, and the combination of CH32 and CH34 for evaluating the angle about the y-axis.
Since the x-axis and the y-axis of sensor#3 are designed to monitor the flexion/extension
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Figure 5.16 The measured results of sensor#3 during the five repeated tests. (a) Outputs of
CH31 ; (b) outputs of CH33 ; (c) outputs of CH32 ; (d) outputs of CH34 . For each channel, the
reading at 35◦ are enlarged as an example.
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and ABD/ADD of MCP joints, respectively, the measured voltages are converted to
appropriate ranges. For x-axis rotations, a range of -80◦ to 100◦ is used and for the
y-axis, -90◦ to 90◦ . The results are presented in Figure 5.17 and Figure 5.18.

Figure 5.17 The rotation angles derived from the outputs of CH31 and CH33 of sensor#3 for the
five repeated tests about the x-axis in the range of -80◦ to 100◦ . The readings at -20◦ and 35◦
are enlarged as examples.

Figure 5.18 The rotation angles derived from the outputs of CH32 and CH34 of sensor#3 for the
five repeated tests about the y-axis in the range of -90◦ to 90◦ . The readings at -20◦ and 35◦ are
enlarged as examples.

The insets in Figure 5.17 indicates that the variations in the derived angles from the
x-axis are less than 0.6◦ at the angular positions of -20◦ and 35◦ . For the rotations about
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the y-axis, sensor#3 shows changes in the angular readings less than 0.2◦ at -20◦ and
0.6◦ at 35◦ .
For each test angle, the difference between the highest and lowest derived angles (i.e.
SR) over the five measurement cycles was computed for rotations about the two axes.
Among them, the maximum SR is 1.36◦ for rotations about the x-axis and 0.79◦ for
the y-axis. About the x-axis, the SR and SD average 0.39◦ and 0.15◦ respectively;
for rotations about the y-axis, the mean SR and SD are 0.34◦ and 0.14◦ respectively.
Therefore, sensor#3 demonstrates similar repeatability to rotations about the x-axis and
y-axis.

5.1.3.4

Random Angle Testing to Investigate the Performance of the Two-axis
Sensor after Data Fusion Process

The random rotation test was made on sensor#3 in order to investigate the sensor
performance after applying the data fusion method. Using MATLAB functions, one
hundred uniformly distributed pseudorandom numbers were generated to simulate finger
motion. The angular data in the range of -80◦ to 100◦ was used to simulate the motion
of a MCP finger joint in flexion/hyperextension, and the range was changed to -90◦ to
90◦ for the simulation of ABD/ADD movements. During the measurements, sensor#3
rotated from one angular position to the next, with 500 samples recorded at each angle.
The angular readings obtained by CH31 and CH33 were fused for x-axis rotations and
similarly the outputs of CH32 and CH34 fused for y-axis monitoring. The measurement
errors with respect to the defined rotation angles are shown in Figure 5.19.
Figure 5.19 shows that the tracked angles using sensor#3 exhibit lower error differences
for the weighted average method. For individual channels, larger sensing errors occur at
the angular positions with small sensitivity, i.e. when the channel outputs are close to the
minimum or maximum value. For instance, in comparison with the other measurement
positions, CH31 generates much greater differences (up to 3.28◦ ) at the angles ranging
from -10◦ to 10◦ and 80◦ to 100◦ . At these angular positions, CH31 produces output
voltages close to the maximum or minimum value, which can be seen in Figure 5.12.
For the rotations about the x-axis, CH31 and CH33 demonstrate a MAE of 0.77◦ and
0.58◦ , respectively, whilst the fused results present a much smaller MAE of 0.25◦ .
When sensor#3 measured the rotations about the y-axis, the computed MAE is 0.33◦ in
CH32 and 0.44◦ in CH34 , and decreases down to 0.19◦ after the data fusion processing.
Therefore, the weighted average method greatly enhances the measurement results, and
the overall MAE of sensor#3 is no more than 0.25◦ .
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Figure 5.19 The differences between the measured angular outputs of sensor#3 and the
predefined pseudorandom testing angles spanning 180◦ . (a) The results for the rotations about
the x-axis; (b) the results for the rotations about the y-axis.

5.1.4

Performance of the Commonly Used Commercial Resistive
Bend Sensor

The 50.8-mm commercial bend sensor from Flexpoint SS was evaluated as a reference
point for the developed electro-optical sensors. The investigations include the sensor
linearity, hysteresis errors, repeatability, and stability.

5.1.4.1

Linearity of the Bend Sensor

Following the same measurement procedure as sensor#1, the commercial bend sensor
was evaluated from -20◦ to 100◦ , and then back to -20◦ with increments of 5◦ . For each
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angle setting, up to 500 data points were acquired. This process was repeated five times
under the same conditions.
The voltage-to-angle relationship of the bend sensor is plotted in Figure 5.20. The bend
sensor showed unidirectional behaviour, i.e. only able to respond to positive bending
angles. The subsequent regression analysis was only conducted on samples obtained at
angles ranging from 0◦ to 100◦ . As shown in equation (5.6), for flexion below 20◦ a
linear function is used to express the relationship between the output voltage and the
bending angle. A second-degree polynomial function is adopted for the flexion no less
than 20◦ . This equation possesses high adjusted R-squared value (0.9989) and small
residual sum of squares (0.0252), indicating a good model fit.
(
Vb =

0.00061δ + 0.7984,
0.00049δ 2 − 0.0127δ + 0.8477,

0 ⩽ x < 20

(5.6)

x ⩾ 20

where the variable δ denotes the bending angle in degrees, and Vb denotes the output
voltage of the commercial bend sensor.

Figure 5.20 The voltage-to-angle relationship of the commercial bend sensor in the flexion
range of -20◦ to 100◦ .

Although an obvious increase in the sensor output could be observed with increasing
bending angle (>30◦ ), the bend sensor demonstrates insensitivity to small flexion
angles under 20◦ . This observation is consistent with results reported in the literature
[111, 117, 121, 267, 268]. To enhance the sensor linearity, several solutions were
reported by other research groups including the use of modulation circuits [116, 269]
and the optimisation of the sensing geometry by cutting some parts of the conductive
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coating [267, 270]. These approaches failed to improve sensor linearity. In this work
the bend sensor was unmodified during the measurements.
The insensitivity of the bend sensor to small flexions and its unidirectional nature is
likely to limit the monitoring of finger movements, e.g. the finger hyperextension and
small flexion.

5.1.4.2

Hysteresis Error

The measurements for the commercial bend sensor were carried out in clockwise and
anticlockwise directions. The sensor responses to the bidirectional motion are displayed
in Figure 5.21.

Figure 5.21 The outputs of the commercial bend sensor during clockwise and anticlockwise
flexion ranging from -20◦ to 100◦ .

It can be found that this bend sensor demonstrates obvious hysteresis errors during
the clockwise-anticlockwise movements, especially at angles ranging from 15◦ to 85◦ .
Using equation (5.2), the hysteresis error of this bend sensor is quantified as 2.3%. In
the literature [111], Borghetti et al. reported much greater hysteresis (about 12.5%) for
a bare bend sensor from Flexpoint SS; the sensor had a length of 101.6 mm, twice the
length of the bend sensor tested in this work. These results can be explained by the
viscoelastic effects of the polymeric matrix.
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Repeatability

Figure 5.22 shows the output of the bend sensor measured over five tests. As can be
observed, at each angular position the bend sensor produces similar readings during the
repeated measurements. For instance, the variations in the sensor outputs are less than
3 mV at 30◦ and 40 mV at 85◦ (see insets in Figure 5.22). Over the five measurements,
the bend sensor demonstrates RSD less than 0.5%, with an average of 0.2% for flexions
in the range -20◦ to 100◦ .

Figure 5.22 The output readings of the commercial bend sensor for the five repeated
measurements in the range of -20◦ to 100◦ .

Using the trendline function shown in equation (5.6), the flexion angles of the bend
sensor were derived from the measured voltages. Due to the unidirectional property,
here only the outputs measured at positive angles were processed and converted. The
derived flexion angles are displayed in Figure 5.23.
As shown in Figure 5.23, the angles derived from the output voltages of the bend sensor
differed slightly from each other at the same testing position. The insets show that the
variations are much smaller (less than 0.2◦ at 30◦ and 0.6◦ at 85◦ ) compared to the
amount of sensor flexion. In the flexion range of interest, the bend sensor demonstrates
SR no more than 0.66◦ , with an average of 0.23◦ . During the five tests, the mean SD
is only 0.09◦ . Overall, this commercial bend sensor demonstrates a high repeatability
under identical testing conditions.
However, the measurement accuracy is greatly dependent on the flexion state. A straight
line representing the ideal outputs, i.e. the values identical to the input flexion angles, is
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Figure 5.23 The flexion angles derived from the outputs of the commercial bend sensor for the
five repeated tests in the range of 0◦ to 100◦ . The orange dashed line represents the ideal sensor
outputs, i.e. the derived sensor angles equal to the predefined flexion.

plotted in Figure 5.23 (see the orange dashed line). Clearly, the measured angle deviates
from the ideal output at bending angles less than 20◦ making the bend sensor unsuitable
for measuring small flexions. For the movements ranging from 25◦ to 100◦ , the bend
sensor demonstrates a MAE of 0.94◦ with respect to the rotation angle of the motorised
stage; all errors fall within ±2.21◦ .

5.1.4.4

Temporal Stability Evaluation

As with the investigation for sensor#1, the bend sensor was made to monitor static
angles, set by the motorised stage, equal to 30◦ , 45◦ , 60◦ , and 90◦ , successively. When
the system rotated to each specific position, the bend sensor was static for up to 180
minutes during which the sensor data was continuously acquired at a rate of 100 Hz.
The outputs of the bend sensor at the flexion angles of 30◦ , 45◦ , 60◦ , and 90◦ are
presented in Figure 5.24. The overall variation at each flexion is indicated on the
right-hand side of the figure.
The bend sensor shows an increase in signal drift with increased flexion angles, i.e. 19.4
mV to 176.0 mV with the flexion increasing from 30◦ to 90◦ . In all cases, the drift is
negative resulting in a reduced signal amplitude. The rate of decrease is greatest over
the first 30 min and then slows down. According to the voltage-to-angle relationship
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Figure 5.24 The outputs of the commercial bend sensor at different bending angles over 180
minutes. (a) is the sensor outputs with the flexion angle of 30◦ ; (b) for 45◦ ; (c) for 60◦ ; and (d)
for 90◦ .

shown in equation (5.6), the signal drift of the bend sensor was converted into angular
variation. The drift at 30◦ , 45◦ , 60◦ , and 90◦ corresponds to a flexion change of 1.20◦ ,
0.79◦ , 1.32◦ , and 2.37◦ respectively. They are much larger than the angular variation of
sensor#1 (0.05◦ at 30◦ , 45◦ , 60◦ , and 1.33◦ at 90◦ ).
As shown in equation (5.7), the drift ratio, i.e. the relative change in output, was
computed to quantitatively assess the sensor stability.
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DR(φ ) =

Vt (φ ) −Vini (φ )
× 100%
Vini (φ )

(5.7)

where DR(φ ) denotes the drift ratio at the angle φ . For a given angle φ , the parameters
Vini (φ ) and Vt (φ ) represent the initial voltage output and the output at time t, respectively.
The drift ratio was calculated for the bend sensor at flexion positions of 30◦ , 45◦ , 60◦ ,
and 90◦ . The same operations were also performed on sensor#1 for comparison. The
raw data was averaged per minute, i.e. every 6000 data points, to smooth the curves.
The computed results are displayed in Figure 5.25. At each bending state, the values of
the percentage drift after 10 min, 30 min, 60 min, 120 min, and 180 min (T1-T5) are
also superimposed on the drift curve in Figure 5.25.
Results in Figure 5.25 show that sensor#1 demonstrates significantly less drift compared
to the bend sensor over the maximum measurement period of 180 minutes. In the case
of the commercial bend sensor, there is a clear increase in signal drift with increased
flexion, i.e. 1.5% to 4.4% with bending from 30◦ to 90◦ . In contrast, the drift values
of sensor#1 are much smaller; the absolute values are close to zero irrespective of the
bending angle. The large drift ratio of sensor#1 at 90◦ is a consequence of the low
output signal amplitude (about 0.05 V). Small fluctuations including the electronic noise
in output voltages lead to large drift ratio values. The increased drift in the bend sensor
is, however, indicative of some form of structural relaxation and increases significantly
at larger bend angles.

5.1.5

Comparison of Sensor Static Characteristics

Table 5.2 summarises the static characteristics of the three electro-optical sensors
together with the commercial bend sensor. The performance data of wearable sensors
reported by other research groups is also included.
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Figure 5.25 Drift ratios of the commercial bend sensor and the developed optical sensor
(sensor#1) at different bending angles over 180 minutes: (a) is the result with the flexion angle
of 30◦ ; (b) for 45◦ ; (c) for 60◦ ; (d) for 90◦ . IV_O represents the initial voltage reading of
sensor#1 at the corresponding angular position, and IV_B is for the commercial bend sensor.
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Hysteresis
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MAE

0.28◦

Mean SR
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0.03◦

0.01◦
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nonlinear

71.0 mV/◦

∝ cos2 θ

(linear part)
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60.7 mV/◦
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0.24◦
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joint size
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no

90◦
single axis
180◦
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optical
sensors

x-axis
sensor#3
y-axis

near linear

62.0 mV/◦

1.9%

0.34◦

0.14◦

stable

2.3%

0.23◦

0.09◦

severe drift

14.0%

\

\

0.25◦
(Fusion)
0.19◦
(Fusion)

no
180◦
no

two axes

10.7 mV/◦
Bend sensor from Flexpoint
SS (tested in this thesis)

piecewise

(20◦ -40◦ )

linear

57.3 mV/◦

0.94◦
(25◦ -100◦ )

yes

above 20◦
single axis

(>40◦ )
Commercial bend sensor

almost

from Spectra Symbol [111]

linear

56 Ω/◦

25% at 90◦
after 3 min

\

yes

single axis
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Sensors

Ink-based resistive strain
sensor [65]

Linearity

Sensitivity

Hysteresis

Repeatability
Mean SR

Mean SD

>10.0%

\

\

\

\

\

Depend on

Measuring

joint size

ability

Stability

MAE

severe drift

\

yes

\

yes

GF: 3.8±0.6
nonlinear

(loading
portion)

∼400%

strain

single axis

GF: 0.82
Carbon nanotubes based
strain sensor [51]

nonlinear

(strain<40%)
GF: 0.06

3.0%
(creep up)

∼280%

strain
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single axis

(strain>60%)
AgNP based stretchable
strain sensor [58]

FBG sensor [134]
Single-mode optical fibre
sensor [153]
Embedded hetero-core
fibre-optic sensor [145]

1.5%
linear

GF: 2.05

(strain:

\

\

0-20%)

1.5% after 1h
(strain: 10%)

nonlinear

\

\

\

\

\

nonlinear

\

\

\

\

\

linear

\

\

\

0.88◦

\

tension: 20%
\

yes

compression:
∼3.6%

max: 2.00◦

yes

\

1.36◦

yes

90◦

\

yes

97.2◦

(0-90◦ )
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Sensors

Potentiometer [36]
Fibre optic sensor
(DataGlove)* [266]
Hall effect sensor
(HumanGlove)* [8]
Optical linear encoder
(SmartGlove)* [27]

Linearity

Mean SD

MAE

Depend on

Measuring

joint size

ability

\

\

\

0.65◦

yes

\

\

\

\

5.60◦

2.30◦

\

\

\

\

\

\

\

6.65◦

2.14◦

\

\

\

\

linear

\

\

3.29◦

3.06◦

\

yes

\

\

4.96◦

1.59◦

\

yes

\

modification

(HITEG-Glove)* [119]

Mean SR

Stability

\

(WU Glove)* [116]

Commerical bend sensor

Repeatability

\

linear, after

(Shadow Monitor)* [118]

Hysteresis

linear

Commerical bend sensor

Commerical bend sensor

Sensitivity

1◦
(encoder)
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-1.9±1.0%
\

at 60◦
after 50 min

nonlinear

variable

\

3.36◦

1.05◦

\

\

yes

\

nonlinear

variable

\

3.25◦

1.07◦

\

\

yes

\
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Note: In the first column, the marker ‘*’ indicates that the repeatability of the sensors/sensing gloves were obtained using real hands. ‘\’ means the literature did not report the
corresponding performance index. The SR, i.e. Statistical Range, is the difference of the highest and the lowest measured angles at the same position, and the abbreviation SD
represents the standard deviation of the outputs. The MAE is abbreviation of mean average error.
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As shown in Table 5.2, sensor#1 is nonlinear, producing output voltages proportional
to the cosine squared of the rotation angle. The outputs can be regarded as near linear
when the rotation angle, i.e. the relative orientation of the polariser and the analyser, is
in the range of 20◦ to 70◦ . In such linear regions, sensor#1 demonstrates a sensitivity of
71.0 mV/degree. According to the description in 4.2.3, after applying the data fusion
method, sensor#2 and sensor#3 can be regarded as near linear sensors. Their sensitivity
is approximated as 60.7 mV/ degree and 62.0 mV/ degree. The bend sensor tested in
this thesis exhibits a comparable sensitivity (57.3 mV/degree) when the flexion angle
is above 40◦ . The sensitivity of these sensors can be further increased by adjusting
the amplification factor of the conditioning circuits. For other sensors reported in
the literature, the majority also demonstrated nonlinear response to the change in
rotation/flexion. In some cases, their sensitivities are expressed differently, e.g. as a
GF, therefore a direct comparison cannot be made with the electro-optical goniometric
sensors.
The commercial bend sensor tested in this work demonstrates much smaller hysteresis
(2.3%) than the sensor manufactured by Spectra Symbol (14.0%) [111] and also the
ink-based resistive strain sensor (>10.0%) [65]. However, this hysteresis error is still
greater than that of the three electro-optical sensors (<1.9%).
SR and SD are used to assess the sensor repeatability. From Table 5.2, it can be
observed that sensor#2, sensor#3, and the commercial bend sensor present comparable
repeatability under identical conditions, with sensor#1 displaying the best results. This
might be related to the simpler structural design of sensor#1. Sensor#2 and sensor#3
have more complicated design, increasing the level of difficulty in sensor fabrication,
and thus leading to slightly reduced performance. Other sensors, including fibre opticbased sensors, Hall Effect sensors, optical linear encoders, and commercial bend sensors,
show much higher SR and SD. However, their repeatability was obtained under less
controlled conditions, i.e. mounted on real hands via gloves or supports. This is likely
to produce significantly worse repeatability compared to the ideal conditions used in
our measurements. Despite this, the HITEG-Glove, Shadow Monitor, and WU glove,
adopting bend sensors from Flexpoint SS, are more repeatable than the Hall Effect and
fibre optic-based glove systems. Therefore, the optical sensors developed as part of this
work, with repeatability comparable to the bend sensor from Flexpoint SS under ideal
conditions, show great promise as sensory elements for future glove-based systems.
In terms of sensor stability, the electro-optical sensors outperform the commercial
bend sensors [43, 111, 116] and the reported strain sensors [51, 58, 65]. As shown
in Figure 5.5 and Figure 5.25, sensor#1 generally shows constant drift errors (2.4-3.8
mV) irrespective of the rotation angle. In contrast, the bend sensor manufactured by
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Flexpoint SS exhibits increasing drift with the increased flexion angle (see Figure 5.24
and Figure 5.25). To enhance the sensor stability, Gentner et al. [116] glued a polyvinyl
chloride foil over the sensitive material layer of the bend sensor from Flexpoint SS.
Results showed the sensor outputs could creep up by about 1.9% after remaining at 60◦
flexion for 50 min, which is still significantly greater than the variation in the outputs
of the electro-optical sensors, e.g. sensor#1 changed by only 0.1%. In addition, it
was reported that the resistive bend sensor manufactured by Spectra Symbol showed
incredible drift (25%) when kept at 90◦ after 3 min [111].
The three electro-optical sensors demonstrates similar mean absolute errors with respect
to the angular positions of the motorised system. The errors (≤ 0.28◦ ) are much smaller
than the commercial bend sensor tested in this work (0.94◦ ), the FBG sensor (max:
2.00◦ ) [134], the single-mode optic fibre-based sensor (root-mean-square error: 1.36◦ )
[153], the linear potentiometer (0.65◦ ) [36], and optical encoders (1.00◦ ) [27]. The
result of the commercial bend sensor only involves the sensor outputs at the angles
ranging from 25◦ to 100◦ , since large errors occur at small flexion angles due to its
non-linearity (see Figure 5.23).
Furthermore, most of the sensors listed in Table 5.2 are dependent on the radius of
curvature, i.e. the size of the finger joint. For instance, the 50.8-mm bend sensor from
Flexpoint SS demonstrated a resistance of 500 kΩ when bent to 90◦ around a rod with a
diameter of 6 mm, and double this resistance in the case of a 12-mm diameter pin [121].
Therefore, time-consuming calibration is required for monitoring fingers of different
sizes. In contrast, the developed optical sensors are not affected by different joint sizes
in principle.
For the measuring ability, as shown in Table 5.2, the sensors reported by other research
groups [51, 58, 65, 134, 145, 153] are mainly single-axis, which are usually used to
measure finger flexion/extension in one plane. Additionally, some sensors can only
capture the movements in a limited range, e.g. the single-mode (90◦ ) [153] and the
embedded hetero-core optic fibre-based sensors (97.2◦ ) [145], which is not enough for
tracking the entire motion of several finger joints, e.g. the PIP joints. For strain sensors,
their abilities in measuring finger flexion are largely determined by the joint size and
their stretchability. Although the commercial bend sensor from Flexpoint SS is capable
of monitoring flexion in a wide range, it is unidirectional and insensitive to flexion
angles below 20◦ (see Figure 5.20). This limits the accurate measurements of finger
motion. The three developed electro-optical sensors have different features, suitable for
different finger joints. Sensor#1 is single-axis and capable of tracking motion in 90◦ ,
and thus it can be used to record the real-time movements of DIP joints. Sensor#2 has
an expanded measuring span (180◦ ), which can be adopted for detecting the motion of
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PIP joints in one plane. Sensor#3 is designed with two rotational axes, and each axis
has a wide measurement range of 180◦ . These properties enable sensor#3 to monitor
two-DOF finger joints, e.g. the MCP joint.
Overall, the developed electro-optical sensors demonstrate high sensitivity, high stability,
great repeatability, low hysteresis, small mean absolute errors with respect to the defined
rotation angles, and also wide measuring range. These properties demonstrate great
potential of the goniometric sensors for accurately tracking finger motion.

5.2

Evaluation of the Dynamic Responses of the
Electro-optical

Goniometric

Sensor

and

the

Commercial Bend Sensor
As stated in 5.1, the developed optical sensors demonstrated promising static
characteristics for detecting angular position. Here, the dynamic performance of the
optical sensors will be investigated and compared. Since each channel of sensor#2 and
sensor#3 works in the same way to sensor#1, sensor#1 is mainly discussed and
compared with the commercial bend sensor.
The dynamic characteristics of sensor#1 and the bend sensor were evaluated by using
the motorised stage in continuous mode. In this test, the motor performed rotations at
the maximum angular acceleration of 70◦ /s2 allowed by the experimental apparatus.
The sensor data was acquired at a rate of 10 kHz in synchronisation with the motor
controller.
As shown in Figure 5.20, the commercial bend sensor showed approximately linear
performance with a sensitivity of 57 mV/◦ above 40◦ whereas sensor#1 was most
sensitive for angles between 20◦ to 70◦ (see Figure 5.1). Therefore, their responses
in the range from 40◦ to 70◦ were investigated where both sensors possess a high
sensitivity.
The motor acceleration and the test range limit the maximum speed of the motor to
45.8◦ /s, and thereby the sensor responses were investigated at different rotation speeds
of 15◦ /s, 25◦ /s, 35◦ /s, and 45◦ /s. The measurement procedure involved increasing the
angle from 40◦ to 70◦ and then back again to 40◦ at the specific rotation speed. A
two-second delay was included at the beginning and end of each cycle. This process
was repeated for five cycles.
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During the measurements, the motorised stage moved after receiving a command from
the motor controller and then returned a confirmatory message back to the controller.
Time delays associated with this communication are not provided by the manufacturer.
Therefore, in this work it is reasonable to assume that the communication time delays
are small in comparison to the rotation speeds used to simulate joint movement.
Figure 5.26 shows the dynamic responses of both sensor#1 and the commercial bend
sensor. Sensor#1 exhibits identical behaviour to that of the motorised rotation stage,
effectively providing an instantaneous response relative to the speeds investigated here
(15, 25, 35, 45◦ /s). In contrast, the bend sensor exhibits an initial time delay followed by
a complicated response consisting of a negative to positive time delay transition. There
was also clearly a problem with mechanical hysteresis with the bend sensor where the
final reading did not return to the starting value. It can be declared that the optical
sensor possesses a dynamic response superior to the commercial bend sensor under the
test velocities investigated here.

Figure 5.26 Dynamic performance of sensor#1 and the commercial bend sensor at different
rotation speeds. Sensor performance at the maximum velocity: (a) for 15◦ /s; (b) for 25◦ /s; (c)
for 35◦ /s; (d) for 45◦ /s.
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In the measurement systems for the bend sensor, only the conditioning circuitry, sensor
attachment method, and also the sensor itself differed from those of sensor#1. These
factors could possibly explain the difference between their dynamic responses.
In the conditioning circuitry, different amplifiers were used for the bend sensor and
sensor#1. For the bend sensor, the amplifier with a settling time of 2.6 µs was used. The
amplifier adopted for sensor#1 has a settling time of 0.535 µs. The short settling time
cannot account for the difference in the sensor responses. Additionally, the capacitor
C2 in the conditioning circuit shown in Figure 4.10(a) was removed for sensor#1 to
eliminate the delay introduced by the filters during this experiment. Other components,
i.e. the resistors, cannot cause long time delay for both sensors. So the conditioning
circuitry cannot be regarded as a major factor for the obvious delay phenomenon in the
bend sensor’s response.
Secondly, sensor#1 and the bend sensor were attached to the motorised rotation stage
using different methods Figure 4.9(b) and (c). The friction generated between the
sensors and the clamps/supports could possibly affect the sensor performance. For
sensor#1, the friction problem can be ignored, because the sensor wing was tightly held
by a pin vice powered by the stepper motor. However, the friction between the hinge
supporter, the plastic sleeve, and the sensor itself (see Figure 4.9(c)) could work on the
bend sensor during the unloading period (i.e. back to 40◦ from 70◦ ), even though it does
not greatly affect the bend sensor during the flexion (i.e. moving towards 70◦ ) because
of the pull from the motor. During the unloading period, the sensor strip could be bent
due to frictional forces when it was pushed inside the sleeve, which can explain the
response of the bend sensor from 70◦ towards 40◦ (see the decline stage in Figure 5.26).
Thirdly, the delay phenomenon of the bend sensor can be related to the material
relaxation time and the inherent attributes. However, currently there is no reported
information about the material behaviour and the dynamic performance of the bend
sensor manufactured by Flexpoint SS.

5.3

Summary

In comparison with the commercial bend sensor and also the reported nanocomposite
strain sensors, optical fibre-based sensors, potentiometers, etc., the three electro-optical
goniometric sensors all demonstrated higher sensitivity, more stable responses, lower
hysteresis, smaller sensing errors, and wider measuring range. Furthermore, during
the dynamic measurement the electro-optical goniometric sensor successfully tracked
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the continuous rotations of the motorised stage whilst the commercial bend sensor
demonstrated a large time delay and a failure to return to the start reading. The excellent
performance of the developed electro-optical sensors reveals their great potential as
sensory units for tracking articulated finger motion.

Chapter 6
Electro-optical Goniometric Sensors
for Tracking Finger Motion
In this chapter, the capability of the developed goniometric sensors for tracking finger
motion is discussed. Sensor#1 was used to capture the movements of the DIP joint of
the index finger, sensor#2 for the PIP joint, and sensor#3 for the MCP joint.
Furthermore, the 50.8-mm bend sensor manufactured by Flexpoint SS was also
evaluated for monitoring finger movements, but only for the PIP joint due to the
limitations discussed previously. During the measurements, video/photograph was
recorded using a single-camera system as a reference point.

6.1

The DIP Joint Motion Detection Using the Singleaxis Electro-optical Sensor

As discussed in 5.1.5, sensor#1 is suitable for measuring the movements of the DIP
finger joints. To evaluate its capability, sensor#1 was used to record the flexion/extension
of the DIP joint of a healthy left index finger.

6.1.1

Sensor Attachment to Finger DIP Joint

As shown in Figure 6.1(a), sensor#1 was attached to a left handed nylon glove for
tracking the DIP joint of the index finger. Since the skin elongates with finger flexion,
two plastic sleeves were used to assist with sensor attachment. The lateral view (Figure
6.1(b)) shows how the wings of sensor#1 were inserted into the sleeves and fixed, using
121
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adhesive plasters, to the distal and middle phalanxes. This enabled the sensor’s wings
to slide in response to finger flexion/extension. An elastic fibre, not illustrated in Figure
6.1 for clarity, was used to cover sensor#1 to keep the sensor wings close to the finger
during finger motion.

Figure 6.1 The attachment of sensor#1 to a left handed nylon glove (the DIP joint of the index
finger) and the motion estimation method using video sequences. (a) The front view of sensor
attachment; (b) the lateral view of sensor attachment; (c) the video-based method used to
estimate finger movements. The four blue markers (A-D) are put for the video recordings.

Additionally, four blue dots (A, B, C, and D) were marked onto the plastic sleeves
(see Figure 6.1(b) and (c)) to facilitate video recording. As shown in Figure 6.1(c),
superimposing a straight (red) line through the centre of the two dots on each sleeve,
indicates the direction of the sensor’s wing. Therefore, the relative position of the sensor
wings, i.e. the flexion angle of the DIP joint (θ ), can be obtained by analysing the
trajectories of the two straight lines.

6.1.2

Monitoring Flexion and Extension of the DIP Joint

The left hand was initially placed flat on a table with fingers open, where was recorded
as 0◦ flexion. The fingers of the hand were then clenched except for the index finger
which remained straight. After this, index finger was bent and then straightened for
seven repetitions. The motion was measured by sensor#1 at a sampling rate of 60 Hz
and captured by the camera system at 60 frames per second.
During the measurements, the participant performed flexion/extension with the lateral
side of the index finger close to a flat support which was perpendicular to the axis of
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the camera lens; and hence it can be assumed that the plane of the finger motion was
parallel to the focal plane of the camera.
The measured movements of the PIP joint are presented in Figure 6.2. The video
curve (dotted line) was obtained by analysing the trajectories of the four blue markers
on sensor#1. A software application called Tracker (ver. 4.97) [271] was used to
automatically track the markers’ position relative to the top left corner of the video
image. It works by creating a template image of each blue marker and then searching
each frame for the best match to that template in a user-defined rectangular search area.
The best match is the one with the highest match score which is inversely proportional
to the sum of the square of the RGB differences between the defined template and match
pixels. Finally, the angle between each marker pair for every frame was computed as
the flexion of the finger DIP joint. The uncertainty of this tracking method is about
±1.0◦ which is mainly caused by the variation in the marker position estimation.

Figure 6.2 The continuous flexion and extension of the DIP joint of the index finger. The actions
in the dotted box were repeated continuously.

As shown in Figure 6.2, the traces provided by both sensor#1 and the video data are
consistent, with an average absolute difference of 1.0◦ over all data points. However,
at maximum flexion (around 40◦ ), the difference is greatest at around 3.5◦ . This may
be due to a number of reasons including separation between the sensor wing and the
DIP joint, the misalignment between the marker plane and the camera’s focal plane,
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estimation errors caused by blurred frames in the recorded video, and the measurement
uncertainty of the video curve estimation.

6.2

Measurement of the PIP joint Motion Using the
Single-axis Sensor with Data Fusion Method

Sensor#2 is characterised with a single rotational axis and a wide measurement range
of 180◦ , which is sufficient for recording the entire ROM of the one-DOF PIP joints.
To assess the capability of sensor#2 for tracking finger motion, the goniometric sensor
was attached to the PIP joint of the left index finger. The 50.8-mm commercial bend
sensor, tested in Chapter 5, was used as a comparison. During the measurements, the
degree of the flexion/extension was recorded as positive values while hyperextension
was registered as negative values. A position with the hand flat on the table was defined
as 0◦ flexion.

6.2.1

Sensor Attachment to Finger PIP Joint

As shown in Figure 6.3(a), both sensor#2 and the bend sensor were attached
simultaneously to the same finger but on separate overlapping gloves. Sensor#2 was
attached to a separate nylon layer which was sewn on the glove, and the commercial
bend sensor was placed directly on the glove just below the goniometric sensor, i.e.
sensor#2. The red triangle mark shown in Figure 6.3(a) indicates the location of the
electrical connectors of the bend sensor. As shown in Figure 6.3(b), the commercial
bend sensor was inserted into two plastic sleeves glued on the glove. The end with the
electrical connectors was fixed whereas the other end was able to slide freely in unison
with the flexion and extension of the PIP joint. As shown in Figure 6.3(c), the wings of
sensor#2 were inserted into two rectangular 3D printed parts which were placed over
the middle and proximal phalanxes of the index finger. The rectangular parts could
keep the sensor wings close to the finger phalanxes during the flexion/extension.
Additionally, blue markers (A, B, and C) were put onto the two rectangular parts and
the centre of sensor#2, and located in the same plane for recording video frames. These
markers lined up when the sensor wings were straight. In this arrangement, the angle
determined by the three markers with the vertex at marker B can be treated as the
degree of finger flexion.
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(b)

(a)

(c)
Figure 6.3 Examples of the sensors’ attachment to the left handed nylon glove, (a) red mark
indicating the location of the commercial bend sensor, which was embedded under sensor#2;
(b) attachment detail of the commercial bend sensor, on the dorsal surface of the PIP joint; (c)
attachment detail of sensor#2, above the dorsal surface of the PIP joint of the left index finger.

6.2.2

Measuring Flexion and Extension of the PIP Joint

Since the bend sensor manufactured by Flexpoint SS [103] is highly dependent on
the radius of curvature, i.e. the joint size, calibration was necessary prior to data
collection. The instrumented glove was placed on the left hand and then the index
finger was gradually flexed to different positions from 0◦ flexion. At each position,
the flexion angle of the PIP joint was measured using a digital angle ruler [272] which
has a measurement accuracy of 0.3◦ and a resolution of 0.1◦ ; meanwhile, the output
voltage of the bend sensor was also recorded. Using the measured angle-voltage pairs,
a second-degree polynomial function was fitted for calibrating the bend sensor.
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After the calibration process, the hand’s posture returned to the initial gesture, i.e. hand
flat on the table with fingers open. Following this, the fingers were made to form a
clenched fist quickly, before returning to the initial state again. Each posture was kept
for a few seconds. This procedure was repeated continuously for six cycles, i.e. a series
of six flexion and extension movements. The outputs of sensor#2 and the commercial
bend sensor were acquired simultaneously. Photographs were taken to record finger
positions at the minimum and maximum flexion as a reference point; the angular motion
of the PIP joint was assessed by calculating the angle formed by the three blue markers
(see Figure 6.3(c)).
Figure 6.4 displays the measured flexion and extension of the PIP joint. Sensor#2
demonstrates faster response speed and higher stability than the commercial bend
sensor.
During the fast transition between the flat fingers and the clenched fist, the bend sensor
exhibited an evident overshoot. The readings then gradually reduced for the remaining
clenched fist period. A similar performance was also observed when only the bend
sensor was used thus eliminating the influence of sensor#2 as a factor for the overshoot.
Furthermore, similar examples of overshoot and instability were reported in the literature
for bend sensors, from Flexpoint SS, used to monitor fast flexion [116, 119]. In contrast,
sensor#2 produces fast and stable responses to the sudden flexion/extension.

Figure 6.4 The flexion and extension of the PIP joint of the left index finger recorded by sensor#2
and the commercial bend sensor. The actions in the dotted box were repeated continuously.

For the clenched fist, the outputs of sensor#2 average 95.5◦ , comparable to the reading
of 96.3◦ for measurements obtained from photographs. At the state of 0◦ flexion,
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sensor#2 produces an average output of 0.2◦ whilst the bend sensor generates a reading
of 19.0◦ . The large error of the bend sensor can be explained by its non-linearity at
small flexions, which is verified in 5.1.4.
Another measurement was carried out to investigate the sensor capability of tracking
continuous finger flexion/extension. Both sensor#2 and the commercial bend sensor
were used to measure such motion simultaneously. For comparison, a video was also
recorded using the single-camera system.
Stating from 0◦ flexion, the hand was clenched using all fingers except the index finger,
i.e. keeping the index finger flat on the table. The index finger was then bent into the
clenched fist position before returning to the flat state. This was repeated six times.
The continuous finger motion recorded by the three sensing techniques is displayed
in Figure 6.5. The video trace was obtained by calculating the angle defined by the
three blue markers on sensor#2 also using the software application called Tracker (ver.
4.97) [271]. In Tracker, the autotracker tool was used to track the trajectories of all
three markers and the protractor tool (resolution 0.1◦ ) was adopted to measure the angle

Figure 6.5 The dynamic motion of the PIP joint of the left index finger recorded by sensor#2,
the commercial bend sensor, and the video camera. The actions in the dotted box were repeated
continuously over six cycles.
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determined by the location of three markers with the vertex at marker B (see Figure
6.3(c)).
As shown in Figure 6.5, sensor#2 demonstrates angular readings close to the recorded
video curve, with an absolute difference no more than 2.4◦ and a mean absolute error
0.6◦ . In contrast, the commercial bend sensor fails to measure the finger flexion below
20◦ . In the detectable range (>20◦ ), the bend sensor exhibits a mean absolute error of
3.4◦ (relative to the video reference points), which is much larger than that of sensor#2.
Overall, sensor#2 outperforms the commercial bend sensor in terms of stability, response
speed, and measurement accuracy, and shows great potential for monitoring hand
movements in real time.

6.3

Motion Detection of the MCP Joints

To assess the capability for monitoring the motion of two-DOF finger joints, sensor#3
was attached to the dorsal surface of the MCP joint of the index finger in a similar
fashion to that shown in Figure 4.6(c). In contrast to the glove-mounted sensor#1 and
sensor#2, sensor#3 was attached to the left index finger. This was necessary because the
glove fitting on the back of the hand was poor compared to the finger segments. This
direct attachment method avoids errors caused by the motion of the glove relative to the
hand.
Sensor#3 was used to measure flexion/extension, ABD/ADD, simultaneous
flexion/extension and ABD/ADD, and circumduction of the MCP joint. During these
measurements, the arm was maintained in a relaxed state by resting it on a table. The
position with the hand flat was defined as 0◦ flexion/extension, and with the fingers
closed as 0◦ ABD/ADD. The measurement results are described as follows.

6.3.1

Flexion and Extension of the Index MCP Joint

The hand was initially placed flat on the table with fingers closed. A fist was formed by
rapidly bending the fingers and maintaining this posture for a few seconds before
extending the fingers to maximum hyperextension. This procedure was repeated
continuously for five cycles. During testing, the fingers (except the thumb) were always
kept close to each other so that ABD/ADD was 0◦ . Photographs were taken to record
finger positions at their maximum flexion and hyperextension as a reference. For
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example, the angular motion of the left index finger was assessed by measuring the
angle subtended by the markers running along the proximal phalange of the index
finger and those on the back of the handd, as illustrated in Figure 6.6.

Figure 6.6 The method to estimate the flexion angle of the MCP joint.

Figure 6.7 shows the output response of sensor#3 to alternating finger flexion and
extension. The positive readings represent index finger flexion or extension, and the
negative angles indicate hyperextension. Variations in shape and width of the waveform
are due to variations in hand movements and periods of inactivity respectively.

Figure 6.7 The flexion and extension of the MCP joint of the left index finger. Fingers repeated
the actions in the dotted box continuously, and finally returned to the initial state.

For this particular test subject, the electro-optical sensor recorded a maximum finger
flexion of 78.5◦ when the hand was clenched into a fist, and a maximum hyperextension
of 25.1◦ . This compares to readings of 80.7◦ and 22.9◦ for measurements obtained from
the photographic analysis.
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Abduction and Adduction of the Index MCP Joint

This test involved measuring ABD/ADD, starting with an open hand posture. Whilst
maintaining the index finger in the same position, the other fingers were made to curl
towards the palm. This was followed by moving the index finger to its maximum
position of ABD and then ADD, staying at each position for several seconds. The index
finger was kept fully extended during these movements.

Figure 6.8 The abduction and adduction of the MCP joint of the participant’s index finger. The
fingers repeated the actions in the dotted box continuously, and finally returned to the initial
state.

Figure 6.8 shows the capability of sensor#3 to track finger ABD/ADD. The readings
are positive for motion left of the finger midline, and negative to the right. For this
study, the measured maximum ABD/ADD for the left and right sides are 11.0◦ and
27.5◦ respectively and this compares with readings of 12.5◦ and 30.2◦ obtained
photogrammetrically. As seen with the flexion and extension measurements, the
sensing channels of sensor#3 for ABD/ADD monitoring have excellent dynamic
response.
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Simultaneous Flexion/Extension and Abduction/Adduction
of the Index MCP Joint

Simultaneous finger flexion/extension and ABD/ADD was also investigated. Initially,
the hand was laid flat on the table with fingers closed, i.e. 0◦ flexion/extension and 0◦
ABD/ADD. Keeping this initial gesture for about 1 second, the fingers were then spread
apart whilst the hand remained flat on the table. The fingers were then clenched before
extending to maximum hyperextension and ABD. This action was performed repeatedly
for eight cycles before returning to the initial gesture as shown in Figure 6.9. Compared
to actions with zero ABD, simultaneous finger flexion and ADD led to higher readings,
whilst finger extension and ABD led to a reduction in reading amplitude. These changes
are consistent with the biomechanical interdependencies of the hand. The positive peak
values in Figure 6.9 coincided with maximum finger flexion and ADD, i.e. the clenched
gesture. The negative peaks corresponded with maximum hyperextension and ABD.

Figure 6.9 The simultaneous movements of the flexion/extension and ABD/ADD of the MCP
joint of the index finger. The actions in the dotted box were repeated continuously.

For this test, the maximum captured flexion is 77.1◦ . The hyperextension is up to
37.2◦ , much greater than the 25.1◦ measured in Figure 6.7 for hyperextension without
ADD. This is because in general, less hyperextension occurs when the four fingers are
closed together. Additionally, the maximum ABD/ADD left and right of the finger
midline is 7.1◦ and 21.8◦ respectively. Due to the continuous movements of the fingers,
it was difficult to take photographs or videos using the single-camera system during
this testing. However, the promising results shown in Figure 6.9 reveal that the optical
sensor has the ability to track finger flexion/extension and ABD/ADD simultaneously.
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Circumduction of the Index MCP Joint

The final investigation looked at finger circumduction. In this case, the index finger
moved to maximum hyperextension starting from the origin (0◦ flexion/extension and
0◦ ABD/ADD) while clenching the remaining fingers. The tip of the index finger was
then made to execute a clockwise circular motion which included positions of maximum
ABD/ADD, i.e. circumduction.

Figure 6.10 The circumduction of the MCP joint of the index finger.

Figure 6.10 shows the clockwise trajectory of the left index finger when tracked by
sensor#3. During circumduction, the MCP joint exhibited four movement types. Starting
from maximum hyperextension (negative reading), the MCP joint executed: flexionABD, flexion-ADD, extension-ABD, and extension-ADD, before returning to the initial
start point. The single-camera method used in this work was not capable of monitoring
dynamic finger circumduction. Figure 6.10 indicates that this type of optical sensing has
great potential for tracking the circumduction of the MCP joints. Finger circumduction
enables circular pointing and is essential for applications such as virtual reality and
entertainment. Sensor#3 would be ideally suited to applications in these areas.

6.4

Summary

The three electro-optical goniometric sensors discussed in this section demonstrated
that collectively, they have the capability to capture the full range of articulation of
the human finger. Sensor#1 successfully recorded the continuous flexion/extension
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of the DIP joint of the index finger. Sensor#2 demonstrated a mean absolute error
of 0.6◦ with respect to video recordings used to monitor the movements of the PIP
joint; in contrast, the commercial bend sensor commonly used in glove-based systems
showed inferior performance particularly for flexions below 20◦ . Sensor#3 produced
outstanding performance when tracking MCP joint motion including flexion/extension,
ABD/ADD and circumduction.

Chapter 7
Conclusion and Future Work
This chapter summarises the research work presented in this thesis, discusses the
limitations of the developed goniometric sensors, and suggests directions for future
work.

7.1

Conclusions

This work was concerned with the development and evaluation of novel goniometric
sensors for measuring rotation angles and their applications in tracking hand kinematics
including the motion of the DIP, PIP, and MCP joints. The main contributions of
this research include: i) exploitation of the polarisation-based sensing method for
tracking human hand kinematics; ii) development of a one-axis sensor with a wideangle measurement capability; iii) design of a single sensing unit for the two-DOF
finger joints.
According to the investigations and research achievements, the following conclusions
can be drawn.
• This is the first time a polarisation-based sensing technique has been used
for monitoring human hand kinematics. Using 3D printing technology, three
electro-optical goniometric sensors were developed. They featured different
measurement capabilities suitable for monitoring the different types of human
finger joints.
• Sensor#1 measures the rotation angle by analysing the attenuation of light
transmitted through linear polarising films. The output voltages in proportion to
134
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the cosine squared rotation angles are consistent with the theoretically predicted
values, showing an average difference of ±2.32%. Sensor#1 has a single rotation
axis, and is capable of measuring motion ranging from 0◦ to 90◦ . These features
make sensor#1 suitable for monitoring the movements of the DIP joints with
one DOF.
• Sensor#2 provides a wide measurement range of 180◦ , sufficient for tracking the
entire ROM of hinged finger joints, e.g. the PIP joints (120◦ -150◦ ). Sensor#2 is
designed with two sensing channels along a single axis, to produce simultaneous
outputs. In the two channels, the analysers are initially oriented with their
transmission axes at about 40◦ to each other. Since the analysers receive the
incident light polarised in the same direction, this arrangement ensures that
at least one channel operates in the region with the maximum sensitivity and
linearity. Furthermore, by comparing the output amplitudes of the two channels,
the effective measurement range of sensor#2 is expanded to 180◦ . In fact, the
oriented angle can be any value ranging from 40◦ to 50◦ , since the cosine
squared function has high linearity in the range of 20◦ to 70◦ .
• Sensor#3 features two measurement axes; this is unique in designing a single
sensing element for the two-DOF finger joints. Each axis of sensor#3 contains
two sensing channels arranged and operated in a similar way to that of sensor#2.
Each axis is capable of measuring the rotations spanning 180◦ , and the
measurement result is accurate to ±0.25◦ under laboratory conditions. The
promising characteristics make sensor#3 overcome the limitations seen in other
sensing techniques for capturing real-time motion of finger joints with two
DOFs.
• For sensor#2 and sensor#3, a weighted average method is proposed to combine
the simultaneous outputs of the sensing channels. Variable weight is applied to
each channel taking into account the angular dependency of their sensitivity;
more weight is applied when the channel sensitivity is high. During the random
angle testing, the maximum errors of the two sensing channels (CH21 and CH22 )
of sensor#2 are ±2.55◦ and ±2.08◦ , respectively, whilst the maximum error
decreases to ±0.37◦ after fusing the outputs of the two channels. The data
fusion processing also reduces the overall mean absolute error of sensor#3 down
to 0.25◦ for rotations about the x-axis and y-axis. It can be deduced that the data
fusion method significantly enhances the measurement output of sensor#2 and
sensor#3.
• Compared with the commercial bend sensor from Flexpoint SS, the electrooptical sensors developed in this work demonstrate superior characteristics
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in terms of accuracy, repeatability, stability, measurement range, as well as
dynamic response. The measurement accuracy of the electro-optical sensors
is also much higher than that of the optical fibre and potentiometer based
technologies. The compact hinged configurations enable the electro-optical
sensors to track the physical bending angles directly. Their independence of the
radius of curvature avoids time-consuming calibration procedures, making them
ideal for integration into a glove-based system for tracking hand movements.
The electro-optical sensors were attached to the dorsal surface of the finger for
tracking articulated motion. This is consistent with standard clinical practice
using manual goniometers.
• The use of opaque printing material and non-reflective black Aluminium foil
in the construction of the optical sensors avoided problems due to interference
from ambient light sources. Observed offset voltages were attributed to internal
reflections of light emitted by the LED source picked up by the photodiode. For
each sensor, the output values measured at different rotation angles shifted by
equal amounts. Therefore, the offset voltage does not affect the sensor’s overall
performance.
• Sensor#1 was attached to the left index finger’s DIP joint via a nylon glove for
tracking continuous flexion/extension. It demonstrates a mean absolute error
of 1.0◦ in reference to measurements obtained from video recordings. It can be
concluded that sensor#1 has great potential for accurately tracking the motion
of DIP finger joints.
• Sensor#2 was used to capture the flexion and extension of the PIP joint of the
index finger. When the finger quickly flexes or extends, sensor#2 produces stable,
fast, and accurate responses, with a mean absolute error of 0.6◦ with reference
to the results obtained from video recordings. In contrast, the commercial
bend sensor manufactured by Flexpoint SS exhibits an obvious overshoot error.
Additionally, the bend sensor exhibits non-linearity for finger flexions below
20◦ . It can be seen that sensor#2 outperforms the popular commercial bend
sensor when monitoring finger motion. The excellent performance reveals the
capability of sensor#2 for tracking the movements of one-DOF PIP joints.
• When attached to the MCP joint of the index finger, the two-axis goniometric
sensor (sensor#3) successfully tracked complex finger motion in real time,
including flexion/extension, ABD/ADD and circumduction. Sensor#3 achieves
angular measurements within 2.7◦ of the reference values obtained from video
recordings. The promising results verify the capability of sensor#3 for tracking
two-DOF finger motion.

7.2 Future Directions

137

Under laboratory conditions, the designed goniometric sensors demonstrated promising
and attractive characteristics. The results for tracking the motion of the DIP, PIP, and
MCP joints of the left index finger demonstrate the sensors’ capabilities. Furthermore,
these sensors have the potential to be fabricated with other dimensions for monitoring
other joints in the human body, e.g. ankle, wrist, and knee.

7.2

Future Directions

The work presented in this thesis describes an effective sensing method to track hand
motion. Several potential directions for future work have been identified and discussed
below.
Each electro-optical goniometric sensor developed in this research needs at least one
LED as the light source. Dozens of LEDs will be required when multiple sensors
are configured in a glove to track the motion of all finger joints. This will consume
excessive energy and also require many electrical wires for connection. To reduce the
number of LEDs, a possible way is using optical fibres to transmit the light emitted by
a single LED for multiple goniometric sensors.
In this work, the LED is driven by a constant-voltage circuit, i.e. using an ordinary loadlimiting resistor and a power supply (+5 V). The voltage fluctuations and temperature
changes can cause disproportional variations in the current passing through the LED,
and then result in unstable light intensity. This problem can be tackled by driving
LED light sources with a regulated constant-current circuit, which is more resistant to
changes in the supply voltage. Therefore, the stability of the electro-optical goniometric
sensors can be improved.
Additionally, the goniometric sensors working in the visible region are susceptible to
ambient light interference. In this work, several methods including testing the sensors
in a dark laboratory room have been implemented to avoid such influence. However,
it is impossible to operate the sensors under these conditions in practice. Supplying
an alternating current to modulate LED intensity together with a high-pass filter for
conditioning the outputs may solve this issue. This approach can also eliminate the
constant output offset voltage mainly caused by the unwanted internal reflection.
Moreover, further studies are required to investigate the sensors’ capabilities of tracking
finger motion, such as the effects of temperature variation, sensor adaptability to
measure other finger joints, simultaneous measurements of multiple finger joints, and
performance on different hand sizes. Only when these have been achieved can the
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sensors be considered capable for integration with a glove or suitable support to provide
an accurate motion tracking system. The potential of the goniometric sensors for
monitoring other joints in the human body, e.g. ankle, knee, wrist, and shoulder, and
the application in tendon-driven robotic hands can also be explored in the future.
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Appendix A
Technical Drawings of the
Electro-optical Goniometric Sensors
Technical drawing of sensor#1
Technical drawing of sensor#2
Technical drawing of sensor#3
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160

Technical drawing of sensor#1
The 3D components designed for the integration of sensor#1 comprise Photodiode
holder, Holder for LED and polaariser, Analyser holder, Wing 1, and Wing 2. Their
technical drawings are presented as follows.

Photodiode holder of sensor#1

161
Holder for LED and polariser of sensor#1

Analyser holder of sensor#1

162
Wing 1 of sensor#1

Wing 2 of sensor#1
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Technical drawing of sensor#2
The 3D components for sensor#2 consist of Holder for LED and polariser, Wing 1,
Wing 2, and Holder for wires. Their technical drawings are shown below.

Holder for LED and polariser of sensor#2
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Wing 1 of sensor#2

165
Wing 2 of sensor#2

166
Holder for wires of sensor#2
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Technical drawing of sensor#3
The technical drawings of the 3D models of sensor#3 containing Holder for LEDs and
polarisers, Wing 1, and Wing 2, are presented. The design of a rectangular part which
is used to assist the sensor attachment is also introduced in the following.
Holder for LEDs and polarisers of sensor#3
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Wing 1 of sensor#3

169
Wing 2 of sensor#3

170
Rectangular hollow part of sensor#3

Appendix B
Software Design
LabVIEW block diagram for sensor characteristics investigation
LabVIEW block diagram for assessing the data fusion method
LabVIEW block diagram for monitoring finger motion
Block diagram of the LabVIEW subVIs
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LabVIEW block diagram for sensor characteristics investigation
To evaluate the sensor characteristics, LabVIEW programs are developed for controlling the measurements including the linearity and repeatability
test, stability test, and also the dynamic response test. Each LabVIEW block diagram is presented as follows.
Block diagram of the LabVIEW program for sensor linearity and repeatability testing
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Block diagram of the LabVIEW program for sensor stability testing
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Block diagram of the LabVIEW program for evaluating the sensor dynamic performance
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LabVIEW block diagram for assessing the data fusion method

LabVIEW block diagram for monitoring finger motion
The following presented the LabVIEW block diagrams for controlling the finger motion measurements using sensor#1, sensor#2, sensor#3, and the
commercial bend sensor.
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Block diagram of the LabVIEW program for monitoring the DIP joint using sensor#1
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Block diagram of the LabVIEW program for monitoring the PIP joint using sensor#2 and the commercial bend sensor
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Block diagram of the LabVIEW programming for monitoring the MCP joint using sensor#3
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Block diagram of the LabVIEW subVIs
All the subVIs used in the above LabVIEW programs are presented here.
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