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This thesis work provides a new way to detect and track the displacement of flexor tendons
within the human arm, using a non-invasive, ultrasound-based, speckle tracking technique. By
tracking the tendons in the arm, it provides a way to monitor a person’s intention to move their
hands and fingers. This has application to hand prosthetic control, as well as tendon injury
assessment, which has significant contributions to the medical and rehabilitation community.
The system works by capturing and processing a sequence of B-scan ultrasound images, to detect
and track the flexor tendon motion (excursion) in the wrist, as the user flexes their muscles.
Given the biomechanics of the hand, tendon displacement is correlated to the user’s intention to
move their finger. Several speckle tracking techniques using B-scan ultrasound image sequences
are developed in this work, including: auto-location of the tendon, a stationary ROI (region of
interest), and novel use of similarity measures such as FT (Fisher Tippett), and hybrid methods.
As well, work is done to investigate various speckle tracking parameters, and their effects on
tracking accuracy. The different speckle tracking techniques are developed using data obtained
from cadaver hands, and human volunteers undergoing regular surgery. The tracking techniques
are compared in terms of successfully detecting the tendon, accurately tracking tendon
displacement, successfully tracking multiple tendons, successfully detecting and tracking the
onset of low tendon displacement, and computational efficiency of the algorithms. Another
major aspect of this work is the design of a novel quad-array transducer that can collect image
sequences from up to four tendons simultaneously. This transducer is instrumental to the
motivation for controlling an advanced prosthesis. As well, specialized hardware is designed for
the cadaver-based studies. Overall, this thesis successfully demonstrated the proposed tracking
algorithms and newly designed hardware, for tracking the displacement of single and multiple

flexor tendons. It has provided several important contributions to the field.
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CHAPTER 1:

INTRODUCTION

1.1 MOTIVATION

Hands are vital to our interaction with the environment and the interpretation of our
surroundings. The simple daily tasks we undertake, such as holding an object with a particular
force, is the result of optimized and choreographed connections between the motor cortex in the
brain, and the nerves, muscles, tendons and bones. However, normal hand function can be
disrupted by trauma or disease to the fingers or hand, which can result in a range of hand
function impairment. Such impairments can include tendon injury [1] and carpal tunnel
syndrome [2], for example. According to the United States Department of Labor, Bureau of
Labor Statistics, injuries to the fingers and hands accounted for 17% of all reported work-related,
non-fatal bodily injuries in 2009 [3]. This amounts to 161,720 reported hand injuries in the
private sector, second only to back sprain. In the most severe cases of injury, limb deficiencies
can occur at the finger, hand or wrist level. In 2005 for example, there were 500,000 persons

living in the United States with hand or finger amputations [4].

In some of the instances where there is hand or digit loss, the body’s biological signals
remain intact to various degrees. These biological signals, or bio-signals, refer to measurable
signals that result from a person’s action, desire or intent for motion. Examples include detecting
a person’s nerve impulses, their contracting muscles, or their brain’s activity, to name a few.
Bio-signals are of particular interest to researchers developing new ways to control an advanced
hand prosthesis. This is because the bio-signals directly represent the user’s intent for motion,
and thus can be used as an input for prosthetic control. Often, amputees are underserved by
today’s conventional electric hand prosthesis, which predominantly have one or occasionally
two, motorized degrees-of-freedom (DOF) [5]. The DOF of a prosthetic device is a way to
describe its mechanical mobility. In general, it would be desirable to have a 1:1 ratio between
independent bio-signals measured from the body, and the corresponding DOF of the prosthetic to

be controlled. Hence, a prosthesis with a low DOF is generally a consequence of the fact that



there are limited independent bio-signals that can be measured from the body using current
technology. As a result, next generation hand prostheses will require multiple bio-signals
collected from the amputee, to independently control multiple mechanical fingers and wrist

motions.
1.2 THESIS OBJECTIVES

The primary goal of the thesis is to develop a new sensing strategy to non-invasively detect
the intention of a user to move his/her fingers. This novel sensing strategy uses B-scan
ultrasound to detect and track the flexor tendon motion (excursion) in the wrist, as the user flexes
their muscles. Given the biomechanics of the hand, tendon displacement is correlated to the
user’s intention to move their finger. Ultimately, the aim is to use the tendon displacement signal
in order to control a prosthetic device for those with hand or finger loss. Several B-Scan image-
based ultrasound tracking techniques (auto-location and speckle tracking) are developed in order
to test the validity of the proposed method. The different speckle tracking techniques are
developed using data obtained from hand cadavers and human volunteers. The tracking
techniques are compared in terms of successfully detecting the tendon, accurately tracking
cumulative tendon displacement, successfully tracking multiple tendons, successfully detecting
and tracking the onset of low tendon displacement, and computational efficiency of the
algorithms. The key deliverables of this thesis are separated into the following software,

hardware, and experimental objectives:

A. The development of 2D B-Scan ultrasound software algorithms to:
(1) Automatically locate the tendon position within a sequence of image frames,
(2) Track the displacement of a single tendon within a sequence of image frames,
(3) Track the displacement of multiple tendons simultaneously, within a sequence of
image frames, and
(4) Detect and track the onset of small tendon displacements, within a sequence of
image frames.
B. The development of custom hardware, specifically to:
(5) Design a custom ultrasound transducer, capable of monitoring multiple tendons
simultaneously, and

(6) Design custom test-bed hardware to verify the Objectives in (1-4).



C. Develop experiments in order to test the validity of the proposed tracking techniques:
(7) A Cadaver-based study: a preliminary experiment to optimize the hardware and
software configuration,
(8) A Human study: an experiment using volunteers undergoing carpal surgery to
validate the techniques for tracking a single tendon (Objective 2), and
(9) A Cadaver-based study: an experiment using two cadaver hands to validate the

techniques for detecting and tracking single and multiple tendons (Objectives 1-4).

In order to accomplish the proposed research, the defined Objectives (1-9) are separated into
software, hardware and experimental deliverables. For Objective (1), an auto-location algorithm
is developed in order to determine the optimal tracking location within a sequence of 2D B-Scan
images of a moving tendon. The optimal location determined by this technique is used in
Objectives (2-4). For Objectives (2-4), algorithms are developed in order to determine how
accurate various ultrasonic tracking approaches are at quantifying tendon motion. This includes
using different mathematical metrics to track single tendons, multiple tendons simultaneously,
and the onset of tendon motion with low displacement. The algorithms are further described in
Chapter 5. For Objective (5), a custom ultrasound transducer is designed in order to monitor
several tendons simultaneously. This allows for multiple independent tendon displacement
signals to be collected from a person. The custom transducer is further described in Chapter 5.
For Objective (6), custom test-bed hardware is developed in order to verify Objectives (1-4),
using cadaver material. Two different platforms are developed, with the first being a preliminary
system to actuate a single tendon. The second platform has the ability to actuate multiple tendons
simultaneously. Designing such test-bed platforms includes: coupling stepper motors motion to
linearly displace the tendon(s), securing the tendons to the apparatus, developing a clamp-system
for the cadaver hand, and a developing a holder to keep the transducer in a static position. The
test-bed hardware is further described in Chapter 6. Objectives (7-9) describe the experiments
performed in order to test the validity of the algorithms described by Objectives (1-4). These
studies are important because it allows for a direct comparison of the proposed tracking
technique to a standard reference. The use of a standard reference provides an independent
measurement technique in order to verify the ultrasound-based displacement estimation method.

Objective (7) describes a preliminary cadaver-based study, which is performed using a single
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tendon in order to further develop the software and hardware. Objective (8) describes a human-
based study in which persons undergoing a scheduled carpal tunnel surgery are used to validate
the tracking technique (Objective 2) on a single tendon. For this experiment, total and
incremental displacement is compared to the reference displacement given by the exposed
tendons. Objective (9) describes an additional cadaver-based study in which upgraded hardware
and software are used to verify the tracking techniques (Objectives 1-4) on single and multiple
tendons. For this experiment, total displacement, incremental displacement, and the onset of

small displacements are compared to the standard displacement given by the motor.
1.3 THESIS CONTRIBUTION

This work provides a new way to detect user intention, with application to prosthetic device
control, which has significant contributions to the medicine and rehabilitation community. Using
tendon displacement as a bio-signal for prosthetic control is a completely new concept. The
novelty of the proposed sensor system itself is comprised of two major developments, which are
introduced below, and described in full detail in Chapter 9. The first development is creating a
new signal processing routine to estimate tendon tissue motion from a sequence of ultrasound
images. Since it is ultrasound-based, it allows for non-invasive monitoring of bio-signals. The
second is hardware development, in the design of a new custom ultrasonic transducer, capable of
imaging up to four tendons simultaneously. Developing such a sensor is instrumental to the
success of controlling a multi-DOF prosthetic. Together, the two aforementioned developments
can provide a user with up to four independent signals to control an advanced prosthetic system,
thereby significantly improving the state of the art by allowing for a prosthetic device to have
increased functionality. This could help those suffering with hand impairment from multiple
finger amputations, by restoring some function. In addition, the tendon tracking algorithm that
has been developed has applicability to clinicians dealing with other hand injuries. Clinicians can
use the proposed ultrasonic technique to access tendon motion in order to determine tendon
velocity and displacement. This technique may be useful for applications involving the

treatment, diagnosis or assessment of post/pre-operative repair of tendon injuries.

These experiments provide a comprehensive study into estimating tendon incremental
displacement, total displacement, tendon velocity, as well as the onset of small displacements.
These experiments are unique in that they use human material (cadavers and human volunteers)
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instead of gel-based medical calibration phantoms. For the experiments involving hand cadavers,
novel hardware is developed to attach the mechanical actuation system to the biological tendon
tissue. This task is non-trivial, due to the delicate nature of experiments involving biological
tissue, and the limited experimental time before biological tissue deteriorates. Experiments that
employ biological tissue allow for a gold standard reference for comparison to the estimated
values. Hence, one of the novelties of this thesis is that tracking techniques are verified by
directly observing real tendon motion in live human subjects with exposed tendons, or by
observing real tendon motion in cadaver hands which are actuated by motors. This way, the

tendon tracking techniques are verified in the most realistic way.
14 THESIS ORGANIZATION
This thesis is divided into nine chapters as follows:

In Chapter 1, the motivation of this thesis is introduced by reporting the prevalence of hand
injuries, and describing the concept of controlling hand prosthesis mechanisms by detecting user
intention. The thesis objectives are also outlined in order to show the structure of this document.
As well, the contributions of this thesis are described. In Chapter 2, background information is
provided which describes the structural and functional anatomy of a healthy hand, as well as that
of an amputated hand or hand with amputated digits. Given that the tendon system will lose
function to various degrees as a result of a hand amputation, a surgical protocol is proposed,
which will facilitate the use of the proposed application. In Chapter 3, a full literature review into
the state of the art of prosthetic devices and controlling strategies are described. Chapter 4
describes the physics of ultrasound imaging and tracking theory. This chapter forms the basis to
understand the background of the new bio-sensing method presented in this thesis. Chapter 5
describes the proposed technique and methodology. This chapter provides detail into the
developed tracking algorithms. This chapter also includes the new multi-array transducer
hardware design. Chapter 6 describes the experimental methodology used to validate the
techniques outlined in Chapter 5. A description of the experimental objectives is included with a
discussion on the importance of a standard reference. This is followed by an overview of all
experiments, each with experimental set-up and protocol descriptions. Chapter 7 reports all the
results from the previously described experiments. The results are disseminated in a quantitative
and illustrative way. Chapter 8 provides a discussion of all the research presented in this thesis,
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as well as the feasibility of approach for the intended application. In Chapter 9, conclusions are
drawn concerning the results, the future potential, and the thesis contribution. These Chapters are
then followed by the references used in this thesis, and an appendix containing additional

material.



CHAPTER 2:

HAND STRUCTURE AND FUNCTIONAL ANATOMY

2.1 PHYSICAL ANATOMY OF THE NORMAL HAND
2.1.1. Bones and Joints

Bones are hard connective tissue that performs a structural and mechanical role in the body.
The bones in the hand are generally considered long bones and are comprised of an outer dense
compact layer known as cortical bone, and an inner spongy layer called cancellous bone (Fig. 1)
[6,7]. The main function of cortical bone is to carry structural loads, and to carry the nerves,
blood and lymph vessels through inner canals. The cancellous bone is in contact with bone

marrow, where most of the blood cell production takes place [6].

Cortical Bone —> '

<«——— Cancellous Bone
ﬁl“T
Marrow N i’g

Figure 1: The cross-section of a human bone contains a harder outer layer known as cortical bone, and a spongy inner
layer called cancellous bone. The marrow is the inner layer [7].

The normal human hand contains 27 bones, with 14 of them in the phalanges of the fingers
[8]. There are 8 carpal bones in the wrist, 5 metacarpal bones in the main body of the hand, and
14 bones in the phalanges of the fingers and thumb (Fig. 2). The fingers have three phalanges
(proximal, intermediate and distal phalanges), while the thumb has two (proximal and distal)
phalanges. The typical average length of an adult male hand is 189 mm with a breadth of 84 mm,
while the average length for the adult female hand is 172 mm with a breadth of 74 mm [9]. Other

measurements are available in Table 1.



The joints in the fingers are named for the bones in which they interconnect. The base of each
bone has an articular surface where it forms a joint with the adjacent bone. Each joint is
stabilized by ligaments to prevent dislocation. There are four joints in each of the fingers (Fig. 2):
carpometacarpal (CMC), metacarpophalangeal (MCP), proximal interphalangeal (PIP) and distal
interphalangeal (DIP) joints. The thumb has CMC, MCP and the interphalangeal (IP) joints. The
CMC joints lie between the carpals and metacarpal bones, the MCP joints lie between the
metacarpals and the phalanges, and the IP joints (proximal, intermediate and distal) lie between
the phalanges (respectively). The CMC joint in the thumb is considered a saddle joint with 2
degrees-of-freedom (DOF), and the MCP joints in the fingers and thumb are considered
condyloid and ‘hinge-like” joints (respectively), each with 2 DOF. The IP joints of the fingers
and thumb are hinge joints, each with 1 DOF [10]. Thus, the hand has 27 DOF, with 4 DOF in
each finger for flexion/extension and adduction/abduction, 5 DOF in the thumb, and an
additional 6 DOF for the wrist’s rotation (pronation/supination, flexion/extension, radial and

ulnar deviation) [11].
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Figure 2: Bones and joints in a healthy hand [12].



TABLE 1: PHALANGE LENGTHS AS A PERCENT OF HAND LENGTH FOR MALES AND FEMALES [8]

Phalanx Proximal (mm) Medial (mm) Distal (mm)
Thumb 17.1 - 12.1
Index 21.8 14.1 8.6
Middle 245 15.8 9.8
Ring 22.2 15.3 9.7
Little 17.7 10.8 8.6

2.1.2. Muscles and Tendon

Skeletal muscles are striated in nature, and are comprised of individual muscle cells called
muscle fibers, which run the entire length of the muscle. Each muscle fiber contains a contractile
sub-unit, called myofibrils (Fig. 3). Enclosed in each myofibril are strands of filaments (actin

and myosin), which functionally contract the muscle upon their interaction [13].

Figure 3: Microscopic view of muscle myofibril tissue, showing the striations characteristic of actin and myosin filaments
[14].

The skeletal muscles that produce finger motion are divided into intrinsic and extrinsic groups
depending on their origin. The smaller intrinsic muscles originate in the hand, and provide
precise coordination for the fingers. The larger extrinsic muscles originate in the forearm and

mainly provide strength and articulate the finger joints upon activation.

The distal ends of the extrinsic muscles transition into flexor tendons on the anterior (palm)

side of the forearm and extensor tendons on the posterior side of the forearm. These tendons



attach to either side of a joint, to allow for finger articulations. Tendon tissue, like ligaments and
cartilage, is part of the connective tissue group, which transmits forces and provides structural
integrity to the musculoskeletal system. Tendons are primarily composed of parallel bundles of
collagen fibers, which are amassed into larger bundles called fascicles (Fig. 4) [15]. The fascicles
are encompassed by loose connective tissue, or endotenon. The epitenon is a fibrous outer layer,
containing the endotenon. The tendon is enclosed in a synovial sheath, which provides protection
and facilitates proper nutrition and gliding to the tendons. The hand tendons have high stiffness
characteristics in the longitudinal (lengthwise) direction, and under physiological loads on the
tendon, the strain is under 2% [16]. This indicates that there is negligible tendon stretch before
displacement when a physiological force is applied. Additionally, hand tendons have low

stiffness in the transverse (cross-sectional) direction.

The flexor tendons of the fingers include the flexor digitorum superficialis (FDS) and the
flexor digitorum profundus (FDP), which attach to the base of the intermediate and distal
phalanx, respectively (Figs. 5-6). The FDP tendons are attached to a common muscle bundle in
the forearm, thus the muscle works as a whole to perform a flexion from an individual finger.
Unlike the FDP tendons, the FDS tendons usually have separate muscle bundles, allowing for

independent tendon motion [17].

The flexor tendons of the thumb are the flexor pollicis brevis and longus which attach at the
base of the proximal and distal phalanges, respectively. The extensor tendons of the fingers
include the extensor digitorum tendon which attaches to the base of both the intermediate and
distal phalanges of the fingers and the extensor indicis which attaches to the extensor digitorum
of the index finger. The extensor digitorum tendons are also connected to each other by bands on
the middle and ring fingers. The extensor pollicis brevis and longus attach to the thumb at the

base of the proximal and distal phalanges, respectively.
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Figure 4: Tendon structure, showing the inner tendon cells (tenocytes), collagen fibers, fascicle, endotenon, epitenon and

the outer sheath [15].
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Figure 5: Palmar view of the hand, showing the FDP and FDS flexor tendons, and the sheath surrounding them [18].



TOP VIEW SIDE VIEW

Figure 6: Top view and side view of a finger, showing the FDP and FDS flexor tendons. As shown, the FDS tendon inserts
at the proximal phalange and also splits to let the FDP tendon pass through to insert at the distal phalange [19].

2.1.3. Nerves

The nerves of the arm and hand are part of the peripheral nervous system (PNS), which relay
information to and from the central nervous system (CNS) in the brain. The nerves themselves
constitute a vast communication network, which relay commands such as the desired motion as
well as receiving sensory feedback information. In the CNS, the central nerves connect the brain
to the spinal cord. The PNS consist of a network of nerves connecting the spinal cord to the
limbs as well as the spinal cord to other organs, like the intestines, stomach, blood vessels and
heart. Also included in the PNS, are the nerves that connect the eyes, ears, nose and mouth to
the brain. Essentially, the CNS constitutes the brain and spinal column, and the PNS

encompasses the peripheral nerve branches leaving the brain or spinal column.

As shown in Fig. 7, the structure of a nerve contains an outer layer (epineurium), and inner
bundles (fascicles) which encompass the nerve’s communication network (neurons) [20]. The
inner communication network consists of interconnected neurons, which electrochemically
transmit signals. A typical single motor neuron which can be found within this interconnected
chain is illustrated in Fig. 8. On one end, there are dendrites, which are hair like structures

conducting incoming signals. The dendrites surround a cell body, with an inner nucleus. The
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axon is the elongated fiber which conducts outgoing signals. The axon is surrounded by a myelin
sheath, which is an insulating fatty substance (and along with the nodes of ranvier) allows for the
electrochemical signal (action potential) to be accelerated along its fiber. The axon ends with
terminals which can then send signals to the next neuron by neurotransmission at the synapse. A
sensory neuron differs from a motor neuron by having dendrites on both ends. The PNS nerves
which allow communication between the limbs and spinal column are considered mixed nerves.

This is because they contain both sensory and motor neurons.

The major nerve branches in the spinal column’s vertebrae send and receive nerve impulses to
the arm and digits. The nerves of the arm and hand include the radial, median, and ulnar nerves.
The radial nerve supplies muscles on the back of the arms and the skin of the forearms and hands.
The median nerve passes down the full length of the arm into the hand and provides feedback
from sensory receptors in the fingertips, and other palmar areas. The ulnar nerves supply

impulses to and from the forearm muscles, hand muscles and the skin on the hand.

Axon

\

7 Myelin Sheath

Fascicle

Blood vessels

Figure 7: Structure of the neuron, showing the outer layer (epineurium) enclosing inner bundles (perineurium) containing
neurons [21].
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Figure 8: Structure of a motor neuron, showing the dendrites which collect the incoming signal, the axon nerve fiber with
sheath and node of ranvier which accelerate the signal (action potential), and the axon terminals which neurotransmit the
information to the adjacent neuron [22].

2.2 FUNCTIONAL ANATOMY OF THE NORMAL HAND
2.2.1 Pathway from the CNS, to the PNS and then to the muscle cells

The human hand is a biomechanical prehensile structure, with nearly a quarter of the primary
motor cortex in the brain devoted to its control [23]. In order to carry out an intended motion,
the motor cortex in the brain receives information from its neighbouring lobes that indicate
properties like the body’s position in space, strategies pertaining to the intended goal and
memories from previous actions. Once the voluntary action is decided upon, the axons in the
motor cortex relay the information through interconnected neurons, all the way to the spinal
column [24]. From the spinal column, the signal (impulse or action potential) travels through the
first motor neuron by means of an action potential traveling along the axon, with help from the
nodes of ranvier. The action potential is a voltage potential across the axon membrane that is the
result of an electrochemical process (sodium and potassium ion exchange). Given the physiology
of cells, and the electrochemical nature causing the action potential, the action potential impulse
will propagate from the dendrites to the axon terminal ends [25,26]. At the axon terminal ends,
the impulse enters the synapses where it is transferred into neurotransmitters (such as
epinephrine and dopamine), and then received by the adjacent neuron’s dendrites. This process is
repeated through several neurons until the impulse (or action potential) reaches the muscles in
the forearm responsible for hand control. At the neuromuscular junctions, bundles of neuron

ends meet the muscle cells at neurotransmitter synapses, causing electrochemical exchanges.
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This results in the generation of post-synaptic action potentials that propagate through the muscle
cell membrane, and eventually into the muscle fibers. Each muscle fiber contains a contractile
sub-unit, called myofibrils (Fig. 3). Enclosed in each myofibril are strands of filaments (actin and
myosin), which functionally contract the muscle upon their interaction [13]. The resulting
contraction from the forearm muscle actuates the tendon, which in turn articulates the attached

finger bone.
2.2.2 Tendon excursion and joint articulation

To accomplish a hand grasp, several muscles work together in order to perform the desired
grip, mostly to optimize the body from becoming fatigued. There are typically two sets of
muscles around a joint: one set as an active primary mover, and the other set passively opposing.
A second set of muscles is required to return the limb to its original position, since the reverse
action is not possible with soft tissues. Therefore, some muscles called agonists act as primary
movers while others, usually on the other side of the joint, act as antagonists counteracting and
opposing the motion. Therefore, typically one set of muscles is active while the opposite set is
relaxed (passive) [8]. Thus, the active muscle set is contracting and shortening, hence moving the

tendon more than the passive muscle.

When the muscle contracts by the previously described processes, the muscle shortens and
displaces the tendon at the muscle’s distal end. As the tendon displaces towards the contracting
muscle, the attached bone articulates. The joints articulations in the hand (MCP, PIP and DIP
joint in Fig. 2) form the basis for finger motion while the CMC, MCP and IP joints allow for
motion of the thumb. Functional articulations of the hand are described by flexion, extension,
abduction, adduction, circumduction and opposition. Flexion is defined as the movement of a
joint that results in a decrease of the angle between two bones at the joint, while extension refers
to the increase of the angle at the joint. Adduction is a movement of the joints which brings the
fingers closer to the sagittal plane (midline of the arm and hand), and abduction is the opposite
motion of moving away from the sagittal plane. Circumduction is defined as the movement
pattern which moves the limb in a circular pattern using a combination of flexion/extension and
abduction/adduction. Opposition motions refer to the combinations of flexion and abduction and

axial rotation of the joints. One of the most remarkable motions of the human hand, opposition of
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the thumb sets humans apart from many animals by opposing (or turning back) against the other

four fingers which allows for refined grip.

Even though the CMC joints in the fingers are stabilized by the interosseous ligament to form
a relatively immobile joint, its main function is to allow the hand to conform to objects being
handled [8]. The CMC joint in the thumb however, permits flexion/extension in the plane of the
palm of the hand, abduction/adduction in a plane at right angles to the palm, circumduction, and
opposition. The MCP joints in the fingers and thumb allows for flexion/extension,
abduction/adduction (when not flexed) and circumduction motions. The interphalangeal joints
only permit flexion and extension in the finger and thumb. The intrinsic muscles and tendons
involved with flexion, extension, abduction, adduction of the fingers and thumb are summarized

in Table 2.

Many researchers have categorized the functional position of the hand when it manipulates
objects. These classifications are not universally standardized, but convenient names are often
adopted: pinch, key grip, hook grip and power grip. One of the unique characteristics of human
hands is their ability to conform around many different objects. Although several other variations
of these grips exist, the index pinch, key grip, hook grip and power grips may adequately
describe hand prehension patterns. Examples of the pinch grip can be seen when picking up a
small object from a flat surface, such as a grape or sugar cube. The key grip involves the thumb
pressing against the side of the index finger, as would be done when gripping a key for putting it
into a lock. The hook grip involves the flexion of the PIP finger joints, and is often used with
holding a briefcase, or rock climbers gripping climbing holds. The power grip involves the
flexion of all finger and thumb joints in order to conform around objects, such as holding a ball,
or making a fist. It is difficult to quantify how often these configurations are used throughout the

day, although some researchers have reported various percentages for the average human [27].
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TABLE 2: THE INTRINSIC MUSCLES AND TENDONS INVOLVED WITH FLEXION, EXTENSION,
ABDUCTION, ADDUCTION OF THE FINGERS AND THUMB

Motion Phalanx Joint Muscle
flexion all fingers MCP Lumbricals/Flexors
dorsal interossei
palmer interossei
little finger digiti minimi brevis
thumb flexor pollicis brevis
all fingers PIP flexor digitorum superficialis
all fingers DIP flexor digitorum profundus
thumb 1P flexor pollicis longus
Extension all fingers all joints extensor digitorum
extensor carpi ulnaris
index extensor indicis
little finger extensor digiti minimi
all fingers DIP/PIP lumbricals
dorsal interossei
palmer interossei
thumb MCP extensor pollicis brevis
1P extensor pollicis longus
Adduction fingers MCP palmer interossei
thumb adductor pollicis
Abduction fingers abductor digiti minimi
dorsal interossei
thumb CMC/MCP abductor pollicis longus

abductor pollicis brevis

There are also studies that involve the amount of FDP or FDS excursion which results from

different joint configurations and different tendon loads. One study used cadaver material and

reported up to 12mm of active FDS tendon displacement with a tendon load of 5N during the

hook grip and various DIP and PIP articulations [28]. Another study with humans reported a

mean active FDS displacement of 24 mm with an immobilized wrist, and up to 49 mm with wrist

motion [29]. In terms of joint articulation, it was also reported that only a small fraction of the

available joint range of motion is used for daily activities, using only 61° at the MCP joint, 60° at

the PIP joint, and 39° at the DIP joint [30].
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2.3 FUNCTIONAL AND STRUCTURAL ANATOMY FOLLOWING AMPUTATION

2.3.1 Plasticity Following Amputation

Following a hand or digit amputation, the brain will undergo an organizational change, or
neuro-plasticity, in response to the change in its environment [31-37]. From these studies, it was
shown that the area of the brain associated with motor control underwent a massive functional
change following an amputation. One study in particular investigated the cortical reorganization
present with monkeys who have a long-standing amputated forelimb [38]. It was shown that
when the residual stump was stimulated, the deprived area in the brain that would normally just
show activated neurons, also showed additional emerging receptive fields. Another study
investigated the timescale in which plasticity occurs after a man’s ring and middle finger were
amputated [31]. This study shows that cortical reorganization for the remaining fingers on the
affected hand underwent a neural source shift within 10 days. Although these shifts are
millimeter-scale in magnitude, it was also discussed that large cortical reorganizational shifts can
contribute to phantom pain. Phantom pain was first reported by the French army surgeon
Ambroise Pare in the 1600’s, and is associated with sensations of the amputated limb still
existing as well as pain at location sites no longer present [39]. It is a widely reported
phenomenon, with a prevalence of 67% for phantom pain and 90% for phantom sensations, 6
months after amputation of an upper limb [40-42]. It is accepted that the CNS and PNS are
determinants of phantom limb pain and sensations [39]. Evidence suggests that there are spinal
mechanisms causing a hyper-state when there is a peripheral nerve injury [39]. Further, when the
peripheral nerves are cut or injured at amputation site, a regenerative process occurs, causing the
injured axon to “sprout” [39]. This in turn leads to a disorganization and causes an increased rate
of spontaneous neuron activity. Although peripheral nerve activity in this sense is a negative
outcome of an amputation, there can also be benefits in terms of prosthetic devices. For instance,
the functioning peripheral nerves, even years following a trauma, can provide a solution to
interface a prosthetic device with a human [43-45]. Nerve-controlled prosthetics are further
described in Chapter 3. As well, recent findings into the effects of neuro-plasticity have shown to
be modulated by the use of hand prostheses. This may be due to the restorative nature of a
prosthetic control system which uses sensory inputs to execute motor commands [46]. Also, it is

thought that the feedback given by such devices can help regulate peripheral nerve activity [46].
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2.3.2 Amputation protocol

Surgical amputations have been archeologically documented throughout history, with an
abundance of technology advancement during World War I and 2 [47]. Today’s amputation
procedures have evolved to include the post-biomechanics and the configuration of the injured
limb, in order to have better outcomes for prosthetic functionality and usage [47-50]. This
section provides insight into the usual protocol involving amputations of the fingers or the hand
(at the wrist level), and then an additional procedure is proposed which will facilitate the use of
the proposed ultrasonic tracking system for hand prosthetic applications. As well, the concept of
the post-amputation small tendon displacement, referred to as the onset displacement, is further

discussed.

Usual Surgical Protocol

With hand or digit loss, there will be a number of reduced anatomical elements; including
bones, intrinsic muscles, tendon length, and other connective tissues. If a single finger is
amputated at the metacarpal (MCP) or proximal interphalangeal (PIP) level (Fig. 2), part of the
flexor muscle-tendon unit responsible for the missing finger’s flexion cannot function normally.
This is because the distal flexor tendon is no longer attached to the finger bone. Left alone, the
tendon will retract into the hand and part of the attached flexor muscle can weaken and atrophy
[51-53]. Atrophy refers to the loss of mass and strength of the muscles, which lessens one’s
ability to functionally contract. Although the flexor muscle is responsible for the entire finger’s
flexion, it is functionally subdivided (in the case of the FDS muscle-tendon unit) [54-56]. Hence,
the flexor muscle will not completely atrophy since there are other functioning fingers. In more
severe cases, where there are multiple fingers, partial hand, or total hand loss at the wrist level,
the remaining muscle-tendon units will be severely functionally limited. Thus, early surgical
management includes the initial preservation of the muscle, bones and tendon length for
subsequent reconstructive procedures [50]. Since muscle loss or retention is the best predictor for
residual limb (or prosthetic) function, surgical considerations make use of transferring and
suturing techniques. Transferring techniques are comprised of a donor unit being attached
elsewhere in order to improve function. These can be nerve-based [43-45,50], muscle-based

[50,57-59], or tendon-based transfers [60].
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The suturing techniques used for muscles and tendons, such as myodesis and myoplasty, can
be a factor to improve the residual function following limb amputation [48-50]. Depending on
the amputation specifics, the muscle is attached by suturing to remnant bone (myodesis) or to
opposing muscle groups (myoplasty) for muscle-stump stabilization [49]. As well, myodesis and
myoplasty techniques also retain function by allowing for muscle contractions, which is an ideal
interface for prosthetic control [61]. Myodesis and myoplasty are important procedures; without
which, the muscles can atrophy (lose strength) with disuse over time, as previously mentioned
[51,52]. This will severely limit the residual function of the limb itself or the prosthetic device.
Thus, the muscle must have resistance or a connection to an interface, such as remnant bones or
other stable tissue. These muscle-stump stabilization techniques, along with a rehabilitative

regime, can greatly improve residual muscle strength and function [62,63].

Proposed Surgical Protocol

This thesis describes a technique to track tendon displacement for the purposes of prosthesis
control; however, such displacement implies a hand-tendon system that is able to function to
various degrees. Given the previous description of the functionally limited tendon-system
following an amputation, the proposed tracking system requires that the muscle must still have
the ability to contract. This will provide the tendon with the ability to perform the small
displacements needed for the proposed technique. As well, the tendon must return to its original
position upon relaxation. Thus, the following additional surgical technique is proposed to
complement the existing protocol, which may be suitable to facilitate the use of the proposed
tracking system. Depending on the level of amputation, instead of suturing the muscle to bone as
previously described, it is proposed that one can alternatively suture the remnant tendon to
nearby structures like bones or ligaments. Thus, suturing the tendon to nearby structures can
provide the needed resistance to the muscle-tendon unit, in order to keep the muscle from
atrophic effects, as well as allowing for small tendon displacements. After consulting with a local
hand surgeon, this is a reasonable conjecture [64]. As well, the user must undergo rehabilitation
to exercise the muscles to retain strength. This is not an additional protocol, and is within the
usual standard following an amputation. Thus, the proposed myodesis procedure can allow for
muscle contractions, since the tendon will provide tension, which is ideal for interfacing with

prosthetics.
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One potential drawback to suturing flexor tendons to nearby bones or ligaments is that
quadriga effects can be introduced [53,65]. The quadriga effect occurs because the four FDP
tendons are attached to a common muscle bundle, and thus do not act independently. Suturing
one of the tendons will affect the biomechanics of the FDP muscle, and hence limit/restrict the
motion of the other intact FDP tendons. This in turn, will limit the grip strength of the healthy
non-injured fingers during flexion [53,65]. Therefore, if the FDP tendons were cut and left to
retract, the remaining FDP tendons in the healthy fingers will retain greater function. The
proposed technique is to instead suture the remnant FDS tendon from the injured digit to nearby
structures, while leaving the FDP tendon cut free. This may be a viable solution to retain a
muscle-tendon connection to a remnant digit, especially in the case of severe multi-finger or total
hand amputation. This way, atrophic effects can be lessened, and muscle contractions can be

preserved to implement small tendon excursions.

The proposed myodesis technique for hand tendons is already used with transfemoral
amputations (above the knee) or a foot amputation, where the muscle-tendon unit is sutured
directly to bone [66-68]. As well, suturing a tendon by a similar myodesis procedure is most
commonly seen with avulsion tendon injuries. Avulsion occurs when the tendon is torn
completely free from its insertion (attachment) to the bone, leaving the tendon to retract.
Avulsion also occurs when the tendon remains attached to a bone fragment, which has broken
free and left to retract until getting caught in adjacent structures. First reported in 1933, it was
found that muscle-tendon failure usually occurs at its bony attachment [69]. Most reported cases
involve the FDP tendon, with a small number of reports involving the FDS tendon [69]. The
usual repair techniques for the avulsed tendon are the “pull-through button technique” or the
“anchor technique” [70,71]. The pull-through technique sutures the tendon with a thin cord using
accepted methods, and then pulling the cord-tendon unit through the nail bed in order to secure
the cord to a button. The other technique uses a metal anchor which is first adhered to the bone
with screws, then a cord is attached to the anchor, and then the tendon is sutured to a cord using
accepted methods (Fig. 9). Both of these techniques have analogous uses for adhering the
remnant tendon to bone, in order to improve muscle strength for interfacing with a prosthetic.
After the tendon is sutured directly to the bone, the area eventually heals as the sutures dissolve
[64]. This technique has been proven to retain the strength of the tendon-bone bond [64].

Alternatively, one can use an implantable mechanical device, such as a spring between the
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tendon-anchor system, which may help with resistance and tendon tightness. Unfortunately, such

mechanical devices can eventually fail, and implanting such a device is non-trivial [64].

Figure 9: The anchor technique for tendon avulsion surgeries. The torn tendon is sutured and anchored to the bone [71].

Onset of Small Tendon Displacement Following an Amputation

Given that the proposed myodesis procedure will connect the remnant tendon to nearby
structures, small tendon displacement is made possible upon muscle contraction. The
biomechanics of a tendon which has undergone the proposed myodesis procedure has not been
reported. There will undoubtedly be differences in the amount of muscle contraction and tendon
displacement available, in comparison to a healthy hand. It is envisioned that the available
tendon displacement following the described procedure will be small. This small displacement is
referred to as the onset of displacement. The onset of displacement is investigated in Experiment
5 (Chapters 6 and 7), in order determine if the proposed tracking technique can detect this small

displacement so it can be used for the intended application of prosthetic control.
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CHAPTER 3:

PROSTHETIC CONTROL

3.1 PROSTHETIC DEVICES

Prosthetic mechanisms for the hand are wearable glove or gauntlet-like devices which
supplement the appearance or function of a healthy hand. Historically, artificial prosthetic limbs
were mainly used for cosmetic purposes, with only a few allowing for functional articulations.
During the mid-sixteenth century, several prosthetic hand devices were developed in Germany
and France (Fig. 10a-c). Perhaps the most celebrated medieval prosthesis were the iron devices
made for the German Imperial Knight, Gotz von Berlichingen, when he lost his right arm from a
cannon ball at the battle of Landshuf in 1504 (Fig. 10a) [72]. Similar to Gotz’s prosthetic, later
sixteenth century mechanisms pioneered by the French army surgeon Ambroise Pare, have
manually controlled fingers which use a series of buttons, levers, springs and gears to articulate

(Fig. 10c) [73].

Figure 10: Examples of historical prosthetic limbs: (a) a German prosthetic designed for Gotz von Berlichingen in the mid
1500’s [72], a rare 1580 German prosthetic [74], and a French prosthetic hand by Ambroise Pare in 1564 [73].



Users of current prosthesis often compromise between appearance and function of the
terminal device. Selection of an appropriate device is usually dependent on the user’s physical
and cognitive capacity, recreational and vocational needs, psychosocial acceptance, and
availability of health resources [75]. The most natural looking prosthetic hands are usually
passive devices (Fig. 11). These prostheses are usually painted silicone, and even though they

have no mechanical function, they emulate the hand’s natural appearance [76].

Figure 11: Example of the passive prosthetic from Touch Bionics, called Living Skin. The hand is made from painted
silicone [76].

Another example of a passive terminal device is the hook made famous by the 16" century
sea voyager Christopher Newport (Fig. 12). Not only did he inspire the Captain Hook Disney
character with his acts of piracy and hook prosthetic, he also is attributed to colonising
Jamestown [77]. In contrast to passive devices, active prosthetics are advanced mechanical
systems, allowing for functional articulations and improved grip strength. These include split-
hook or mechanical hand end-effectors. Split-hook end-effectors are simplistic designs, with
generally two hook shaped prongs which pivot to open and close, providing a single degree-of-
freedom (DOF). Some designs also include passive wrist rotation, providing additional function
[78]. The hook prongs are held together by spring force, and can be designed to remain in either
in open position or closed position when not activated. Hook terminal devices are generally more
durable, reliable, accessible and cost effective than others [79]. Some examples include those
from Hosmer, RSL, and Ottobock (Fig. 13). The basic hand mechanism terminal device operates
similarly to the split hooks. They are single DOF mechanisms, allowing for opening/closing
actions of the hand. Examples include those from Becker, Hosmer, Otto Bock, and RSL (Fig.
14).
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Figure 12: 16™ century sea voyager Christopher Newport. He lost his hand during a battle in Cuba, and used a simple
hook passive prosthetic [77].

(a) (d)

Figure 13: Examples of split hook prosthesis: (a) Hosmer model SXA hook, (b) Hosmer Sierra 2, (¢) RSL Steeper Carbon
Gripper, and (d) Otto Bock model 10A60 hook [79].

Figure 14: Examples of single DOF hands: (a) Becker Imperial hand, (b) Hosmer Sierra VO hand, (¢) Hosmer Soft VO
hand, (d) RSL Steeper VO hand and (e) Otto Bock VO hand [79].
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The more advanced hand mechanism terminal devices are usually comprised of individual
articulating finger joints, an opposable thumb and a rotational wrist, allowing for a multi-DOF
device. Examples of commercially available devices include those from Touch Bionics [80] and
Otto Bock [81], for example (Fig. 15a,b). Another device that was developed in the Biomedical
Design and Systems Laboratory at the University of Victoria involves the design of a 4-DOF
hand prosthetic mechanism. This design uses four microgeared DC motors, aluminum fingers
and thumb digits, and a polycarbonate 3D printed palm and lower thumb piece (Fig. 15c). The
design is based on an earlier prototype, with each finger comprised of six-linkages that has a
completely defined path in space using one linear input [82]. The new additions from the earlier
prototype include a motor for the index and thumb to flex/extend, a motor for the middle finger
to flex/extend, a motor for the ring and little finger to flex/extend and a motor for the thumb to

adduct/abduct.

(b)

Figure 15: Examples of more advanced multi-DOF prosthetic hands: (a) i-Limb from Touch Bionics [80], (b) the
Michelangelo hand by Otto Bock [81], (c) 4-DOF prosthetic hand based on the previous design by Decheyv et. al. [82] from
the BioMedical Design and Systems Laboratory.

3.2 PROSTHETIC CONTROL

Even though current multi-DOF prosthetic devices are functionally sophisticated, they can
still be rejected by their users. In a 1996 study on upper-limb prosthesis use and desired features,
the authors revealed that 33% of all children and 25% of all adults surveyed rejected their
devices [83]. One of the major attributing factors of rejection is dissatisfaction with prosthetic
control; thus demonstrating the need for advanced control regimes [75]. For a prosthetic to have

multiple functions, there must be multiple independent bio-signals collected from the user. Given
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this limitation, there is considerable interest in developing control schemes for active prosthetic
devices. Currently implemented control schemes for active devices can be separated into two

categories, human controlled and electric controlled:

3.2.1 Human Controlled

Human control refers to body-powered or switch-activated devices. Body-powered control
refers to the user moving parts of their body to change the state of the prosthetic, while switch-
control refers to manual switch activation to change the state of the prosthetic. In terms of their
demographic, a study in 1996 on upper-limb prosthesis use and desired features revealed that
65% of 1575 surveyed participants use human-controlled prostheses [84]. Split hooks and single
DOF hands (Figs. 13-14) are controlled using the body-powered method. First patented in 1857,
body-powered devices are controlled by using a harness that transfers the user’s motion through
a cable system to the single DOF terminal device (Figs. 16-17). The usual motion action required
from the user can be shrugging the shoulders, or flexing the back. Body-powered terminal
devices can be voluntary closing (VC) or voluntary opening (VO). The main difference between
VC and VO control is that with VC, the device remains open until the cable is pulled with an
appropriate force, while VO devices remain closed until activated with a force to open. In
general, VO control allows the user to easily hold and move objects, but has limited grip
strength. In contract, VC control allows for a strong grip force, but required effort to hold and
move objects. A major drawback to body-powered devices is not only the single available DOF,
but the large activation force required for motion [85]. This limitation is perceived as

uncomfortable, and can cause irritation in the shoulder region of its users [86,87].

Historically, switch-activated control is used with the sixteenth century devices, where there
are a series of buttons on the prosthetic mechanism which can be activated by the healthy hand
(Fig. 10). Current devices use switches enclosed inside the prosthetic or harness system which

can be activated by a remnant digit or bony prominence [88].
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Figure 17: Example of a currently used body powered harness: (a) the strap pulls vertically over the shoulder, or (b) the
strap pulls vertically over both shoulders [90].

3.2.2 Electric Control

Electric control refers to devices which contain sensors that can collect and process bio-
signals in order to determine the user’s intent for motion. By detecting multiple bio-signals, there
exist independent channels of information, which can in turn be used to control a multi-DOF
device. Even though these devices are more sophisticated than the body-powered hooks, they are
heavier, more expensive, and require extensive therapy for its use [88]. In fact, in the previously
mentioned 1996 study on upper-limb prosthesis use and desired features, only 28% of the 1575
surveyed participants use electric prosthesis [84]. The type of electric control chosen is based on
the level of injury and the patient’s cognitive/physical capacity. Current bio-sensing methods
which detect user intention include using central nervous system (CNS)-based, peripheral

nervous system (PNS)-based, and musculoskeletal (MSK)-based methods, as shown in Fig. 18.
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Invasive > Cortical
Central Nervous
System (CNS)-Based
Non-Invasive > EEG
MEG
Invasive > ENG
Peripheral Nervous
System (PNS)-Based
Non-Invasive EMG
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MMG
Musculoskeletal Non-Invasive R TAP
(MSK)- Based
MK
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Figure 18: Flow chart illustrating the different types of prosthetic control: Cortical (brain implantables),
Electroencephalography (EEG), Magnetoencephalography (MEG), Electroneurography (ENG), Electromyography

(EMG), Electrooculography (EOG), Mechanomyography (MMG), Tendon Activated Pneumatic (TAP), Myokinemetric
(MK), and Ultrasound (US) tissue tracking.

Cortical Sensing

Cortical sensing is an invasive central nervous interface method in which sensors are
implanted into the primary motor cortex of the brain, in order to capture the action potentials of
the motor neurons [91]. This can provide a direct brain-machine-interface (BMI) link between
the intent of the user and the prosthetic terminal device. Such techniques are invasive procedures,

and prosthesis devices using cortical implants are usually considered for severely injured persons
[92,93].
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These sensors are implantable arrays which are micro-electrical-mechanical-systems
(MEMS)-based. Examples include the 96-electrode array from BrainGate [94], or the 100-
electrode Utah Array [95]. These arrays can provide a direct BMI link between the intent of the
user and the prosthetic terminal device. For instance, studies focusing on the interpretation of
information extracted from neurons in the motor cortex have found that they can distinguish the
user’s intended arm reaching trajectories [96-98]. Thus, the processed neural information can be
used to predict intended terminal device trajectories which are usable to the prosthetic hand
control system. Studies involving animals [92] and humans [93] have produced promising results

using this technique.

Conceivably even more inspiring is the bio-robot being developed at the University of
Reading. It is solely controlled by biological brain matter made from a rat’s cultured brain
neurons [99]. These 50,000 to 100,000 active cultured rat neurons are placed onto a multi
electrode array with 60 electrodes which pick up the generated signals from the cells. When the
robot mechanism nears an object, these signals are directed by electrodes to stimulate the brain
matter. The responded brain output is then used to drive the wheels of the robot mechanism, or to
steer left and right to avoid hitting the object. The next step is to determine if the cultured brain

can learn and remember.

Electroencephalography (EEG) and Magnetoencephalography (MEG)

Electroencephalography (EEG) is a non-invasive CNS-based technique to measure the
electrical activity produced by the brain. The electrical activity measured by EEG sensors are
micro-volt potentials generated by the neurons in the cortical levels in the brain [100]. In a
typical surface EEG event, electrodes are placed onto the scalp with conductive gel and the
consequential signal is digitized and filtered. Although this technique is not as sensitive as
implantable cortical sensors, it is a commonly investigated BMI technique for prosthetic control

[101, 102].

Magnetoencephalography (MEG) signals are often used in conjunction with EEG signals to
complete a more accurate data set for brain-machine interface (BMI)-based control. MEG is a
non-invasive imaging technique used by clinicians and researchers to measure the magnetic
fields produced by electrical activity in the brain. The main difference in quality between EEG

and MEG signals is that magnetic fields are less distorted by the resistive properties of the skull
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and cap [103]. One study compared simultaneous EEG and MEG recordings of hand motions,
and decoded the signals with a 67% success rate [104]. Although these results are promising, the
accuracy of the decoded signal is not coherent enough to fully control a prosthetic device. Some
examples of prosthesis controlled by EEG/MEG based systems are for patients with severe
trauma [101,105]. In addition, MEG or EEG systems are not discreet, are expensive and require

long training periods for accurate system calibration and repeatable results.
Electroneurographic (ENG)

The premise behind using the neural PNS network as a control interface for prosthetic use is
that neural pathways are still preserved following amputation [106,107]. Even years after
amputation, the signals from the CNS are translated to the peripheral nerve connections, thus
becoming candidates for prosthesis control. Bi-directional intraneural electrode implantable
sensors, known as electroneurographic (ENG) sensors, are used to collect the projected CNS
signal from the brain to the stump nerves [108]. The bi-directional interface allows the
stimulation of nerve fibers and for recording nerve impulses. This allows for controlling the
terminal prosthetic device [109], and allowing for tactile feedback [110]. ENG sensors are
categorized as extraneural (cuff-based) or intrafascicular electrodes. Cuff electrodes are
extraneural sheaths that contain contacts connected to lead wires which completely encompass
the nerve [111,112]. These encircled cuffs cause less injury to the nerve, but there is reduced
sensitivity [113-116]. In contrast, intrafascicular electrodes are placed inside a peripheral nerve
and can increase the sensitivity and the signal-to-noise (SNR) of the recordings [117-118].
Longitudinally implanted intrafascicular electrodes (LIFEs) have been implanted for
investigation into the feasibility of ENG for prosthesis control [119,120]. ENG sensing can have
benefits over other sensing methods like electromyography (EMG), in that ENG can provide a
clearer signal with high-level amputees [88]. Also ENG has been shown to be a more natural
technique when providing feedback [119-121]. However, ENG is invasive in nature, and can be

prone to noise from muscle activity, thermal, capacitive couplings sources [88].
Electromyography (EMG)

Electromyography (EMG) is a peripheral nervous system (PNS)-based technique in which the

electrical potential of muscles generated by active muscle fibers can be detected. The electric

31



potential of muscle tissue was first documented by Francesco Redi in the late 1600’s using an
electric ray fish [122], and has evolved to be used in many clinical and biomedical applications
[123-126]. The electrical activity, or potential, is a result of efferent neurons transmitting
information from the CNS, to the PNS and then to the muscle fibers, constituting the motor unit.
A muscle contraction occurs when the nervous system increases the number of motor units
activated, by increasing the frequency of action potentials to each motor unit [88]. The action
potentials from the active motor units are measurable by non-invasive surface sensors or
implantable EMG electrodes. These bio-signals can be used to determine the user’s intent for
motion, and thus for prosthetic control of a multi-DOF device [88,125,126]. In order to use this
control method, the EMG signals must be acquired from suitable muscle sites, the signal needs to
be pre-processed, dimensionally reduced and feature extracted. Finally, the pattern for motion
intention must be recognized in order to implement the prosthetic [5]. The success and suitability
in using the EMG signal for prosthetic hand control will depend on the level of amputation or
disability, signal strength and the fatigue level of the muscle [5,127]. Current commercially
available hand prosthetics use EMG signals to provide very few practical DOF, mainly from the
contraction and relaxation of the upper arm muscles to open and close the prosthetic [5].
Examples of commercially available EMG controlled prosthetic hands include, the iLimb Hand
[80], and the OttoBock Michelangelo Hand [81]. Although these hands mainly differ by weight,
materials, speed, and touch sensors, they are still limited by low functional DOF which is based
upon detecting the EMG signal from the user. Extensive signal processing efforts are currently
researched to gain extra information from the EMG signal to improve the DOF using time-
frequency domains, wavelet analysis, neural network and fuzzy classification [5]. EMG-based
control can be unnatural and not intuitive, and thus difficult to use for control [88,98]. In order to
overcome this issue, some studies use nerve reinnervation (transfer) to transplant nerves to new

muscle sites [43-45].
Electrooculograpic (EOG)

Electrooculograpic (EOG) is a PNS-based technique in which an electrical signal (potential
difference) is produced between the retina and cornea of the eye [128]. EOG technology has
been used to control a prosthetic eye to mimic the movements of an existing healthy eye, and in

prosthesis control for patients with serious spinal injuries [129,130]. Since devastating spinal
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injuries leaves few voluntary actions available, EOG signals from eye gaze direction were
measured and used as a bio-signal to move a robot arm [130]. This non-verbal control method
shows promise in severely injured or disabled people to control prosthetic limbs and equipment

in order to participate in daily tasks.
Mechanomyography (MMG)

Mechanomyography (MMG) is a PNS-based technique in which the sound generated by the
muscles during contraction is collected in order to determine the user’s intent for motion. This
signal represents muscle dimensional changes and is widely researched for kinesiology purposes
in determining muscle fatigue and muscle responses [131-133]. MMG has issues when being
considered for prosthetic control because it is very sensitive to external factors like muscle
temperature, outside noise, skin fold thickness and sensor attachment [134-136]. Even with these
problems, a MMG-based prosthesis was successfully controlled with 2 DOF, which

demonstrates insight to other control methods not currently used in the commercial market [134].
Tendon Activated Pneumatic (TAP)

Tendon Activated Pneumatic (TAP) is a MSK-based pneumatic sensor that is placed in the
socket of a prosthetic arm to detect residual tendon motion for multi-digit control [137]. The
sliding motion of the residual tendon causes soft tissue displacement between the skin and the
socket, and the measured resulting pressure differential was used to demonstrate binary or
proportional prosthetic control. TAP sensors were noted to fail if the tissues were too fatty or
damaged and are limited to residual tendon function. Over the last decade, few updates were
available from using TAP sensors, and have yet to be implemented in a fully functional

prosthetic device [138].
Mpyokinemetric (MK)

Myokinemetric (MK) is a MSK-based technique in which signals are derived from
measurements in the dimensional changes in the muscle normal to the skin during contractions.
The use of MK signals was first documented in 1999 as a solution to address the limitations of
using EMG signals to solely control a wearable robot [139,140]. This signal is measured using a

socket-located Hall Effect based transducer. In this study, amputee subjects were able to follow a
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series of trajectories, hence showing promise in potentially controlling a fully functional
prosthetic. Recent contributions have started to compare EMG and MK signals for degree of
control [140].

Ultrasound (US)-Imaging

Ultrasonography is a non-invasive imaging technique used in the medical industry in which
high frequency sound is transmitted through the body and is then reflected off of MSK tissue
boundaries. A typical ultrasound set up includes a computer connected to a transducer probe
which emits high frequency (1-20 MHz) sound waves into the body. These sound waves travel
until they hit a boundary between tissues, where some of the waves reflect back to the probe,
while the rest continue on until another boundary is encountered. The reflected waves that are
detected by the probe are relayed to the computer, where the probe boundary distance is
calculated in order to display the image or perform other user specified applications. Since
ultrasonography can image moving tissue in real time, it also has the potential to be used for
controlling an upper limb prosthetic device. This concept is demonstrated in the literature by
using an ultrasound system to detect the thickening of a forearm muscle when the wrist extends
and flexes in normal subjects, and when the forearm muscle is flexed in amputees [141]. In this
case, the forearm muscles motion was taken with a B-Scan ultrasound, and the data was later
analyzed. A tracking and matching algorithm had to be employed offline in order to track the
muscle changes from each B-Scan image frame. Although this technique was not in real time, it
resulted in correlating the muscle tissue deformation as a function of the wrist angle. A simpler
approach was later employed, using a hybrid system consisting of a 1-D A-Scan ultrasound
sensor and an EMG device [142]. The hybrid system was supposed to be a more economical
approach; however a B-Scan ultrasound system had to be initially employed in order to locate
the proper forearm muscle before positioning the A-Scan transducer. Also, skeletal muscles work
as a group to perform certain motions, and only one muscle was investigated in this study. Thus,
it may be difficult to extend this sensing idea to control a multi-functional device. EMG and 1-D
ultrasound sensor position are also reported to be difficult to place when the muscles investigated
were small. Although several issues were noted, both experiments showed a correlation between
muscle deformation and wrist contraction angle, which showed promise in sensing user intention

for eventual prosthetic control.
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Previous studies by the Biomedical Design and System Laboratory at the University of
Victoria investigated whether Doppler Ultrasound was a feasible approach to detect the user’s
intent for motion [143-146]. This technique employed the Doppler Effect to detect the frequency
shift of the reflected soundwave from the residual tendon displacement in the forearm. A
frequency spectrogram was then generated, which was a 3-dimensional plot with axes of time,
frequency and amplitude on the x,y,z axes, respectively. The spectrogram revealed velocity and
displacement estimations of the moving tendon. Although promising, it was discovered that the
Doppler technique could not adequately capture slow moving tendons. This is mainly due from
the fact that the signal from slow moving tendons and the noise floor are both at low frequency
with high amplitude. For faster tendons however, a high-pass Wall-filter can be applied, which
removes the low frequency noise components. Such filtering cannot be used on slow moving
tendons, thus foreseeably limiting this approach for disabled users. As well, there was significant
error introduced by the fact that the tendon was displacing longitudinally, and at a nearly
perpendicular angle to the incident soundwave. These factors reduce the effectiveness of using

Dopper ultrasound for prosthetic control.
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CHAPTER 4:

ULTRASOUND IMAGING

4.1 THE PHYSICS OF ULTRASOUND
4.1.1 Sound Principles

Sound is a form of mechanical energy that propagates as a pressure wave through a medium.
Often encountered in medical ultrasound, a compression or longitudinal soundwave is produced
by a vibrating source. During vibration, the forward movement of the sound source causes a
pressure rise in the adjacent medium. Likewise, as the source moves backwards, there is a
pressure drop in the medium such that the molecules move apart [147,148]. This constant push-
pull action of the sound source results in alternating molecular compression and rarefaction in
the propagating medium, with the molecules vibrating in parallel to the soundwave’s
propagation. A soundwave is described by various properties, such as its frequency, period,
wavelength, propagation speed, amplitude and intensity [148]. An in-depth discussion regarding
the physics of ultrasound can be found in an elementary text [147-149]; therefore, this section
provides a brief introduction to relevant material used in this thesis. The frequency, f, is a
measure of how many complete cyclic variations in pressure occur in one second of time. This
property is measured in units of Hertz (Hz), and for medical diagnostic ultrasound imaging, the
transmitted frequency is usually between 1 - 40 MHz. The period, P, is the time (usually in units
of ps) is takes for one cycle to occur, and is calculated as the inverse of frequency. The
wavelength, 4, (usually in units of mm) is the length of space in which one cycle occurs. The
propagation speed, ¢, is the speed with which a wave moves through a given medium and
depends on the density and stiffness of the medium. It is mathematically calculated as the
soundwave’s wavelength multiplied by its frequency. Amplitude is defined as the maximum
amount of variation in pressure, and is usually measured in mega-Pascals (MPa). The average
intensity in a sound beam is the total power in the beam divided by the cross sectional area of the
beam, measured in units of mW/em?®.

Diagnostic medical ultrasound uses pulsed soundwaves, where a single pulse contains a few

cycles of oscillation (Fig. 19). Pulsing ultrasound allows for distinct echoes to be produced at the



medium’s interfaces, thus allowing for adequate depth (axial) resolution. The number of pulses
occurring in one second is the pulse repetition frequency PRF, and each pulse is separated into
time by the pulse-repetition period, PRP. Each pulse of ultrasound does not contain a single
frequency, but includes a range centered on its nominal frequency, f,. This is illustrated in Fig.
20, where the spectrum of the pulse in Fig. 19 indicates a range of frequencies. The width of the
spectrum is referred to as its bandwidth, and is commonly measured in terms of the frequency
locations, f; and f>, at which the amplitude has dropped 3dB from the center value, f, [148].
Every transducer is designed to have a specific bandwidth, but the ultrasound system electronics
can transmit at specific frequencies within this bandwidth [149,150]. This is often referred to as
‘broad-bandwidth’, or ‘multi-frequency’ transducers, whereby the frequency is selected in the

transmit mode [149].

pressure

time

Figure 19: A typical single ultrasound pulse containing a few cycles of oscillations. Adapted from [148].

3dB \

amplitude

fi f, f frequency
Figure 20: A spectrum of the pulse from Fig. 19, indicating the frequencies which are present. The center frequency, f,, is
shown, along with the bandwidth f; to f;, where the amplitude has dropped 3 dB. Adapted from [148].
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4.1.2 Sound Interaction With the Medium

As an ultrasound wave propagates through a medium, the wave’s energy is gradually lost with
distance of travel. This effect is known as attenuation, where the wave’s intensity decreases
exponentially with depth [147,148]. Furthermore, attenuation is linearly dependant on frequency
and type of medium. Absorption is the main type of attenuation in which the ultrasound’s energy
is gradually converted into heat within the medium.

The acoustic impedance, z, is a material property which is calculated by the density and
propagation speed within a given medium. When an ultrasound wave encounters interfaces of
different acoustic impedances, part of its energy is reflected back to the transducer as an echo,
while the remainder is transmitted through the medium. If the interface was large (in comparison
to the wavelength of the wave), and was also flat and smooth, the angle of reflection is equal to
the angle of incidence (Fig. 21). Further, as the wave enters the medium at an oblique incidence,
the transmission angle can refract. This description of events is for specular reflections, where
the interface is large (such as organ boundaries), and the boundary is flat and smooth [147,148].
If however, the reflector is small in size (comparable in size to the wavelength of the wave), or if
the interface was not smooth, the soundwave will scatter. The amount of ultrasound energy
scattered by a small reflector is dependent on the target reflector size, d,, and the wavelength, 4,
(and hence frequency, f) of the wave. When d, << 1, the scattered power is proportional to f*,
which is commonly referred to as Rayleigh scattering [148]. This describes an ideal situation
however, where the density in the medium is uniform.

When an ultrasound pulse encounters many scatters along its direction of travel, several
echoes are simultaneously generated, and may arrive at the transducer by constructively or
destructively interfering [147,151]. The resulting interference pattern produces a displayed image
with a granular structure, which is often described as speckle texture [151]. The speckle texture
does not directly represent the scatters, but rather the interference pattern of the scattering
distribution. Speckle itself can be thought of as a form of acoustic noise in an image [152], but it
also allows for tracking moving tissue, since the motion of tissue can be estimated by quantifying
the motion of speckles. Tracking the motion of tissue by speckle tracking is described in Chapter

5.
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Figure 21: Examples of (a) specular reflection and refraction, (b) scatter from a small reflector, and (c) scatter from a
rough surface. Adapted from [148].

4.2 ULTRASOUND HARDWARE
Ultrasound hardware, used in medical environments, can vary based on the required
application. Usual medical ultrasound hardware which displays a 2D B-Scan sequence of images

includes the transducer, beamformer, signal processor, image processor and display, as shown in

Fig. 22.

(A)
Transducer

A

A
(B) Beamformer (C) Signal (D) Image

(E) Display

A 4

Processor Processor

Figure 22: A block diagram of a pulse echo imaging system with (A) the transducer, (B) the beamformer, (C) the signal
processor, (D) the image processor and (E) the display. Adapted from [147].
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4.2.1. The Transducer

The ultrasound transducer is the device which converts the electrical transmission pulses into
ultrasonic pulses that propagates through the medium. Conversely, the ultrasonic echo pulses
which are reflected from the medium arrive back at the transducer and are converted into
electrical echo pulses. A typical transducer is comprised of a piezoelectric (PZT) plate, backing
layer, matching layer and sensor electrodes all encompassed by a plastic housing [147-149]. The
PZT material expands and contracts when a positive or negative voltage is applied to it,
respectively. Conversely, PZT materials can generate positive or negative voltages when an
external force stretches or compresses them, respectively. This process exists due from the
characteristic and well-defined molecular arrangement of dipoles within PZT materials, which
contain positive and negative charges [149]. The reflected echo from the medium is a mechanical
pressure wave, which is received at the PZT material. The pressure wave incident on the PZT
causes an imbalance of the charge distribution of dipoles within the PZT. This produces a net
positive charge on one side of the PZT, and a net negative charge on the side, creating a potential
difference. The surface electrodes then measure the magnitude of this voltage, which is
proportional to the amplitude of the echo [149]. As well, when the voltage is applied to the PZT
through the surface electrodes for transmission, its surface mechanically expands and contracts at
the desired frequency. Thus, the PZT can generate a soundwave to propagate through the
medium, and can also receive the reflected echo soundwave from the medium. The PZT material
has a high density and acoustic impedance, thus an emitted soundwave would be reflected at the
skin boundary, and not enter the body [147]. To correct this, a matching layer is commonly used
on the transducer face, which has an intermittent impedance value between that of the skin’s
surface and the PZT, thereby improving sound transmission. The backing layer is a damping
material attached to the rear transducer face. The damping material reduces the number of cycles
in each pulse, which has the effect of widening the bandwidth thus introducing additional
frequencies. An example of a damped pulse and resulting bandwidth was illustrated in Figs. 19-
20. Emitting short pulses and responding to the returning echoes over a wide bandwidth of
frequencies is desirable in many medical ultrasound applications, and therefore many transducers
are heavily damped [153]. Also, by reducing the number of cycles in each pulse, the axial

resolution is increased. The resolution (axial and lateral) is further discussed in Section 4.3.2.
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A transducer can be a single element or multi-element array. A typical linear array transducer
can be comprised of 128 piezoelectric (PZT) elements, with each element having dimensions
approximately 280 pum in width, and spaced 300 pm (center-to-center) to adjacent elements
(known as the pitch). This transducer can image a 2D plane in the body. Alternatively, there are
3D, 4D (i.e. 3D and time), and 2D matrix transducers. A 3D transducer is essentially the same
design as a 2D array except there are additional components which mechanically oscillate the
array in order to sweep into the third dimension. This creates a 3D volume image. However, the
sweep rate is slow and processing this amount of data requires additional time, thus the refresh
rate (frame rate) of the resulting 4D volume data sets can usually only contain a few volumes per
second. Therefore, 4D imaging is not practical for imaging fast moving objects unless the
resolution or field of view is reduced. Alternatively, 2D matrix arrays contain several thousand
elements arranged into a 2D matrix grid. By electrically steering the beam, the matrix array can

create a 2D image in a single plane, and can then steer in elevation to create a volume.

4.2.2. The Beamformer

The beamformer is responsible for driving the PZT, generating electronic delays for
individual transducer elements and achieving transmit/receive focusing. The beamformer
consists of a pulser, pulse delays, transmit/receive switch, amplifiers, analogue to digital
converters, echo delays and a summer (Fig. 23).
Pulser and Pulse Delays

The pulser (Fig. 23A) produces the electrical voltages which forms the ultrasonic beam. The
frequency of the voltage pulse determines the center frequency of the resultant ultrasonic pulse
that travels through the medium [147]. This frequency usually ranges from 1-40 MHz and the
pulse repetition frequency (PRF) usually ranges from 4 to 30 kHz for medical purposes [147].
Phase delays (Fig. 23B) are necessary for the complicated sequencing and phasing operations

which are involved to control beam steering, scanning and transmission focusing.
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Figure 23: Beamformer schematic with (A) the pulser, (B) pulse delays, (C) transmit and receive switch, (D) the
transducer, (E) amplifiers, (F) analog-to-digital converter, (G) echo delays, and (H) the summer. Adapted from [147].

Transmit/Receive (T/R) Switch and Amplifiers

The T/R switch (Fig. 23C) directs the pulser’s voltage to the transducer (Fig.23D) during
transmission. It also directs the returning voltage from the transducer to the amplifier (Fig. 23E)
during reception. The amplifiers then increase the small voltage amplitude received from the
transducer.
ADC, Echo Delays and the Summer

After amplification, the echo voltages pass through an analogue-to-digital converter (ADC)
(Fig. 23F). The resulting echoes from all active signal element channels are delayed (Fig. 23G)
to achieve proper receive focusing and steering [149]. They are then added together in the
summer (Fig. 23H) to produce the final echo that represents the information gathered during a
pulse repetition period along a single beam direction (scan line) [149]. This information is then

relayed to the signal processor.
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4.2.3. The Signal Processor
The signal processor receives the digital signals from the beamformer which represents the
echo information as a function of depth along a single scan line. The signal is further processed
by time gain compensation (TGC), rectification and demodulation, rejection filtering, and

dynamic range compression, as illustrated in Fig. 24.

Signal from Beamformer

After Time Gain Compensation /\“ I A ’\ﬂ

After Demodulation and Envelope Detection

Rejection Filtering

Resultant RF-Envelope Detected Signal [\ [\
After Logarithmic Compression A R
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Figure 24: The signal processing steps which illustrates the effect on the signal from a single scan line as it undergoes time
[glaigl.compensation, demodulation and envelope detection, rejection filtering and logarithmic compression. Adapted from
Time Gain Compensation (TGC)

TGC is a user controlled feature on many ultrasound machines in which the beamformed echo
can be amplified as a function of time along the scan line (i.e. depth), in order to compensate for
beam attenuation. The ideal TGC curve will allow all equally reflective boundaries equal in
amplitude, regardless of depth [149]. As illustrated in Fig. 24, the deeper echo has been
amplified by TGC.

Rectification, Demodulation, Envelope-Detection and Rejection

The echoes are difficult to use in the current form for image processing, thus the signals are
rectified and demodulated. The signal is first rectified by inverting half of the waveform and then
smoothed by passing it through a low pass filter, as illustrated in Fig. 24. This removes the high

frequency oscillations and retains the slowly varying envelope. This is a useful technique in
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ultrasound signal processing because only the amplitude of each echo is needed for the grayscale
display. The signal is further passed through a rejection filter in order to reduce electronic noise.
The resulting signal is referred to as the RF-envelope-detected signal.
Logarithmic Compression

The dynamic range defines the minimum and maximum signal level of an imaging system,
and is limited by the effective range of the display [149]. Logarithmic compression increases the
smallest echo amplitudes and decreases the largest amplitudes in order to properly render a 2D
B-scan ultrasonic image. This is illustrated in Fig. 24, where the final signal has been
logarithmically compressed.

4.2.4. The Image Processor and Display

The signal is now digitized, filtered, demodulated and compressed. The echo data requires
further processing in order to be displayed on the screen as a 2D B-Scan image. These
processing steps include a scan converter, preprocessor, image memory, postprocessor and
digital-to-analogue-converter (DAC) [147]. The scan converter reformats the echo signal into an
image form for further processing, storage and display. The image is preprocessed using edge
enhancement, pixel interpolation and then stored in memory. Other post processing techniques
determine how the echo data is displayed on screen. The data is then converted into a voltage
using a DAC, and is then relayed to a monitor where the echo brightness is displayed, usually as
a grayscale grid of pixels with intensity values between 0 and 255. The display can include a
graphical user interface (GUI) where the 2D B-Scan sequence is shown alongside various user-

defined controls.

4.3 IMAGE GENERATION

In order to render a suitable 2D B-Scan image by the previously described processes in
Section 4.2, the transmitted and received ultrasonic beam must be properly focused using an
aperture. This has a direct effect on the resulting image quality by means of axial and lateral
resolution.

4.3.1 Beams, Aperture and Focusing

In medical ultrasound systems which use the pulse-echo technique for imaging, the transmit
beam is a pulsed soundwave, as previously described in Section 4.1. An active group of adjacent
elements on a linear array transducer, form an aperture which transmits this beam along a single

scan line (Fig. 25). The aperture has a width equal to that of the active elements. Focusing the
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transmitted beam is usually controlled by the operator, who selects the required depth of focus
thereby ensuring the beam is narrowed at this point. A focal zone close to the transducer face is
produced by firing the outer active group elements before the inner ones in a symmetrical pattern
in order to create the proper timing delays for the beam to converge at the desired focal depth
[149]. Greater focal depths can be accomplished by reducing the delay time differences among
the active elements which results in a more distal beam convergence. Therefore, the focal depth
has many limiting factors, namely: the aperture size, operating frequency and the presence of

acoustic lenses on the array.

active elements (transmit aperture)
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Figure 25: A linear array contains many elements, with a sub-set being active (outlined in red) forming a transmit
aperture. This aperture forms a beam (in blue), with a focus depth, and with a scan line centered on the aperture.

As soon as the pulse has been transmitted, a subset of the group of previously active elements
from the transmission listens for the echo of the reflected soundwave from the medium in
reception [148]. This acts as a receiving aperture centered on the same scan line which defines
the receive beam. The number of active receive elements (aperture) is initially less than the
transmitted aperture in order to be sensitive for echoes originating at closer depths. The aperture
is then varied in width until all echoes are received from different depths, thus continually

advancing the focus [148]. This is known as dynamic focusing and aperture in reception.
45



As discussed in Section 4.2.2, the beamformer provides an electronic delay and summer in
order to account for the firing delay and resulting receiving delay from the active elements. The
information from this scan line is then processed by the remaining steps in Fig. 23, and the signal
processing described in Section 4.2.3. This entire process is then repeated on the next set of
active elements for the next scan line, by shifting the transmission group by a single increment,
until the last set of active elements has fired and received the echoes. The resulting data set is
sent to the image processor described in Section 4.2.4, in order to display the 2D B-Scan image
from all the scan lines.

4.3.2 Axial, Lateral and Temporal Resolution

Axial resolution refers to the minimum separation of two reflectors in a medium in a direction
along the direction of the beam (i.e. depth), allowing for two resolvable structures along the scan
line [147-149,154]. As illustrated in Fig. 19, the transmitted soundwave is damped and pulsed,
and has a defined pulse length. The pulse length of the transmitted soundwave determines the
axial resolution, with a minimum separation distance between two reflectors being one-half the
pulse length [149]. The pulse length is the number of cycles of oscillations in the pulse
multiplied by the wavelength [149]. Thus, highly damped transducers can provide a shorter pulse
length which improves axial resolution. This requires a powerful impulse however, which can be
harmful for medical-based applications [154]. As well, a higher frequency (lower wavelength)
transmission pulse can increase the axial resolution. However, a higher frequency transmitted
pulse limits the imaging depth. Therefore, there is a trade-off with imaging parameters and axial
resolution.

Lateral resolution is defined as the minimum separation of two reflectors in the medium
which are aligned in a direction perpendicular to the ultrasonic beam, allowing for two
resolvable structures [147-149,154]. The width of the ultrasound beam (ie. the aperture) is the
main determinant of the lateral resolution [154]. Since the aperture can be electronically varied
for transmit and receive focusing, the lateral resolution can be maintained with depth. This is
because the beam width is inversely proportional to the aperture, so that the successive focal
zones with the variable aperture allow the beam width to remain fairly constant, thus preserving
lateral resolution at all depths. This is unlike a single element transducer, which has a fixed
aperture for transmitting and receiving. Further, increasing the scan line density can improve

lateral resolution because it allows for increased sampling. A typical 128 element linear array
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can have 100 or so scan lines, since the end elements are required to form an aperture [148].
Increasing the number of elements in the array will improve the lateral resolution by increasing
the number of scan lines; however, this is often very expensive and computationally costly. An
alternative approach involves beam steering by small angles or by using an even number of
elements in the first sweep, and then an odd number in the next sweep [148].

Temporal resolution refers to the ability for the 2D B-Scan image frames to be refreshed,
which is indicative of the system’s frame rate. The time it takes to render a single image and then
to render subsequent images to create a cine loop movie is described by the frame rate. In order
to resolve moving structures, the frame rate must be high enough to avoid aliasing. Further, the
previously described processing steps described for improving lateral resolution, will decrease
the frame rate.

4.3.3 Image Ambiguity

As with many imaging systems, artefacts can occur causing image ambiguity. Typical
artefacts found in ultrasound image frames are reverberations, acoustic shadowing or
enhancement, and displaced structures [149]. Reverberation artefacts arise from multiple echoes
which are generated between two interfaces in the media that reflect the soundwave in reception
[149]. This is often seen with highly reflective metallic objects or air/partial liquid interfaces in
the body. The resultant artefacts are interpreted as ghost images, which manifest itself as
multiple, equally spaces boundaries with decreasing amplitude along the axial dimension.
Acoustic shadowing occurs when a highly attenuating or reflective structure is casting a distal
shadow, or decrease in intensity. Likewise, enhancement occurs distal to structures having a
lower attenuation, allowing the appearance to the distal structure to have a high intensity [149].
Structures can also incorrectly appear at a particular location on the image. This is mainly due
from the refraction of the soundwave as well as the fact that the velocity in medical ultrasound
applications is assumed to be constant. Some interfaces, such as collagen and fat, have
considerably different velocities, thus allowing for a significant error in the displayed location

[154].
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CHAPTER S:

PROPOSED TECHNIQUE AND METHODOLOGY

5.1 USING TENDON DISPLACEMENT TO PROVIDE INPUT FOR PROSTHETIC CONTROL

As described in Chapter 3, the sophistication of current prosthetic devices is limited by the
inability to fully control them [75]. The state-of-the-art in current prosthesis control systems use
electromyography (EMG) based sensors, which detect the independent bio-signals (i.e. muscle
contraction) from the user [88,125,126]. EMG sensors can sense independent signals from
placement sites along the biceps and chest, which can augment functionality to a wider range of
upper limb amputees. However, EMG sensing has many drawbacks that limit its use. This
includes signal cross-talk and the fact that the chosen muscle sites for control input can be non-
intuitive to the user, among other issues [5,88,98,127]. Other sensing methods, such as cortical,
EEG/MEG and ENG (described in Chapter 3) can be invasive in nature, and are usually reserved

for severely injured users.

This thesis work proposes that the bio-signals obtained from an amputee’s residual tendon
displacement in the wrist can be used to provide input in order to control a multi-DOF prosthetic.
It represents a novel, less-invasive and more refined user-intention sensing method. Such an
approach is suitable for upper limb amputees that are missing a single finger, multiple fingers or
the hand at the wrist level. Tendon motion measurement is able to determine a person’s
intention/desire to move the fingers in their hand, since the tendons are attached to individual
joints in the fingers, as shown in Fig. 5 in Chapter 2. As well, the ability to measure the
displacement of multiple tendons also offers an interesting way to gather multiple independent
motion signals (channels) from a user, at a localized location on the arm. For instance, there are
up to four FDS tendons which are independently used by a person, providing four independent
signals that can be sensed and used as input to a prosthetic controller. The tendons responsible
for finger flexion are located in a confined physical region proximal to the wrist, which would
allow a single sensor head to track them all. Using tendon displacement to control prostheses is a

new concept, and offers a unique way to control multi-degree-of-freedom hand prostheses.



5.2 METHODS FOR ESTIMATING TENDON DISPLACEMENT FOR OTHER PURPOSES

The practice of measuring tendon displacement has been done for other applications.
Measurement of tendon displacement is useful to clinicians wanting to quantify pre-operative
hand/tendon injuries or post-operative repair. For example, clinical researchers have measured
the tendon’s residual displacements in the lower arm to assess the functional capabilities of the
injured fingers and hands [10,155-159]. Presently, these methods for estimation of tendon
displacement in the lower arm are done with an indirect method. This consists of measuring the
joint rotation angles of the fingers while they are flexed and extended. They also measure various
dimensional parameters of the finger joints, such as: tendon-to-joint distances, joint thickness
and joint-center to joint-center distances. All of this measured data is then used with one of three
hand biomechanical models developed by Landsmeer [160]. However, the accuracy of the
Landsmeer models has been debated and there is a lack of consensus on which model best
predicts tendon displacement [10,155-159]. The models developed by Landsmeer can only
provide general estimations since the model is based on population averages, and may not
correspond directly to the specific tendon displacement of a particular patient. Some researchers
estimate patient hand parameters using calipers to measure around the skin surface of the intact
finger joint, or used averaged data from other publications [156,158,161]. Since hand anatomical
dimensions are highly individual, such indirect estimates will affect the accuracy of the

biomechanical models.

Alternatively, clinicians could use ultrasound machines to provide a direct method to assess
tendon function. Ultrasound imaging is a non-invasive and cost effective way to obtain internal
images for medical applications and diagnosis of human health. In particular, researchers and
clinicians have used commercial ultrasound scanners with Pulsed-Wave (PW) Doppler and Color
Doppler Imaging (CDI) functions to quantify tendon displacement and velocity [162-169].
Unfortunately, there are two main issues with Doppler ultrasound-based measurements of tendon
motion, which are: angle dependence of the transducer, and fast motion requirements for the
tissue. The angle dependence refers to the angle between the incident sound wave and the tendon
motion direction, which are not parallel. Since the flexor tendon mainly displaces longitudinally
in the arm, and is nearly perpendicular to the incident soundwave, proper alignment can be
difficult. In previous work, Doppler technique was employed with an angled standoff wedge in
order to minimize the error introduced by the angle dependence [167-168]. Through this study,
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it was also discovered that tendon displacement estimations using Doppler are only effective
when tendons have velocities over 25 mm/s, since the noise floor level is around 20 mm/s. This
is due to the high-amplitude, low-frequency noise which overtakes the signal at lower velocities
[167-168]. For tendons with excursion occurring at lower velocities, such as those in the wrist,

Doppler ultrasound estimation is not an effective tool.

Since there are issues with using Doppler ultrasound for slow moving tissues, researchers
developed a method to estimate tissue displacement by tracking the motion of the ‘speckles’ on
the sequence of ultrasound images [170-179]. As described earlier, medical ultrasound images
are rendered by the reflected soundwave from tissues, and are characterized by a granular
appearance. This structure is often described as speckle texture, and is analogous to optical
speckle phenomena present with lasers [180]. As described in Section 4.1.2, speckle arises from
the constructive and destructive interference pattern from the underlying scattering medium and
is inherent to ultrasound imaging. Even though the observed speckle pattern does not visually
correspond to the underlying tissue, the intensity of the speckle pattern reveals the echogenicity
of the local tissue. Thus, this speckle pattern can be tracked throughout the ultrasound B-Scan
image sequences in order to estimate tendon displacement. Speckle tracking on medical
ultrasound images has become a widely used method to design speckle reduction filters [181],
estimate strain (elastography) [178], and displacement analysis [170-172,179]. While earlier
studies focus on tracking blood flow with either phantoms [171] or volunteers [170] to
demonstrate their algorithms, later speckle tracking studies successfully estimate the

displacement of tendons [177-179].

5.3 PROPOSED SPECKLE TRACKING ALGORITHM TO ESTIMATE INTERFRAME TENDON
DISPLACEMENT
The following sections in this chapter describe the proposed speckle tracking method which
provides direct and non-invasive estimations of the instantaneous and total displacement of
tendon excursion proximal to the wrist. This method makes use of a block matching technique
combined with novel attributes in order to first auto-locate the tendon in a sequence of B-Scan
ultrasound images, and then use this location to provide incremental and total displacement

estimations of a displacing tendon. This proposed thesis forms the basis and proves the concept
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towards using the tendon displacement user-intended signal as an input to control a hand

prosthesis.

5.3.1 Defining the Template, Region of Interest and Potential Matching Blocks

Estimating frame-to-frame (interframe) tissue displacement is made possible by tracking the
motion of the speckles between a pair of consecutive B-Scan ultrasound image frames, a process
often described as speckle tracking. To track the tissue displacement between consecutive frames
t and t+1, a data block of size I by J is defined, where [ is the number of pixels in x (width), and
J is the number of pixels in z (depth), as shown in Fig. 26. This is regarded as the template and
1s located at x;,z; on the tendon in frame ¢ and is to be matched to a block with the same
dimensions in frame ¢+ /. The image sub-sections to be investigated as a potential match in frame
t+1 are regarded as blocks, and lie within a region of interest (ROI) with dimensions 4 by B,
centered on the location of the template. The template in frame ¢ is compared to a block in #+/
by use of a similarity measure in order to quantify which block is the best match to the template.
A similarity measure is a mathematical metric that scores the level of similarity between the
potential blocks and the template, and is described further in Section 5.3.2. The choice of
similarity measure is often application specific, and depends on the hardware performance and
data type, such as B-Scan or RF data. The block with the score of extrema value is chosen as the
match and the interframe displacement vector, d, is calculated. The displacement vector d, is the

difference in location between the template (at x;,z;), and the matching block (at x,,z,), where:

d=(x1— Xz 71— 73) i
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FDS Tendon

Template

Block

Figure 26: Interframe displacement estimation using speckle tracking. The region of interest (ROI), within the tendon of
interest’s (FDS) dotted boundary on frame #+1, is searched with blocks (an example is labeled ‘B’). Once the match is
found, the displacement vector is calculated as the difference in position between the template (labeled ‘T’ ) from the
previous frame, #, and matching block.

5.3.2 Similarity Measures

A similarity measure is a mathematical metric which scores the level of similarity between the
potential blocks and the template. Examples of similarity measures include the Laplacian (L1-
norm) sum of absolute difference (SAD), the Gaussian (L2-norm) sum of squared difference
(SSD), or normalized cross correlation (NCC). Alternatively, one can use techniques like
Rayleigh (or Fisher-Tippett (FT)) as maximum likelihood operators, and other hybrid
combinations of metrics, all offering variations to the block matching technique. The derivation
of the similarity measures used in this thesis is as follows:

Sum of Absolute Difference (SAD) and Sum of Squared Difference (SSD)

The Sum of Absolute Difference (SAD) and Sum of Squared Difference (SSD) technique are
used as similarity measures for calculating the maximum likelihood that the template in frame ¢,
and a block in frame ¢+/, are matching [172,182-186]. The SAD similarity measure is the
computationally easiest metric to implement, in comparison to all the other metrics derived in

this thesis, as it has no square operations [184]. The SAD and SSD techniques assume that the
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speckle noise on the B-Scan image is independent and additive, such thatn = @; — E]-, where
a = [dy, a,..d;] represents a vector of all intensities in a displayed B-Scan image in the template
in frame ¢, and b = [by, b,.. B]-] represents a vector of all intensities in a displayed B-Scan image
in the investigated block in frame #+/. Also, n is a noise process with probability density p(n).
Using the maximum likelihood method for parameter estimation, the matching block to the

template is found by maximizing the following conditional probability density function (pdf)

[182,183]:

0| 0|
max )" py(n) = max )" p;(& — b)) )
=1 =1

Assuming that »n is a generalized Gaussian process, the maximization of Eqn. {2} can be
written as a minimization of the following Laplacian SAD (c=1), or Gaussian (c=2) objective

function [182,183]:

1]
minz |d; — Ej|c {3}
=1

The maximum likelihood given by Eqn. {3} chooses the template and block which are most
alike, based on their minimum difference in pixel intensities. The summation in Eqn.{3} is
applied to all pixels in the I by J template and block, giving a single SAD or SSD likelihood
coefficient. The summation is then repeated for all blocks in the ROI, giving 4 by B SAD or SSD
coefficients. The block with the SAD or SSD likelihood coefficient satisfying Eqn.{3} (i.e. the
minimum coefficient) is deemed the matching block, and the displacement vector is computed
using Eqn. {1}.

Normalized Cross Correlation (NCC)

NCC is a commonly used similarity metric for block matching [177-179,187]. For ultrasound
imaging applications, the brightness of the template and the comparison image frame in a B-Scan
image can fluctuate, leading to interframe displacement calculation errors. The NCC metric is a
measure that accounts for the uneven illumination by first individually subtracting the mean from
the template and investigated block, and then normalizing the function. Maximizing the NCC
objective function determines the block that is most like the template. The NCC objective

function is defined as:
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> (@ —@)(b - b)

max ; B 1 {4}
&L (@ -a)" 2,5 - b))’

Where: @ = [dy, d,..d;] represents a vector of all intensities in the template in a B-Scan

image in frame ¢ with mean @, and b = [by, b,.. Ej] represents a vector of all intensities in the

block in a B-Scan image in frame #+/ with mean b.

The sum calculation is performed over all pixels in the / by J template and block, giving a
single NCC likelihood coefficient. This is then repeated for all blocks in the 4 by B ROI. The
block having the NCC coefficient with the maximum value is considered a match, and the
interframe displacement vector is calculated, using Eqn.{1}.

Rayleigh and Fisher-Tippett (FT)

The Rayleigh (and FT) technique is used as a similarity measure for calculating the maximum
likelihood that the template in frame ¢, and a block in frame #+/ are matched to each other. When
speckle in an RF envelope-detected image frame is fully developed, it has been shown to follow
a Rayleigh distribution, as previously described in Section 4.1.2 [151,182,183]. The following
statistical speckle model was first initialized by Strintzis et al. [182], and then was evolved
further by Cohen and Dinstein [183] and then by Boukerroui et al. [175]. The full derivation is
not shown in the literature; therefore, it is provided here for clarity to show how the similarity
measure is derived. Assume that @ = [a4, a,.. a;] is the vector of all intensities in the template in
frame ¢ and b = [by, b,.. bj] is the vector of all intensities in a block in frame #+1, where j is the
total number of pixels in the template and block. Given that @ and b have respective Rayleigh

distributed noise n; and n;, the probability density function (pdf) p;(n;), and p,(n,) can be written

as:
ny —nf
pi() = —exp (5 {5}
n, —ns
p2(nz) = zexp (7 {6}

Where: o°, A’ are the mean square scattering amplitudes from a and b, respectively [151].
Assuming that the speckle noise on the ultrasound images is multiplicative, the noise can be

modeled as:

aj = nlsj {7}
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bj = TlZSj {8}
Where s; is the true (noiseless) signal and j is a pixel within the block.

Combining Eqns.{7} and {8} gives:

a]-_nl_ — Nb

Where: N =n;/n,, a division of two Rayleigh distributed variables.

Using the maximum likelihood method for parameter estimation, the matching block to the
template is found by maximizing the following conditional probability density function (pdf)
[182,183]:

max, p(alb,d) m

Where: d is the displacement vector, p(a|b,d) is the conditional probability, a is the vector

containing all intensities in the template in frame ¢, and b is the vector containing all

intensities in the block in frame ¢+/.

Eqn.{1} states that the conditional probability is maximized when b is most like a, (i.e. a
particular block matches a template). Since a and b are both vectors with j independent elements,
the pdf in Eqn.{1} is equal to the multiplication of each single element’s probability function. A
probability function for a single element is calculated using the general Fundamental Theorem

for any independent elements o and £ [188]:

_ Pa(@)
pp(B) = @] {2}

Where: g(a) is a real solution to the random variable a’s function f=g(a).

In the case of using RF envelope-detected data, and using Eqn. {9}:
g(N) = Nb;, and  |g'(N)| = b; 3
Using Eqn.{2} the conditional pdf for one template and one block in Eqn.{1} can be written

as a product of single element pdf’s:
1]
1
p(alb,d) = Hb—jpj(N) 4
j=1

Where: p;(N) is the joint probability function of n; and n, i.e. p; (%) = pj (%) , and 1J is the
j 2

total number of pixels in the template or block.
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An expression for p;(N) is evaluated by using Eqns. {5} and {6} and the following integral
[188]:

Pj(N) :f n,p1 (Nny)p,(ny)dn, {5}
0
(" (Nn, n,
_jo " {?eXp( 7 (Vn2)® )M P (2,12 (n2)* >} an, {6}
N 0 _N2/12 _ 2
= o ), netew (?/10 ("2>2>d"2 7
) o? 2N
p. -
TUTE ey Ty )

The last step uses the integral 3.381.4 from [189], i.e. fowt”_le_“t dt=$(u—1)!

Assuming that 6=\, Eqn. {8} becomes:
2N
(N2 + 1)2 &

Therefore the conditional pdf for RF-envelope-detected (uncompressed B-Scan) data in Eqn.

pj(N) =

{13} becomes:

1]

_ 2a]
p(alb,d) = Hb pi(N) = ﬂb (N2 + 1)2 1_[ , - g(ajz +p%H2 {10}

+1)2

The maximization of Eqn. {10} is equivalent to the maximization of Eqn. {4}.
Since the envelope-detected-RF data is logarithmically compressed for displaying B-Scans,

Eqn. {9} becomes

In(a;) = In(N) + In (b)) an
Similar to the previous process with uncompressed B-Scan data:
g(N) =1In(N) + In (b)) 12}
So that,
, 1 b
gN) = N @ {13}

i)
Similar to the previous process for uncompressed B-Scan data, the conditional pdf of B-Scan

data becomes:
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Let a; = ln(a]-), and let B]- = ln(bj), so that g—j= exp (a; — B]-), where d; and B]- are the

vectors of B-Scan intensities in the template and a single block in frame ¢ and ¢+, respectively.

Eqn.{14}becomes:

2exp 2(a; — 15-)
b,d
p(alb.d) = 1_[ levz(@-T) o {15y

The maximization of Eqn.{15} is equivalent to the maximization of Eqn. {1}. Eqn.{15} is a
double exponential, and is considered a Fisher-Tippet (FT) distribution.

It is often easier to compute the log-likelihood of Eqn. {15} instead of direct calculation. This
is valid because logarithms are monotonically increasing, so that the logarithm of a function
achieves the maximum at the same place as the function itself. Eqn.{15} then becomes the

following objective function:

InL =1In (p(a|b d)) = Z In(2) +2(a —b)—21In (exp(Z(a] Ej)) +1) {16}

The maximization of Eqn.{16} is equivalent to the maximization of Eqn.{15}. The sum
calculation is performed over all pixels in the I by J template and block, giving a single FT
likelihood coefficient. This is then repeated for all blocks in the 4 by B ROIL. The block having
the FT coefficient with the maximum value is considered a match, and the displacement vector is
calculated. This process is then repeated for the next two frames, i.e. defining a template at x;,z;
in frame #+/ and calculating FT coefficients for all block the ROI in frame #+2.

Hybrid Method Based on Signal-to-Noise Ratio (SNR) using FT and SAD

This hybrid similarity measure employs two different metrics, and combines them together to
obtain a similarity score. It is based on the local speckle density in the ROI. For the local speckle
density to be Rayleigh distributed, the signal-to-noise ratio of the ROI must be evaluated, in
order to validate the use of Eqn.{16}. The instantaneous envelope-detected RF signal, in units of
its standard deviation, is commonly referred to as the signal-to-noise ratio (SNR), and is defined

as [151].
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snR =28
= 1B, an

Where: AB is the mean and AB, is the standard deviation of all the pixel’s intensities of the
ROl in the comparison frame.

For a Rayleigh distribution, the SNR was theoretically derived as 1.91 [151]. The B-Scan
intensities have been log-compressed, therefore the intensities in the B-Scan ROI were
uncompressed prior to calculating the SNR. If the SNR is below 1.91, which represents areas of
dense speckle, the FT metric given by Eqn. {16} is used as the similarity measure on the log-
compressed B-Scan data. If the SNR is above 1.91, the SAD measure given by Eqn. {3} is used.

Hybrid Method Accounting for Noise, using SAD and NCC

When examining sequences of B-Scan images where no tissue motion is present, it was
observed that the intensities at each location in the ROI vary as time progressed. This was mainly
due to non-stationary system noise or other imaging artefacts. Therefore, when analyzing two
frames of a moving tendon, the similarity measure used for computing a score may be plagued
by noise, which may lead to an erroneous interframe displacement value. In an ideal case, the
computed minimum similarity score represents the best match. However, with the presence of
noise, the true minimum score can be obscured within a range of scores, where the lowest
computed score may not represent the true location of the interframe displacement (Fig. 27).
Therefore, this hybrid measure employs a tolerance that includes blocks around the original
matching block. These blocks form a subset, in which all entries are considered as a possible
match. The tolerance value is calculated by using an image frame subtraction technique with data
taken prior to experimentation. In order to estimate the noise present in all images taken with the
ultrasound machine at the same settings, the frame subtraction technique is used to create an
intensity distribution histogram centered about its mean, and then this distribution is used to
evaluate the expectation value. In the first step, this technique uses a set of frames containing
stationary tissue, and then calculates the average frame difference, F,,,, for a single location
(x1,z;) in the ROI using:

Zk=1f1 — fi
— {18}

Favg (x1,71) =

Where: F' is the total number of sequential frames with stationary tissue, & is the frame

number, and f; - f; represents a subtraction of a single location’s intensities in the 4 by B ROL.
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2D View of SAD Coefficient vs X location vs Z location
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Figure 27: The second hybrid technique: this is a 2D view of a 3D surface plot from one interframe displacement
calculation, with the SAD coefficient vs x vs z location on the image. Usually, the block with the extrema coefficient
(minumum SAD in this case) is chosen as the match. Since there is noise in the images, a subset of potential matching

block is selected. These potential matches are located with an x,z coordinate lying within the minimum SAD value and the
tolerance value.

If there were no noise present at location (x;z;) in the frames with stationary tissue, Fq
would be zero. Since there is non-stationary noise present, an estimate of the noise at location
(x1,z;) for the & frame is obtained using:

D(x1,21)k = fr — Favg {19}

This process is repeated on each location in the (4 by B) ROI, in order to create a histogram
that is centered on its mean value. The histogram represents the probability density of the non-
stationary noise. Looking at this histogram, 2¢ is easily calculated, representing the most
probable value of the noise intensity. The expectation value, E, is calculated using Eqn. {20} and

the D(x,z) values within 2¢ on the histogram:

20
E= z D(x,z):p; {20}

Where: p; is the probability of D(x,z) occurring, and the summation of i is applied to the
D(x,z) values which lie within the mean value and 2o

In other words, the expectation value represents the most probable amplitude of the noise

intensity, or the error on every pixel’s intensity value in every frame. Using data obtained prior

to experimentation, the expectation value was determined as 2.2.
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In order to utilize the expectation value as a tolerance for determining the subset of potential
matches for an interframe displacement calculation, the expectation value is used as an upper
error bound on the calculated minimum SAD coefficient, using:

tolerance = min SAD + E(I]) 21

Where minSAD is the minimum SAD coefficient calculated by Eqn. {3}, E is the

expectation value (with a value of 2.2), and 1J is the number of elements in the block. (Recall,

each absolute difference |d; — E]-| in Eqn. {3} will now have an upper bound error given by E,
and 1s thus compounded 7 by J times in the summation giving a SAD coefficient).

The subset of potential matches now includes block which have SAD coefficients between the
minSAD value and the upper bound tolerance given by Eqn.{21}.

In order to determine which block represents the true interframe displacement within this
smaller subset, NCC is used as a secondary measure (Eqn. {4}). The block with the largest NCC
coefficient within this subset is considered a match, and then the interframe displacement is

calculated.

5.3.3 Estimating Cumulative and Total Displacement
The methods in Sections 5.3.1 and 5.3.2 describe the process to estimate frame-to-frame or
interframe displacement, between consecutive frames ¢ and ¢+/. In order to determine the next
interframe displacement, the previous process is repeated on the next set of consecutive frames
t+1 and ¢+2. The template block is now updated with the data from frame #+/ at location x,,z;.
This process can be visualized in Fig. 28 as a ‘stationary ROI technique’, whereby the

displacement through a gate located at x,,z; is estimated using a stationary ROI [179].
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Figure 28: The stationary ROI technique is demonstrated: (a) in frame 7, a template is located at x;z;. (b) In the next
image frame 7+1 a ROI is centered on the template, the matching block inside the ROI is found and the interframe
displacement is calculated. This process is repeated: (c) the template is located at x;z; in frame #+1,(d) the matching
block is found within the ROI in frame 7+2, and the interframe displacement is calculated.

Traditional tracking techniques will track a specific location on the tendon itself (represented
as a white circle in Fig. 28) as it displaces throughout the image sequences. However, in the
method used in this thesis, the template is always updated when the frames are incremented, and
is always located at x;,z;. This way, if the B-Scan had a small field-of-view, or if there was a
tracking mis-match at some place in its displacement, the remaining displacement estimations
would not suffer by compounding the error (temporal drift). This is in contrast to many speckle
tracking algorithms in the literature which track the same location on the tendon, as the tendon
displaces across consecutive frames.

In order to estimate the total displacement, the interframe displacements are added
cumulatively to obtain the total displacement from the entire excursion. Likewise, the cumulative
displacement can be plotted as a displacement versus time curve. As well, in order to estimate
the velocity at a given point in time, the data can be linearly extrapolated from the displacement
versus time curve. The velocity at a given point is the difference in displacement between two

adjacent points divided by their difference in time.
54 PROPOSED AUTO-LOCATION ALGORITHM

The previous speckle tracking algorithms outlined in Section 5.3, all place a template at
location x;,z; in frame ¢. However, a suitable value (position) for x;,z; must be determined in

some way. For example, a trained ultrasound operator could determine these coordinates by
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viewing several datasets containing the moving tendon. In fact, several commercial software
packages for ultrasonic elastography (tissue strain) rely on the trained operator to select the
template location and size, as well as ROI location and size [190,191]. Although the algorithms
presented in this thesis have clinical benefits for general tissue tracking, the motivation is to use
such algorithms to detect tendon displacement for prosthesis control. Thus, this necessitates the
development of an automatic technique to determine the ideal location x;z; within the image
frame, for the template. The auto-location algorithm would be used as an initial calibration step
in order to define the ideal tracking location for monitoring a tendon’s displacement. Since the
transducer is static relative to the arm, the auto-location algorithm can be used initially, and then
at occasional intervals, to ensure the tendon location is known with respect to the transducer. At
other times, only regular tracking as described in Section 5.3 takes place.

The auto-location technique used in this thesis, estimates the total displacement at many
locations in a sequence of image frames. When many discrete locations are chosen to estimate
the total displacement, a displacement field can be created. The resulting field represents the
estimated displacement at a given location on the tendon, for the tendon’s entire excursion. The
field can be graphically illustrated as a 2D view of a 3D colormap: with x-z locations on the x-z
plane, and the total displacement at each x-z point is shown as a colour-magnitude (Fig. 29).
Thus, the location with the maximum total displacement is defined as the ideal template location.

In order to create the displacement fields, the speckle tracking techniques described in Section
5.3, with the similarity measures SAD, FT and NCC, are used. The speckle tracking algorithm
for a given similarity measure is applied by first placing the template at a location in a large area
within frame ¢. The interframe displacements are then estimated by the previous technique using
a stationary ROI. When these interframe displacements are cumulatively added, the total
displacement for that location can be estimated. This entire process is then repeated for another
location within the large area on frame ¢, giving another total displacement estimation. This is
repeated for many locations, thus creating a displacement field. The location with the maximum
total displacement is defined as the ideal template location. Once the auto-location calibrating
procedure is completed, this location can be used for all future excursions, assuming the

transducer hasn't moved.
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Figure 29: An example of a displacement field from the middle finger FDS tendon total excursion. This plot is a 2D view
of a 3D colormap: with x-z locations on the x-z plane, and the total displacement at each x-z point is shown as a colour-
magnitude.

5.5 DETERMINING THE OPTIMAL PARAMETER SETTINGS FOR THE PROPOSED SPECKLE
TRACKING ALGORITHMS

The success of any speckle tracking algorithm itself depends on many parameters. Such
parameters include the similarity measure chosen, searching strategy, computational efficiency,
the size and location of the template and the ROI, the axial and lateral resolution, the frame rate
(temporal resolution), the velocity of the moving tendon, the plane of the moving tendon and
frame skipping. Most speckle tracking studies state their choices of algorithmic parameters, such
as template sizes and optimal searching strategies, but they frequently do not explain the
implications of such choices. For example, one study used the NCC similarity measure with RF
data, and investigated the parameters of: noise, bandwidth, stationary echoes, template size,
downsampling, interpolation and demodulation [176]. Another study, investigated the relative
performance of NCC and SAD on simulated RF data [172]. In general, a study is needed that
discusses the relevant parameters, or the effect of parameter choices using B-Scan image
sequences of tissue displacement. Also, many ultrasound machines are closed systems, and do
not allow for RF data access, thus necessitating further investigation into optimizing parameters

using B-Scan. Thus, this thesis investigates the effect of relevant parameters on tracking success
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when using B-Scan images of human tendon data. Important algorithmic parameters are first
introduced in Sections 5.5.1 to 5.5.5, and the effect of varying such parameters is shown using
experimental data in Chapters 6 and 7.
5.5.1 Similarity Measure
The choice of similarity measure is often application specific, depending mostly on
computational efficiency requirements, and the availability of open-architecture hardware to
have RF-data access. For instance, as described in Section 5.3.2, the Rayleigh measure can be
used for RF-envelope-detected data, and when the image is logarithmically compressed to
become a B-Scan, the Fisher-Tippet measure can be used. There are many permutations of
similarity measures and searching techniques seen in the literature. For instance, the SAD
similarity measure assumes that the speckle distribution is Laplacian, and this measure can be
used for its ease of implementation in hardware. This is because it has no square operations;
however, it can be more susceptible to noise [184]. SSD assumes the distribution of speckles is
Gaussian, and it has been shown in other studies to be more reliable than SAD [174,192]. This
measure penalizes large differences between the template and investigated block more heavily,
thus the block with the minimum SSD value is more easily found. NCC is a common similarity
measure because it overcomes uneven illumination and other issues, because this measure
removes local means [177-179]. When assuming the distribution is Rayleigh distributed (i.e. the
SNR of the image is <1.91), and direct uncompressed B-Scan or RF data is not available, the
Rayleigh similarity measure should account for the logarithmic compression by using the Fisher-
Tippet metric [151,175,181-183]. Other novel hybrid metrics developed in this thesis use FT or
SAD based on the SNR of the speckle data, or account for the non-stationary noise in the speckle
data by first considering a subset of potential matches found with SAD, and then using NCC as a
secondary measure to determine the ultimate matching block. The aforementioned similarity
measures are used for the experiments described in Chapters 6 and 7.
5.5.2 Searching Strategy
The searching strategy describes a technique whereby the template is compared to potential
blocks by a particular method, which may increase matching accuracy, or may reduce the
computational time. For the work proposed in this thesis, the potential matching blocks within a
stationary ROI in frame ¢+/ are individually compared to the template in frame ¢, using an

exhaustive search method. Although this can be computationally more intensive, it is generally
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more accurate than other adaptive sub-searching approaches [193]. There are other techniques
which optimize the searching strategy by hierarchical or pyramid searching [175,178]. It makes
use of a template and ROI that change size from coarse-to-fine. In the first iteration to determine
interframe displacement, a larger template is used and the matching block is found in the next
frame, as previously described. In the second iteration, the template size is reduced by half, and
the new matching block to this smaller template is found within an ROI centered on the previous
matching block. In the third iteration, the template is again reduced in size by half and the new
matching block is found within an ROI centered the previous matching block. This process is
illustrated in Fig. 30. The ROI is also decreased with each iteration. The hierarchical search
method proposed bin this thesis differs from the literature in a sense that the second and third
iteration is performed with a larger ROI that is centered on the previous match. This is in contrast

to others, who use the previous match size as the new ROI size.

Interframe
displacement
d

___________

_____________________

Templates in frame t

Matching blocks within an ROl in frame t+1

Figure 30: Hierarchical searching technique. In the first iteration to determine interframe displacement, a larger template
is used and the match is found in the next frame within a ROI. In the second iteration, the template size is reduced by
half, and the new match to this smaller template is found within a ROI centered on the previous match. In the third
iteration, the template is again reduced in size by half and the new match is found within the a ROI centered previous
match. The interframe displacement vector, d, is calculated as the difference in position between the smallest template in
frame ¢ and 7+1.

Another technique used in this thesis employs the stationary ROI method, whereby the
template is always located at x;,z;, and the ROI always encompasses this location. The use of a
stationary ROI technique is useful to overcome issues like temporal drift, which is the drift of the
cumulative displacement form its true value throughout time. If a stationary ROI is not used,
temporal drift can occur with a singular interframe displacement mismatch. This is because the
next interframe displacement calculation uses the previous match as the new template. If the
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previous match was incorrect, this mistake is carried through and tracking can be lost
completely.
5.5.3 Template size, ROI size and template location

The size of the template and ROI can affect the success of tracking. For instance, if the
template is too large, it may include regions of non-uniform motion. If the template is too small,
it is susceptible to noise and can cause ambiguity and mismatch. Furthermore, a small template
can contribute to an aperture problem. This issue can occur if a tendon has larger regions of
uniform grayscale intensity. In this case, as the tendon displaces across the field of view, it
moves through the ROI centered on the template, and thus the tendon can appear like it is not
moving. The size of the template chosen in frame ¢ is also the size of the blocks within the ROI
in the subsequent frame, #+1.

In terms of choosing the optimal size of the ROI, a large ROI may cause ambiguous matches,
as there is an increased chance of having several local extrema when calculating the similarity
measure. Also, a larger ROI is more computationally intensive. However, if the ROI is too small,
large tendon displacements between the frames may not be captured, causing mis-match leading
to poor tracking.

The template location at different points along the tendon in the B-Scan image sequence can
affect the success of tracking. Investigating the effect of changing the template location is
important since it is often observed that there are regions on the B-Scan sequences that have
enhancement or shadow artefacts. Placing the template near these regions may cause loss of
tracking. As well, although the majority of the tendon’s displacement is in the x-direction, the
tendon may shift in the y-direction during the image sequence. A linear array transducer can only
image displacement in a single plane (i.e. the x-z plane). Therefore, any motion in or out of this
image plane (into the y-direction) can cause tracking errors, because the template may not remain
on the tendon for the entire excursion when using the stationary ROI technique. This issue can be
mitigated by the initial use of a displacement field, in order to determine the optimal location for
estimating displacement for subsequent data sets (assuming the transducer is static). There are
other studies that attempt to rectify tracking loss due to out-of-plane shifts, by implementing
deformable mesh algorithms which quantify torsions in 3D from 2D ultrasound images

[194,195].
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5.54 Axial, Lateral and Temporal Resolution

As presented in Chapter 4, axial, lateral and temporal resolution are important imaging
parameters. Axial resolution (z-direction) is directly affected by the pulse length, while the
lateral resolution (x-direction) is affected by the beam width and scan line density, among other
factors. Poor resolution in either x- or z-directions can affect the success of tracking, because the
speckle pattern from the tendon may become indistinguishable from background tissue. Further,
image sequence frame rate (number of frames per second) is an important consideration for
speckle tracking in terms of temporal resolution. This is an important consideration when
tracking tendon motion with a particular displacement and velocity per frame. In particular, the
tendon velocity must not be too fast, and the frame rate of the B-Scan image capture must be
high enough such that the inter-frame estimated displacement is not too high. If the interframe
displacement was too high and was captured with a low frame rate, speckle decorrelation can
occur, causing matching errors.

5.5.5 Frame Skipping

The previously described speckle tracking technique described in Section 5.3 explains how
the template in frame ¢ is compared to the blocks in the next frame in 7+/, to estimate interframe
displacement. Since every ultrasound imaging system is different, the resolution may not be
sufficient to detect small interframe displacements. This is a function of the system’s frame rate
and lateral resolution, as well as the tendon’s lateral displacement and velocity. For instance, if
the system’s frame rate is high, the lateral resolution is coarse, and the expected interframe
displacement is small, the algorithm may not detect any tendon displacement. One way to
mitigate such issues when estimating interframe displacement, is to skip frames when comparing
the template to the potential blocks in the ROI, i.e. by comparing the template in frame ¢, to the
blocks in frame t+k, where k is an integer. The assumption using frame skipping is that the
speckle does not decorrelate to much between frames ¢ and ¢+, and that the velocity is constant
(the displacement is linear) in the interval between frames ¢ and ¢+k. Thus, this necessitates the
development of a technique which can determine the optimal frame skipping number, k. This
thesis proposes a novel technique in order to determine the optimal frame skipping number, £, in
terms of the expected lateral displacement per frame, the system’s frame rate and lateral
resolution. The lateral resolution, R;, is where the majority of the displacement is occurring, and

is obtained by calibration studies in which an object of known dimensions is placed between gel
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pads under the transducer. This way, the mm/pixel ratio can be estimated, giving R;. The
expected lateral displacement per frame, ¢, can be determined by the experimental set-up. The
expected total lateral displacement, dr, can be given by the encoders from the motors, or by using
biomechanical models such as the previously described Landsmeer models from Section 5.2. The
frame rate, FR, is usually given by the ultrasound machine’s GUI, or within the file header. The
FR and expected total lateral displacement together are used in order to obtain an estimate of the
expected lateral displacement per frame, ¢. This is achieved by using Eqn. {22}, and assuming

the velocity (given by dr and T, or by the encoders/biomechanical models) is constant.

dr 1
E=T'mR {22}

T FR
Where: dr is the expected total displacement, T is the total time and FR is the system’s frame
rate. The expected lateral displacement per frame, ¢, is in units of mm/frame.
If the lateral resolution is coarse, and ¢ is small, the speckle tracking algorithm may not be
able to detect any interframe displacement. Thus, by comparing frames ¢ and #+k, the expected

displacement (in the x-direction) in k frames becomes k-¢. This thesis proposes an empirical

method using data from Chapter 7, and introduced a constant, y, in which:

R’ = 23}
Where £ is the frame skipping number, ¢ is the expected lateral displacement per frame, R, is
the lateral resolution and y is the empirically derived constant.

Thus, rearranging Eqn.{23}, the ideal frame skipping number for subsequent data sets is

estimated as:

YRL
k= —
- 24
5.6 PROPOSED SPARSE QUAD-ARRAY TRANSDUCER DESIGN

This thesis proposes a tracking system for monitoring multiple tendons simultaneously, to
allow for multi-DOF prosthesis control. Therefore, an ultrasound transducer that can perform this
task is needed. Commercially available linear array transducers can image a single 2D plane of
tissue, and are suitable for imaging a single displacing tendon. Other commercially available
transducers, such as 4D or matrix transducers which were described in Section 4.2.1, either have
a low frame rate (and reduced resolution), require powerful processors, or can be very expensive.
Other researchers use a sparse matrix array, which has an altered firing sequence and
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electronically deactivated elements in order to improve computational efficiency [196-198].
Sparse-matrix sparse arrays are still limited by their complexity, both by hardware and software
requirements, since they require powerful processors. The motivation of the thesis is to use the
tracking system with future hardware that has the potential to be miniaturized, thus commercial
4D/matrix systems cannot be used.

To facilitate the ability for multi-tendon tracking, an alternative hardware solution that can
monitor several tendons simultaneously, has been developed in the form of a custom sparse
quad-array transducer (US Patent filing # 14058022, Oct.18, 2013). The proposed sparse quad-
array design has been developed to be compatible with the Ultrasonix Touch Research open
architecture ultrasound machine (Ultrasonix, Richmond, BC, Canada) [199]. This is so that the
128-channel beamformer within the Ultrasonix Touch Research can still be used, along with the
system’s proprietary software development kit (SDK). The custom sparse quad-array transducer
presented in this thesis is a completely new concept. The proposed quad-array transducer design
is a 10 MHz frequency linear array transducer, and is custom fabricated to our requirements by
Blatek (State College, PA, USA), and is compatible with the Ultrasonix machine (Fig. 31). The
quad-array transducer has four 32-element sub-arrays in parallel, spaced 3 mm apart (Fig. 32).

As observed in (Fig. 32), elements 32 and 33 are not located adjacent to each other. In a
conventional linear array, elements 32 and 33 are side by side, and so the moving aperture and
firing sequences are not interrupted at this location. However, in the new quad-array, since these
elements are no longer side-by-side, custom software was written to redesign the firing sequence
and aperture size, using the SDK provided by Ultrasonix. The custom software was written by
LJB Development, Inc. (Fort Mitchell, KY, USA), which provides custom ultrasound software
development. This software is comprised of two parts. Firstly, as with the linear array, the
elements for a given sub-array are programmed to activate in groups, forming an aperture. There
are a limited number of elements per sub-array; hence a variable aperture is used so that the field
of view would not be reduced further. Recall, an aperture of active elements in transmission
produces a single scan line, as described in Section 4.3.1. Thus, if a 32-element sub-array
implemented a fixed-size aperture for all active groups in transmission, the end elements would
reduce the side portions of the image. Therefore, if the aperture is tapered at the end elements,
the field of view will not be reduced, as there are scan lines producing the side portions of the

image). As well, since the end elements (i.e. element 32 and 33) are no longer side by side as
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previously described, the aperture must be tapered at the ends of a given sub-array so that
elements from the adjacent sub-array does not contribute to the formed soundwave beam.

A second feature of the custom software is the front end GUI, which was designed to suit this
work by displaying the B-Scan image sequences from all sub-arrays simultaneously. The GUI
allows for user controls in order to change the focus depth, scan line density, power and gain.
Also, beamformed RF and B-Scan data can be saved and exported into Matlab 2012b
(Mathworks, USA).

Figure 31: Novel sparse quad-array design. (a) The quad array is placed on the user’s palmer-side wrist area, in order to
collect tendon displacement signals from four separate x-z planes. (b) Underside view of quad-array.
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Figure 32: Novel sparse quad-array design. The quad array is placed on the user’s palmer-side wrist area, in order to
collect tendon displacement signals from four separate x-z planes. Each sub-array consists of 32 elements, spaced 3 mm

apart.
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CHAPTER 6:

EXPERIMENTAL OBJECTIVES AND METHODOLOGY

6.1. EXPERIMENTAL OVERVIEW AND METHODOLOGY

The experiments performed in this thesis are designed to verify the proposed techniques in
Chapter 5, as well as to verify the deliverables outlined in Chapter 1. Thus, the verification
experiments include a standard reference, whereby a known motion value can be used as a gold
standard and be compared to the values estimated by the tracking algorithms, for validation.
Validation can be achieved by comparing the estimated displacement given by the ultrasonic
speckle tracking technique to the actual displacement taken place. This can be accomplished by
using simulations, medical phantoms, cadaver materials or humans, in which the tendons are
accessible in order to determine the standard reference displacement. Cadaver materials and
human subjects present a more realistic test-bed in comparison to using simulations and medical
phantoms. Thus, the experimentation in this thesis uses cadaver material and human subjects

undergoing surgery with exposed tendons, in order to validate the proposed techniques.

In total, five major experiments were conducted in this thesis, as described in Sections 6.2 —
6.6. Experiment 1 is a preliminary study at the University of British Columbia’s Life Science
Laboratory, in which a single human cadaver tendon is coupled to a mechanical system in order
to produce joint articulation and tendon excursion, using novel mechanical hardware. As well,
the data collected is used as an image library in order to further develop the speckle tracking
techniques. Experiment 2 uses the knowledge gained from Experiment 1, and further validates
the speckle tracking techniques using humans undergoing carpal tunnel release surgery at the
Royal Jubilee Hospital. This provides a unique and ideal data-set for single tendon tracking, in
that humans represent the most realistic test-bed. Experiments 3 through 5 are performed over a
four-day data collection period at the University of British Columbia’s Life Science Laboratory.
Experiment 3 uses improved ultrasound hardware, as well as a new electro-mechanical test-bed
apparatus coupled to a human cadaver tendon. It allows for further development and validation
of the speckle tracking technique for tracking single tendons on a cadaver hand. Experiment 4 is

designed to validate the new sparse quad-array design, using the new electro-mechanical test-bed



hardware in order to actuate multiple cadaver tendons simultaneously, and to collect multiple
image sequences from each sub-array. Experiment 5 uses the electro-mechanical test-bed
hardware with the improved ultrasound hardware, or with the new quad array, from Experiments
4 and 5 respectively. The motivation is to determine the minimum detectable displacement, or
onset of displacement, as well as the minimum displacement needed to auto-locate a tendon.
Together, Experiments 1 through 5 provide validation for the proposed techniques and
deliverables of this thesis, aimed at providing a novel solution towards improving prosthetic

control.

6.2. EXPERIMENT 1: PRELIMINARY CADAVER-BASED STUDY TO OPTIMIZE
EXPERIMENTAL SET-UP

6.2.1. Introduction

The motivation of this preliminary study is to develop electro-mechanical hardware to couple
and actuate a single tendon of a human cadaver, and also to obtain a library of B-Scan ultrasound
cine loops of single tendon excursion. Such libraries of B-Scan data are used to further develop
the tracking software in order to obtain estimates of interframe and total displacement. The
hardware design involves the development of a standard reference system which couples to the
middle finger’s FDS tendon on a cadaver hand. As well, the standard reference system actuates
the tendon by a known displacement, velocity and acceleration by means of a single stepper
motor with a built-in controller. Further design requirements involve the development of two
holders, one for the transducer and one for the cadaver material. These holders will keep the
respective parts static. The image libraries obtained will be used to develop the SAD speckle
tracking algorithm. This study has been approved by the Dept. of Cellular & Physiological
Sciences, Body Donation Program, Life Sciences Centre at the University of British Columbia,

(approval #: W0137).
6.2.2. Set-Up

The hardware set-up is comprised of: (a) an actuation system, (b) a tendon coupler, (c) a
cadaver stabilization system, and (d) a transducer assembly, as shown in Fig. 33. Other
components include a PC, ultrasound machine, and a standard linear array transducer, as shown

in Fig. 33, label (e). Given the highly individualistic nature of hand dimensions, the apparatus is
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designed to be used with a variety of hand sizes, using the average values from Table 1 (Chapter
2). The actuation system provides the standard reference, against which the estimated
displacements given by the speckle tracking technique can be compared. The actuation system is
comprised of a stepper motor, which spins a lead screw to produce the linear motion of an x-
stage. The motor is programmed to rotate by a known amount and speed, with a known motion
profile. As the motor turns the lead screw, the x-stage displaces with this known motion profile,
thus providing the standard reference. The tendon coupler is attached to the x-stage and also
attached to the tendon, thereby making tendon actuation possible. The ultrasound transducer and
the cadaver hand are separately fixed and grounded in a static position. The transducer is placed
on the cadaver wrist area with ultrasound gel in-between, overtop of the middle finger’s FDS
tendon on intact skin. The ultrasound system will record a sequence of B-Scan frames and
combine them into a cine-loop. The tendon displacement estimated by the developed speckle
tracking technique using the cine-loop, can be compared to that of the standard reference motion
profile to provide verification of the proposed technique. A further description into the apparatus

components are as follows:

Figure 33: The hardware set-up is comprised of: (a) an actuation system with and x-stage and linear stepper motor (not
shown), (b) a tendon coupler, (c) a cadaver stabilization system, and (d) a transducer assembly. Other components include
a PC, ultrasound machine, and a standard linear array transducer, as shown in (e).
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a) Actuation System

As shown in Fig. 33, label (a), the actuation system is comprised of a linear stepper motor
(model CRK 569BKP, Oriental Motor USA Corp.), which drives a 16 mm lead screw (4 start, 4
mm pitch, NSK). As the lead screw turns, an x-stage platform actuates with a programmed
motion profile. This system constitutes the standard reference, whereby the programmed motion

profile gives the known value of displacement, velocity and acceleration.
b) Tendon Coupler

Tendons, being biological materials, present an inherent difficulty for coupling to mechanical
equipment. Hooks, and other piercing hardware, may tear the tendon at the point of attachment,
while the tendon is being actuated. A novel tendon coupling system is developed, which is
comprised of two plates lined with a rough material, which encompasses the tendon (Fig. 33
label (b), and Fig. 34). For this preliminary study, the outer plates are made from %~ wood
pieces, and the inner rough lining material is coarse-grit, non-slip tape normally used on stairs
and skateboards. When the tendon is compressed in-between these lined-plates by bolts and
wing nuts, the tendon will not slide out or tear when being actuated with forces at physiological
levels. For the flexor tendon, a longer tendon coupler is designed such that it has sufficient

clearance when it’s bolted to the x-stage.

Figure 34: A novel tendon coupling system is comprised of two 4” wood plates lined with a coarse-grit tape material,
which encompasses the tendon. When the tendon is compressed in between these lined-plates by bolts and wing nuts, the
tendon will not slide out or tear when being actuated with physiological forces.

After the flexor tendon is actuated in flexion, it must return to its initial position by being

actuated in extension. This is achieved with the use of a counter-weight on the extensor tendons

(Fig. 35). A smaller tendon coupler is designed for the extensor tendons, which attaches the
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tendon to a string-pulley-weight system. The 200g weight provides sufficient tension so that the

finger (and flexor tendon) can safely return to its natural position.
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Figure 35: A close up view of the extensor-pulley system, consisting of the pulley and string (shown) and the extensor
coupler (not shown) and weight (not shown).

¢) Stabilizing the Cadaver Hand

The cadaver hand must be rigidly fixed to ground in order to collect useful tendon
displacement data. This is to ensure the bone and non-tendon tissue remains stationary with
respect to the transducer, which is also rigidly fixed to ground. It is possible to restrain the
cadaver hand in various ways: such as using exterior hand straps, or by bolting the bones directly
with fixture screws, or by fixing the bones with clamps. In considering these approaches, exterior
hand straps may not fix the hand entirely, as they would allow for soft tissue motion if they
weren’t tight enough. As well, if the straps were too tight, the tendon may not glide in a natural
manner. Likewise, bolting the bones requires expertise and specialized equipment so that the
fragile bones will not break, when the cadaver hand is subjected to forces. An alternative
solution is developed which uses a custom clamping system (Fig. 33, label (c)). This system is
comprised of off-the-shelf vice clamps which have been altered so that they can be rigidly fixed

to specialized blocks. This way, small incisions can be made into the hand along the metacarpal,

3
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radius and ulna bones, and the clamps can easily be inserted within the opening, and then grip

the bones at these locations. This achieves a rigid hold on the bones of the hand at four points.
d) Transducer holder

In order to collect images containing just the moving tendon, the transducer must also be
fixed to ground. Since hands are highly individualistic, a custom transducer assembly is
developed in order to allow for adjusting the transducer’s spatial position in height, width, as
well as its rotation (Fig. 36). The entire apparatus can be slid to any location on the worktable.
The transducer itself is held in place by a custom end-holder, which is connected to a telescoping

bar that grasps the transducer with set-screws.

Figure 36: The custom transducer assembly consists of a telescoping and rotational bar which holds the transducer and
allows for adjustment. As well, the transducer may be adjusted in height, as indicated by the arrows.

e) The Ultrasound System

The ultrasound system used in Experiment 1, comprised of a commercial 128-element 12
MHz linear array transducer and compact B-Scan ultrasound machine (LogicScan 128, Telemed,
Vilnius, Lithuania). The LogicScan scanner is a stand-alone system that transmits and receives

sound waves with the linear array transducer, processes the signal, and displays the B-Scan on a
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PC via USB. Using a PC, Telemed’s onboard software (EchoWave II) can be accessed for

displaying purposes. The ultrasound settings are found in Table 3.

TABLE 3: SETTINGS ON THE LOGICSCAN ULTRASOUND SYSTEM FOR EXPERIMENT 1

Property Value
Frame Rate 40 fps
Depth 20 mm
Dynamic Range 80
Power 55 %
Gain 80
Frequency 12 MHz
Line Density High
Frame Average 3
Rejection 11
Image Enhancement 4
PC Asus, Windows 7, 15 Intel Core

) The Cadaver Material

This experiment requires a fresh, un-embalmed cadaver hand with the wrist and forearm
intact. By intact, it is meant that there are no lacerations, injuries, or previous experimentation.
Generally, cadaver material is embalmed in formaldehyde to preserve it for multi-use purposes.
Unfortunately, the embalming process makes the tissue and joints highly rigid, and hence ruins
the natural mobility of the fingers and hand. In such circumstances, the body donation program
has some donor material that is allowed to go through rigor mortis process after the donor is
deceased, and is then frozen-fresh, and remains frozen until required for experiment. Prior to
arrival at the University of British Columbia Life Science laboratory, the hands were thawed.
The use of fresh-frozen hand cadaver material is highly time sensitive, since fresh material with

decompose to various levels within 12 — 72 hours.
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6.2.3. Experiment Protocol

Upon arrival at the University of British Columbia Life Science laboratory, the hardware
described in Section 6.2.2 is set-up onto a table. The cadaver hand is prepared by the usual
protocol, which involves thawing and removal from the body. The hand is then dissected by Kurt
McBurney, an Instructor an Anatomist from the University of Victoria. He dissected the hand in
order to expose the middle finger’s FDS tendon, as well as the opposing extensor tendon and the
bone-clamping locations. The extensor tendon is attached to a tendon coupler, which in turn is
connected to the string-pulley-weight system. The flexor tendon is attached to the larger tendon
coupler, which is fixed to the x-stage actuation system. The hand metacarpal, radius and ulna
bones are then clamped to their respective vice assemblies, which are fixed to ground. The

transducer assembly is set up and adjusted for optimal placement.

Before collecting any data, the transducer must be properly positioned so that the images
contain the displacing tendon. Optimal positioning of the transducer is done by actuating the
tendon and viewing the images for quality. Once the proper position of the transducer is
established, the tendon is actuated with a peak velocity of 15 mm/s and with a total displacement
of 15 mm. For this motion profile, the x-stage actuates the tendon back and forth seven times,
creating a seven-cycle motion profile (Fig. 37). The B-Scan image sequence is saved as an .avi
file for later retrieval. At a later date, the data in .avi format is imported into Matlab
(MathWorks, USA). The SAD speckle tracking algorithm described by Eqn. {3} in Chapter 5, is
then developed using the obtained cine-loop libraries containing the collected B-Scan tendon
data. The speckle tracking algorithm developed using the data from this experiment employs the
SAD similarity measure with the stationary searching region, along with the parameters shown in
Table 4. The template tracking location on the tendon is chosen by reviewing several cine-loops
and visually determining an optimal placement. The interframe displacement is estimated using
Eqgn. {3}, and then added cumulatively to create a displacement versus time curve, in units of
mm. This is achieved by converting the estimated displacement in units of pixels, into mm by
using a conversion factor. The conversion factor is a function of the lateral and axial resolution
as well as the compression of the B-Scan images into an .avi file. Using the same machine

settings in Table 3, the conversion factor between pixels and mm is found by placing a known
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object (a 4-pin connector) in between gel pads (Aquaflex, Cone Instruments), and collecting B-

Scan images (Fig. 38).
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Figure 37: Sample motor profile, for peak velocity = 15 mm/s and total displacement = 15 mm. As illustrated, the positive
profile refers to when the tendon excursion is in flexion, followed by a 0.25 second wait time, then the negative profile
occurs when the tendon is in extension. This is repeated, creating four flexions and three extensions.

TABLE 4: PARAMETERS USED FOR SPECKLE TRACKING

Property Value
Similarity Measure SAD
Searching Technique Stationary search
Template Size (x by z) =30 by 15 pixels
ROI Size (x by z)= 70 by 26 pixels
Template Location (X1,21) =(555,124)
Resolution Conversion Factor 0.03825 mm/pixel
(axial and lateral)
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Figure 38: A calibrating 4-pin connector is used to determine the mm/pixel conversion factor. (a) the physical length is
7.53 mm, and (b) the B-Scan image showing the same measurement is 197 pixels, thus giving a conversion factor of
0.03825 mm/pixel.

6.3. EXPERIMENT 2: HUMAN-BASED STUDY TO ESTIMATE SINGLE TENDON EXCURSION

6.3.1. Introduction

The aim of this experiment is to further develop the proposed ultrasound-based method of
estimating the instantaneous and total displacement of a single tendon. This experiment uses
human volunteer patients, during their regularly scheduled carpal tunnel surgeries. The
ultrasound-based tendon motion estimation is directly compared with the actual tendon
displacement in the hand, since the volunteer’s tendons are surgically exposed in the open palm.
By video recording the motion of the exposed flexor tendons, commercial video tracking
software can be used in order to provide the standard reference displacement. In this way, the
experimental set-up provides a direct displacement comparison in the most realistic anatomic
setting, in contrast to other work which uses simulations and phantoms. This study underwent a
full ethics review from both the Vancouver Island Health Authority and the University of
Victoria Research Ethics Board (Ethics No. C2012-27). Patients who were pre-scheduled for
carpal tunnel release surgery at Royal Jubilee Hospital were recruited and individually signed
consent forms for this study weeks in advance of the data collection period. The patient
volunteers consisted of six patients: four females and two males, all requiring carpal tunnel

release in their hands. They are otherwise healthy individuals with relatively normal tendon
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displacement. Only the data from two of the females and one of the males are used for this study.
One female patient did not want to participate. In another instance, the reference from a female
data set did not record, and cannot be used. Also, one of the male’s flexed with a very fast rate
of speed and the resulting B-Scan cine loops are not of high quality.

Using the same LogicScan ultrasound system described in Experiment 1, B-Scan images are
collected with the 12-MHz transducer placed proximal to the wrist. Using this image sequence
data of the moving tendon, the speckle-based tracking algorithms described in Chapter 5 are
investigated, using FT, SAD and SSD as similarity measures. The previously described
stationary searching technique is employed in order to minimize temporal drift errors. As well, a
subset of data obtained from this experiment is also used to demonstrate the importance of
parameter selection, as described in Chapter 5, Sections 5.5.1 — 5.5.4. The parameters
investigated are: (a) additional similarity measures (NCC and the two hybrid metrics described in
Chapter 5), (b) searching without a stationary ROI, (c) hierarchical search, (d) template location,
(e) template and ROI size, and (f) frame rate (temporal resolution). The effect of frame skipping
(Section 5.5.5) is discussed in Chapter 7.

6.3.2. Set-Up

(a) Equipment

The LogicScan ultrasound machine previously described in Experiment 1 is used to acquire
consecutive B-scan images of the moving middle finger’s FDS tendon. The ultrasound machine
settings used for data collection, are listed in Table 5. For this experiment, a different laptop is
used which cannot acquire images at a high frame rate, even though it has the same
specifications as the one used in Experiment 1. In order to minimize computational load, the
frame averaging is turned off, thus improving the frame rate to 20 fps. All other settings as used
in Experiment 1, are used for this experiment. The consecutive image frames are saved as a cine
loop in an uncompressed (.avi) format, to improve the lateral resolution for speckle tracking.
This is because the compression affects the mm-to-pixel conversion factor, as described in
Experiment 1. The microscope video camera (Karl Zeiss OPMIO 700, Jena, Germany) is
installed equipment in the hospital operating room, and acquired video frames at 59 fps, which

are saved directly to the .mp4 format with an image size of 1920 x 1080 pixels.
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TABLE 5: SETTINGS ON THE LOGICSCAN ULTRASOUND SYSTEM

Property Value
Frame Rate 20 fps
Depth 20 mm
Dynamic Range 80
Power 55 %
Gain 80
Frequency 12 MHz
Line Density High
Frame Average 0
Rejection 11
Image Enhancement 4
PC Asus, Windows 7, 15 Intel Core

(b) Preparation of patients and sites

Before the experiment, the patient is prepared for the carpal tunnel surgery in the hospital
operating room (OR). The preparations include disinfection of the surgical site on the patient,
intravenous anesthetic and local anesthetic. During preparation, the patient is lying on her or his
back, with their arm extended on a platform, with the hand palmer side up, as illustrated in Fig.
39. During these preparations, the data collection process is explained to the patient, which
includes the verbal command to flex and extend the middle finger. The verbal commands are
practiced with the patient along with the flexion/extension speed, for about 1 to 2 minutes. The
FDS tendon is then located within the arm by placing the ultrasound sensor proximal to the
patient's wrist. The patient is then asked to flex and extend as he or she had done previously,
while the ultrasound screen is monitored to find an optimal placement position for the transducer.
This location is marked with ink. This procedure is done just before surgery in order to: (i)
explain our process to patients, (ii) train them before they are heavily anesthetized, and (iii)
minimize the time needed to explain procedures once the surgical site in the palm is opened.
Next, the microscope video camera is positioned over the surgical site by the OR nurse (Fig. 39),

and the video recording is started.

&3



Figure 39: Equipment setup. (a) Microscope video reference. (b) Ultrasound transducer. (c) xz field-of-view plane of the
ultrasound transducer. (d) xy field-of-view plane of the microscope video reference.

Next, a surgical screen is implemented by OR nurses to separate the ultrasound sensor site
proximal to the wrist from the open surgical site in the palm (Fig. 40, label b). The surgeon, Dr.
Slobodan Djurickovic, then begins the carpal tunnel surgery by making an incision in the palm
on the hand and exposing the middle finger's FDS tendon with the aid of self-retaining retractors.
The surgeon then places three ink dots on the tendon and dots on the surrounding stationary
tissue (Fig. 40, label c). Next, the surgeon places a sterile ruler alongside the tendon, which is
recorded in the microscope video data. The ruler is later used to obtain the correct dimensional

scale of the tendon displacement in the video, as described in the next section.
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Figure 40: Palmer view of the hand. (a) Ultrasound transducer location. (b) Surgical screen location. (c) Incision area, in
which is the exposed flexor digitorum superficialis (fds) tendon with three marker dots. An additional marker dot is
placed on adjacent stationary tissue.

6.3.3. Experiment Protocol

(a) Patient instruction

Although patient is heavily sedated, she or he can follow simple commands such

as “close” and “open” when instructed to do so, at approximately the speeds practiced earlier.
Next, the ultrasound transducer is placed onto the ink-marked location that was determined in the

previous section. The patient is then instructed to “open” and “close” (flex and extend) the finger,

to assess if the ultrasound transducer is placed in the correct location.

(b) Data collection and processing

On verbal command, the patient is asked to flex and extend the middle finger five times,

hence displacing the middle FDS tendon five times in both directions. The flexion/extension data
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set only contains five excursions (flexion/extension) for each patient, due to the short window of
opportunity for data collection. Once the patient finishes the required flexions and extensions,
the ultrasound transducer is removed and the microscope video recording is stopped and saved
onto USB memory. The ultrasound data is also saved as an uncompressed .avi file. This data
collection process is repeated for all patients who volunteered for this study. Off-line at a later
date, the ultrasound .avi files are imported into Matlab for analysis. Each patient's ultrasound
data set is processed by the SAD (Eqn. {3}, c=1), SSD (Eqn. {3}, c=2) and FT (Eqn. {25})
speckle tracking algorithms. The tendon's flexion and extension on the microscope video files
are imported into Kinovea software (Version 0.8.15), which is used to track the ink dots on the
exposed tendons. Additionally, a sample set of microscope videos are manually tracked to verify
Kinovea tracking. To validate the ultrasound speckle tracking technique, the displacements
estimated by speckle tracking are compared with the displacements given by the microscope
video. To accomplish this, the millimeter-to-pixel conversion factors for both the ultrasound data
and microscope video data are calculated. For the ultrasound data, this is accomplished by
placing the 3-pin connector of known dimensions, as shown in Fig. 41, between gel pads and
acquiring B-scan images using the same settings which are used in the patient trials. The
millimeter/pixel conversion factor for the microscope video is determined by analyzing video
frames that contained the ruler that was placed by the surgeon alongside the tendon in the palm.
Additionally, there were times when the microscope's video appeared to be shaking. This was
due to either actual microscope camera motion, or to patients' slightly rotating their wrists. Either
way, this extra unwanted motion is accounted for, by tracking the displacement of a known
stationary point on the hand (Fig. 40, label c) and subtracting that motion from the tracked
tendon displacement. The parameter settings for speckle tracking as well as the video reference

are listed in Table 6.

86



Ul
o
(0]
3
i

182 pixels

tIIIIIIIIIIIIIIIIII

8 202020 TTEE s
_«IE R R -
— T e e
el
)y 2 2020202020222 e
- - T T T T .,
- - - = = = = —
J R Pl e P PR M TS s S
| T T S e S R
| A L T A T T
.- @ @ @ @@ @ —
- - - - = -
— 0020202020202

-

—_
Q)
-

Figure 41: A calibrating 3-pin connector is used to determine the mm/pixel conversion factor. (a) the physical length is
5.08 mm, and (b) the B-Scan image showing the same measurement is 182 pixels, thus giving 0.0279 mm/pixel.

TABLE 6: PARAMETERS USED FOR SPECKLE TRACKING

Property Value
Similarity Measure SAD, SSD, FT
Searching Technique

Stationary search

20 by 20 pixels

Template Size (x by z)
ROI Size (x by z2)

Patient 1: 75 by 20 pixels
Patient 2: 75 by 30 pixels
Patient 3: 50 by 20 pixels

Template Location (x;,z;) Patient 1: 787, 281

Patient 2: 675,160
Patient 3: 458, 259

Resolution Conversion Factor (lateral and axial)

B-Scan

0.0279 mm/pixel
Patient 1: 0.0336 mm/pixel

Video Reference

Patient 2: 0.0367 mm/pixel
Patient 3: 0.1830 mm/pixel

87



(¢) Determining optimal parameter settings for speckle tracking

As outlined in Chapter 5, the choice of parameters used for speckle tracking can greatly affect
the tracking accuracy and computational load, and should be considered in detail. Using a sub-
set of data from Experiment 2, a parameter investigation study has been done in this thesis, to
study the effect of changing the parameters to optimize the speckle tracking algorithms. The
parameters investigated are: (a) additional similarity measures, (b) searching without a stationary
ROI, (c) hierarchical search, (d) template location, (e) template and ROI size, and (f) frame rate

(temporal resolution).

This optimal parameter study makes use of a sub-set of data from this experiment, along with
the FT, NCC and two hybrid similarity measures outlined in Chapter 5. The FT similarity
measure is used for comparison, since it performed well for previous data sets. The sub-set of
data used in this study are the first patient’s 1%, 2" and 6" flexion, and the second patient’s 2"
flexion. Patient 1’s flexions are considered ideal, where the ideal flexions consist of motion data
in which the patients flexed their finger with slow to moderate speed, in a smooth trajectory. By
this definition, patient 2’s flexion is considered non-ideal, resulting from high flexion speed,

coupled with a low frame rate of the ultrasound machine.

For Part-1 of the parameter study, parameter (a) is investigated. The results of the different
similarity measures (FT, NCC and the two hybrid measures) are evaluated for tracking accuracy,
computational load, and robustness by comparing the difference in total displacement to the
actual displacement. Additionally, the parameters for template size, ROI size, stationary search

method, location and resolution conversion from Table 6 are used.

For Part-2 of the parameter study, all four similarity measures from Part-1 are used to
demonstrate the effect of changing the algorithm parameters. The parameters include: searching
strategy ((b)searching without a stationary ROI, and (c) hierarchical search), (d) template
location, (e) template and ROI size, and (f) the frame rate. These parameters are individually
applied to an ideal data set from Part-1 (patient 1, flexion 2), in order to demonstrate the direct

effect of each change.

For (b), the searching strategy which uses a non-stationary ROI is investigated. The
parameters in Table 6 for the template location, template size, ROI size, and resolution, are used.
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For (c), hierarchical search strategy is investigated. The hierarchical search makes use of a
template and ROI that change size from coarse-to-fine. In the first iteration to determine
interframe displacement, a larger (24 by 24 pixels) template is used and the match is found in the
next frame, as before. In the second iteration, the template size is reduced by half (/2 by 12
pixels), and the new match to this smaller template is found within an ROI centered on the
previous match. In the third iteration, the template is again reduced in size by half (6 by 6 pixels)
and the new match is found within an ROI centered the previous match. The ROI is also
decreased with each iteration; from 54 by 32 pixels for the first iteration, to 32 by 32 pixels for
the second iteration, and then to 26 by 26 pixels for the last iteration. The other parameters are

the same as in Part-1.

For (d), the effect of changing the template’s location is investigated. The template locations

investigated are: (x,,z;)= (658,232), (787,281), (415,315), (1007,291).

For (e), the effect of changing the template and ROI size is investigated. A smaller template
(10 by 10 pixels) and a larger template (30 by 30 pixels) size are used. The ROI size and other
parameters are the same as in Part-1. Also for (e), the ROI sizes of 40 by 35, and 80 by 35 are

investigated, while keeping the template size and location the same as in Part-1.

For (f), the effect of low frame rate on the displacement estimate is investigated by lowering
the frame rate to 10 fps, in comparison to the reference. (This is the same as frame skipping by
k=2). The ROI in this section is increased to 90 by 32 pixels, because a smaller ROI would not

catch the larger interframe displacements. All other parameters are the same as in Part-1.

6.4. EXPERIMENT 3: CADAVER-BASED STUDY TO ESTIMATE SINGLE TENDON
EXCURSION

6.4.1. Introduction

Experiment 3 is based on the earlier preliminary experimentation (Experiment 1) in which a
linear array collects sequential B-Scan images of a singular moving cadaver tendon. Based on
previous knowledge from Experiment 2, the speckle tracking algorithms are further developed to
improve interframe and total displacement estimations. As well, the ultrasound hardware is
upgraded to a higher resolution research-based system. Also, this experiment used improved
hardware that couples to and actuates the tendon, thus providing an improved standard reference.
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Experiment 3 is the first part of a four-day data-collection period, in which tendon excursion data
is collected from two cadaver hands. This study has been approved by the Dept. of Cellular &
Physiological Sciences, Body Donation Program, Life Sciences Centre at the University of

British Columbia, (approval #: W0196).
6.4.2. Set-Up

The design of this hardware set-up is inspired by that used in Experiment 1; however, it
differs in a number of ways. The Experiment 3 hardware consists of: (a) a multi-tendon actuation
system, (b) tendon couplers, and (c) a cadaver stabilization system, as shown in Fig. 42. Other
components not shown in Fig. 42 include a computer, the controller and stepper motor drivers,
and an Ultrasonix Touch ultrasound machine with a 10 MHz linear array, mounted within the
custom transducer holder from Fig. 36. As with previous experiments, the importance of the
actuation system is to provide a standard reference of known motion (produced by the precise
motion of the motors), against which the estimated displacements given by the speckle tracking
technique can be compared. The actuation system is comprised of three linear actuators, which
each consist of a stepper motor with an integrated lead-screw that creates precise linear
displacement. The motors are connected to motor drivers, which connect them to a controller,
which is in turn connected to the computer. A given motor is programmed to displace by a
known amount, with a known motion profile. As the motor turns, the linear actuator displaces
with a known motion profile, thus providing the standard reference. A tendon coupler is attached
to the end of the linear actuator, therefore making tendon actuation possible. The ultrasound
transducer and the cadaver hand are separately fixed and grounded to a main board, where the
main board is clamped to a general purpose laboratory table. The transducer is placed on the
cadaver wrist area with coupling gel, overtop of a finger’s FDS tendon on intact skin. The
ultrasound system will record tendon displacement through a sequence of B-Scan frames, and
where the frames are stored as an array of integer values in proprietary .b8 format. A further

description into the apparatus components are as follows:
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Figure 42: The hardware for Experiment 3 is comprised of: (a) a multi-tendon actuation system, (b) tendon couplers, and
(c) a hand stabilization system. Other components not shown here include a computer, a custom electronics box
containing the Galil controller and drivers, an Ultrasonix Touch ultrasound machine, and the 14 MHz linear array within
the transducer holder.

a) Actuation System

As shown in Fig. 42 label (a), and Fig. 43, the actuation system is comprised of three linear
stepper motors (model DRL42BP2-04MG, Oriental Motor USA Corp.), which individually
displace three linear guides (RSROWZMUU+110LM, THK), thus allowing for multiple-tendon
actuation. For the first hand used in this experiment, motors A, B and C are attached to the index,
middle and ring finger’s tendon couplers, respectively. For the second hand used in this
experiment, motors A, B and C are attached to the ring, middle and index finger’s tendon
couplers, respectively. As a given stepper motor turns, the linear guide displaces with a
programmed motion profile using a Galil controller (DMC-21x3, Galil, USA) and three motor
drivers (model CRD5107P, Oriental Motor USA Corp.), which are interfaced to a computer.
This system constitutes the standard reference, whereby the programmed motion profile gives

the known value of displacement, velocity and acceleration.
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Figure 43: A close up view of the actuation system. Each motor is connected to a tendon coupling system in order to have
individual actuation of a tendon. This system allows for individual actuation of the index, middle and ring fingers.

b) Tendon Coupler

The tendon coupling system previously described in Experiment 1 is further developed into a
more compact and accurate system. Each coupler is designed as a pinch mechanism, which is
comprised of two plates, each lined with a rough course-grit grip tape. The two plates sandwich
the tendon (Fig. 42 label (b), and Fig. 44 label (a)), by means of a screw passing through the top
plate and threaded into the lower plate. Although it’s based on the previous design used in
Experiment 1, the new developments include using aluminum and steel as an upgraded material.
The flexor tendon coupler is attached to a bracket piece, which is connected to a linear actuator.
The bracket piece is adjustable in height, thus allowing the coupler to be aligned with the tendon
major axis, in a horizontal orientation. A total of three flexor couplers are used, one for each
tendon, which are individually actuated by a separate linear motor.

After the flexor tendon is actuated in flexion, it must be returned to its initial position. This
return motion is achieved by means of a counter-weight attached to the corresponding extensor
tendon (Fig. 43). A smaller tendon coupler is designed for the extensor tendons, which attaches
the extensor tendon to a string-pulley-weight system (Fig. 44 label (b)). It was determined that a

200 g weight provides sufficient tension so that the finger (and flexor tendon) can safely return to
92



its natural position, without excessive force on the extensor tendon. A total of three extensor

couplers are used, one for each extensor tendon.

Figure 44: Each tendon coupler is comprised of a 1/16” thick aluminum plate (bottom) and steel plate (top) lined with a
coarse-grit tape material. The tendon is sandwiched between these two grip lined plates, by means of a #4-40 bolt. The
flexor coupling system is shown by label (a), and the extensor coupling system is shown by label (b).

¢) Stabilizing the Cadaver Hand and Transducer

The cadaver hand must be rigidly secured to the main board (ground) via the stabilization
clamps, in order to collect useful tendon displacement data. The same vice-clamp assembly used
in Experiment 1 is used for this experiment. This system is comprised of off-the-shelf vice
clamps, which have been altered to attach them to riser blocks, to keep the hand elevated above
the main board, as illustrated in Fig. 42 label (c). The four vice-clamps attach to the metacarpal,
radius and ulna bones. Small incisions are made in the hand so that the clamp tips can easily be
inserted and grip the bones at these locations. As well, the same transducer holder used in

Experiment 1 is also used in this experiment.
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d) The Ultrasound System

An improved ultrasound system is used for Experiment 3, which is the Sonix Touch system
with a research interface, (produced by Ultrasonix Medical Corp., Richmond, BC, Canada). The
system employs a 128-element, linear array transducer operating at 10 MHz. This system
transmits and receives the soundwaves with user specified parameters, and allows for several
modes of data to be saved. For this thesis, the compressed B-Scan images are saved as an array
of integer values, and exported to Matlab at a later time. The ultrasound settings are found in
Table 7.

TABLE 7: SETTINGS ON THE ULTRASONIX ULTRASOUND SYSTEM

Property Value
Frame Rate 86 fps
Depth 25mm
Dynamic Range 60
Gain 45
Frequency 10 MHz

e) The Cadaver Material

Similar to Experiment 1, the cadaver material was a fresh, un-embalmed cadaver with the
forearm intact. This way, the tissue and joints remain pliable for use with the actuation hardware.
For Experiments 3-5, two hands are used. They are from the same donor, and are male in gender.
It is observed that the second hand is not of the same quality as the first hand. Specifically, the
index finger’s tendon was accidently severed within the wrist canal. It was however, suspected to
be due from a previous trauma as there was a visible incision scar on the skin’s surface at that
location. As well, the index finger tendon was manually handled with a light force when it broke

off, indicating a prior issue.

6.4.3. Protocol

Experiment 3 is part of a four-day data-collection period, in which tendon excursion data is
collected from two fresh-thawed cadaver hands. Experiments 4 and 5 which are discussed in
Sections 6.5 and 6.6 also make use of the data collected in this four-day period. Upon arrival to

the University of British Columbia Life Sciences laboratory, on the first day the hardware
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described in Section 6.4.2 is set-up onto a general purpose laboratory table. The tendon coupler
assembly is test fit to a static silicone hand using a mock set-up. As well, the Galil controller and
actuation system are tested by running selected actuation sequences. On the second day of the
experiment, both cadaver hands are prepared by the usual protocol, which involves thawing and
removal from the body. The hands are then dissected by Kurt McBurney, an Instructor and
Anatomist from the University of Victoria. He dissected the hand in order to expose the index,
middle and ring fingers’ FDS tendons, as well as the opposing extensor tendons, and the bone-
clamping locations. Both cadaver hands used in this experiment are male in gender, and are from
the same donor. The first hand is used on the second day, while the second hand is placed into

refrigeration for the third day.

When using the first hand, the following procedure is used to attach the actuator apparatus to
the hand. First the extensor tendons are individually attached to their respective tendon couplers,
which in turn are connected to their respective string-pulley-weight systems. Next, the hand is
positioned appropriately and clamped with the vice-clamps onto the metacarpal, radius and ulna
bones. Next, the riser-blocks are screwed securely to the main board, hence fixing the hand to
ground. Then, the flexor tendons are individually attached to their tendon coupler and brackets,
which are fixed to their respective linear actuation-motor systems. Finally, the transducer holder
assembly, with the transducer held within, is positioned over the wrist and adjusted for the

desired tendon to be imaged.

Prior to collecting data, the transducer position is fine-tuned for good image quality of the
tendon in motion while it displaces. This is accomplished by first placing the transducer on top
of the middle finger’s tendon, proximal to the wrist, over coupling gel, on intact skin. Optimal
positioning of the transducer is done by actuating the middle finger’s tendon by motor B, and
viewing the onscreen B-Scan images for quality. Once the proper position of the transducer over
the middle finger’s tendon is established, the transducer assembly is clamped to ground. Next,
the tendon is actuated with peak velocities of 15 mm/s and 10 mm/s, with total displacements of
15 mm and 10 mm, respectively. For a given reference peak velocity and total displacement, the
linear actuator displaces the tendon back and forth two times, creating a two-cycle motion profile
(Fig. 45). The B-Scan image sequence is saved as an array of integer values for each frame (the

proprietary .b8 format) for later retrieval. This process repeated for each reference peak velocity
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and total displacement combination for the middle finger’s tendon. This entire process is
repeated for imaging the tendon of the index finger, by moving the transducer over top of the
index finger’s tendon, and then actuating this tendon using motor A, in order to collect the
displacement data. Likewise, this entire process is again repeated on the ring finger’s tendon by

using motor C. The motion profiles for all tendons can be found in Table 8.

TABLE 8: MOTION PROFILES FOR ACTUATING SINGULAR TENDONS

Tendon Programmed Peak Velocity (mm/s) | Programmed Total Displacement (mm)
index 15 15
10 10
middle 15 15
10 10
ring 15 15
10 10

Wlatar Profile for Peak Yelocity = 15 mm/s and Total Displacement = 15 mm
15 T T T I T ™7

Reference “elocity (rmm)

'15 C 1 1 T 1 1 1 T
a 1 2 3 4 g 5 7
Tirme (3]

Figure 45: Sample motor profile, for peak velocity = 15 mm/s and total displacement = 15 mm. As illustrated, the positive
profile refers to when the tendon excursion is in flexion, followed by a 1.0 second wait time, then the negative profile
occurs when the tendon is in extension. This is repeated, creating two flexions and two extensions.

On the third day of data collection, the second hand is removed from refrigeration, and is then
attached to the tendon coupler hardware as previously described. Due from the severed index
finger’s tendon and time constraints, only the middle finger’s tendon displacement data is
collected, using the motion profiles with peak velocities of 15 mm/s and 10 mm/s and total
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displacement 15 mm and 10 mm, respectively. At a later date, the data for a given tendon is
imported into Matlab, using a custom script that reads .b8 files. In order to validate the proposed
multi-tendon detection and displacement estimations, the data is processed as follows:

(a) Auto-location

As outlined in Section 5.4, a suitable value for the location (x;,z;) of the template is
automated. The auto-location technique used in this thesis, estimates the total displacement at
many locations in a sequence of image frames to create a displacement field. Using the
parameters in Table 9, a displacement field for a given motion profile is estimated at many points
along the tendon, using SAD, FT and NCC as similarity measures. The motion profiles can be
found in Table 8. The location giving the largest total tendon excursion in units of mm is
considered the optimal template location for subsequent data sets for a given tendon. As before,
the total displacement in units of pixels is converted into mm by using a conversion factor. Using
the same machine settings listed in Table 7, the conversion factor between pixels and mm is
found by placing an object of known geometry (a 6-pin connector and a flatbar) in between gel

pads, and collecting and importing the B-Scan data (Fig. 46).
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Figure 46: Illustration of objects with known geometries, for calibration of B-Scan imaging. A 6-pin connector, and a
flatbar are used to determine the lateral and axial mm/pixel conversion factors, respectively. (a) the physical length of the
6-pin connector is 6.34 mm (center of pin to center of pin), and (b) the B-Scan image showing the same measurement is
105 pixels, thus giving 0.06 mm/pixel in the lateral direction. (c) The physical height of the flatbar is 1.57 mm, and (d) the
B-Scan image showing the same measurement is 26 pixels, giving 0.06 mm/pixel in the axial direction.

TABLE 9: PARAMETERS USED FOR SPECKLE TRACKING

Property Value
Similarity Measure SAD, FT, NCC
Searching Technique Stationary search

Template Size (x by z) 25 by 25 pixels
ROI'Size (x by 2) 45 by 37 pixels
Resolution Conversion Factor 0.06 mm/pixel

Template Locations x €[101,601] in steps of 10, and

z € [180,280] in steps of 2

(b) Interframe and Total Displacement Estimation

Once the optimal location of the template is found, the interframe displacement for a given
tendon and reference motion profile is estimated, and then added cumulatively to create a

displacement versus time curve, in units of mm. The cumulative displacement versus time curve
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given by the standard reference is also plotted on this graph for comparison. The estimated total
displacement is obtained from this graph, and compared to the reference total displacement. This
is repeated for each similarity measure used in this experiment. The auto-location part (a) and
interframe and total displacement analysis in part (b) is repeated for each motion profile in Table
8.

(c) Validation of the Frame Skipping Technique

Most speckle tracking algorithms compare the template in frame ¢ to the blocks in the next
frame in #+/. Since every ultrasound imaging system is different, the resolution may not be
sufficient to detect small interframe displacements. This is a function of the system’s frame rate
and lateral resolution, as well as the tendon’s lateral displacement and velocity, as previously
described. This study investigates if skipping frames can mitigate tracking issues. Frame
skipping is defined as the comparison between the template in frame ¢, to the blocks in frame
t+k, where k is an integer. Thus, this necessitates the development of a technique, which can
determine the optimal frame skipping number, £. This study uses data from the first hand, and
motion profiles with peak velocity of 15 and 10 mm/s, and total displacements of /5 mm and 10
mm (respectively). To empirically determine the optimal frame skipping constant y from Eqn.
{32}, the data from a given data set from Table 8 is reprocessed using the frame skipping
numbers, k=1,2,3,4,5. The data is re-analyzed to determine which one has the lowest total
displacement relative error, when being compared to the reference. The frame skipping number
with the lowest error is chosen as the optimal frame skipping number, and then Eqns. {31} and
{32} are used to estimate the average frame skipping constant, y, which is assumed to be valid
for any data set imaged by any ultrasound system. After the constant is determined, Eqn. {33}

can be used for all future data sets in order to determine the frame skipping number, £.

6.5. EXPERIMENT 4: CADAVER-BASED STUDY TO ESTIMATE MULTI-TENDON
EXCURSION

6.5.1. Introduction

The previous experiments (Experiments 1-3) form the basis of the proposed tendon tracking
technique using B-Scan ultrasound of this thesis work, and are aimed at estimating singular
tendon excursion. Experiment 4 extends the singular tendon tracking technique, into a multiple-
tendon detection and tracking system, consisting of both novel transducer hardware and novel
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software. Experiment 4 is a validation step toward the goal of detecting multiple tendon
displacement for prosthetic control applications. In order to detect and track multi-tendons
simultaneously, a novel sparse quad-array transducer has been designed and constructed, as
described in Chapter 5. To validate the new transducer, the apparatus outlined in Experiment 3 is
used. Experiment 4 is part of the previously described four-day data collection period, in which a
cadaver hand is used to validate the proposed technique. Experiment 4 has been approved by the
Dept. of Cellular & Physiological Sciences, Body Donation Program, Life Sciences Centre at the
University of British Columbia, (approval #: W0196).

6.5.2. Set-Up

The same set-up as used in Experiment 3 is also used for Experiment 4. The hardware
consists of: (a) a multi-tendon actuation system, (b) tendon couplers, (c) a cadaver stabilization
system, and (d) a transducer sparse array assembly, as shown in Fig. 47. Other components not
shown include a computer, the controller and drivers, and an Ultrasonix Touch ultrasound
machine. As with Experiment 3, the importance of the actuation system is to provide a standard
reference of known motion (produced by the precise motion of the motors), against which the
estimated displacements given by the speckle tracking technique can be compared. The actuation
system is comprised of three linear actuators, which each consist of a stepper motor with an
integrated lead-screw that creates precise linear displacement. The motors are connected to
motor drivers, which connect them to a controller, which is in turn connected to the computer. A
given motor is programmed to displace by a known amount, with a known motion profile. As the
motor turns, the linear actuator displaces with a known motion profile, thus providing the
standard reference. As before, a tendon coupler is attached to the end of the linear actuator,
therefore making tendon actuation possible. The custom quad-array ultrasound transducer and
the cadaver hand are separately fixed and grounded in a static position. The quad-array
transducer is placed on the cadaver wrist area with coupling gel, which is centered on the middle

finger’s FDS tendon, overtop intact skin.
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Figure 47: The hardware for Experiment 4 is comprised of: (a) a multi-tendon actuation system, (b) tendon couplers, (¢) a
cadaver stabilization system, and (d) the quad-array transducer and holder. Other components not shown in here
includes a computer, a custom acrylic box containing the Galil controller and drivers, and the Ultrasonix Touch
ultrasound machine.

The Ultrasonix Touch Research ultrasound system allows for custom software to be
integrated with its internal hardware, by using a proprietary SDK kit, as described in Chapter 5.
A custom software package is developed by LIB Developments and is implemented on the Sonix
Touch. The custom GUI displays the four B-Scans on-screen from the four sub-arrays. As well,

the focal depth, power, gain and line density can be adjusted. Ten seconds of data can be stored

in RF format, and transferred into Matlab for further processing.

6.5.3. Experiment Protocol

Experiment 4 is the second part of a four-day data-collection period, in which tendon
excursion data is collected from a cadaver hand. As previously described for Experiment 3, the
hardware used in Experiment 4 is described in Section 6.5.2 is set-up onto a general purpose
laboratory table. The same cadaver hands used in Experiment 3, are used in Experiment 4. The
first hand is used on the second day of experimentation, initially for Experiment 3, and then for

Experiment 4. On the third day, the second hand was used for Experiment 3, and on the fourth
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day the first hand is re-used to collect more data for Experiment 4. The second hand was not

used for Experiment 4, due to the poor tissue quality observed on the third day with Experiment

3.

Experiment 4 directly follows after Experiment 3, and hence the hand is already set-up into
position, vice-clamped, and fixed to ground. Its three flexor tendons and corresponding three
extensor tendons are already attached to the tendon couplers and actuation system. The linear
array transducer is removed from the setup, and the sparse quad-array transducer assembly is set
up and adjusted for optimal placement, by approximately centering the middle finger’s flexor
tendon with the center of the quad-array. As before, the quad-array transducer must be properly
positioned on the wrist, so that the four sub-arrays capture images that contain the displacing
tendons. Optimal positioning of the transducer is done by placing the transducer over the middle
finger’s tendon, and then actuating each individual finger’s tendon by its attached motor, and
viewing the onscreen four B-Scan images for quality. Even though the transducer has fixed sub-
array spacing, it is anticipated that the sub-arrays can capture each tendon in their field of view.
Once the proper position of the transducer over the tendons is established, the motion profiles of
the actuation sequences for the multi-tendon system shown in Table 10 are performed with peak
velocities of 15 mm/s and 10 mm/s and with total displacements of 15 mm and 10 mm,
respectively. For a given motion profile in Table 10, the linear actuator displaces the tendon back
and forth two times, creating a two-cycle motion profile, as shown in Fig. 45. The data is saved
as four separate RF files, one from each sub-array, for later retrieval in Matlab. This is repeated
for each motion profile in Table 10. On the fourth day of data collection, this process is repeated

using the same hand.

At a later date, the data for a given tendon is imported into Matlab using a custom script
initially provided by LIB Development, but edited to run smoother. The custom script imports
the RF file, and performs envelope-detection and logarithmic compression in order to render a
sequence of B-Scan images. In order to validate the proposed multi-tendon detection and

displacement estimations, the data is processed as follows:
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(a) Auto-location using Sparse Quad-Array

For the A, B and C motion profiles in Table 10, a displacement field for the tendon’s entire
excursion for each sub-array is estimated, using SAD, FT and NCC as similarity measures. This
is accomplished by using the auto-location algorithm described in Chapter 5, along with the
parameters in Table 11. This way, the total displacement at many points in each sub-array can be
estimated. The template sizes used for processing data are smaller for this experiment, in
comparison to the linear array based experiments, due to the smaller field of view when using the
quad-array. Using a given similarity measure, the optimal template location for subsequent
tracking data sets can be determined by the location of the maximum total displacement in each
sub-array. As before, the total displacement in units of pixels is converted into mm by using a
conversion factor. Using the settings as listed in Table 11 for the ultrasound machine, the
conversion factor between pixels and mm is found by placing a known object (a 6-pin connector
and flatbar) in between gel pads, and collecting and importing the RF data to Matlab to be
rendered as a B-Scan (Fig. 48).

The optimal template locations from the individual fingers determined above are used as the
locations on the multi-tendon excursion data. In this sense, the individual tendon locations are
first used as calibrations, in order to auto-locate the tendons in any subsequent data containing
multiple tendon motion. Thus, the above described process for separately auto-locating the
index, middle and ring fingers from their tendon displacement fields can be used as a calibration
for multi-tendon excursion. For illustrative purposes, displacement fields are created from the
data of each sub-array, for a given multi-tendon motion profile in Table 10, using each similarity
measure. These displacement fields are not used to auto-locate the index, middle and ring
fingers. This is because multiple tendons are moving at the same time, thus it doesn’t make sense

to auto-locate on all this data simultaneously.
(b) Interframe and total displacement using Sparse Quad-Array

Once the optimal location of the template is found, the interframe displacement for a given
reference motion profile is estimated at the locations (using SAD, FT and NCC), and then added
cumulatively to create a displacement versus time curve for each measure, in units of mm. The

cumulative displacement versus time curve given by the standard reference is also plotted on this
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graph for comparison. The estimated total displacement is obtained from this graph, and
compared to the reference total displacement. The auto-location part (a) and interframe and total

displacement analysis in part (b) is repeated for each motion profile in Table 10.

TABLE 10: MOTION PROFILES FOR ACTUATING MULTIPLE TENDONS

Motor Series Peak Velocity (Reference) Total Displacement (Reference)
(Tendon) (mm/s) (mm)
A
(index) 15 15
10 10
B
(middle) 15 15
10 10
C
(ring) 15 15
10 10
AB
(index+middle) 10 10
AC
(index+ring) 10 10
BC
(middle + ring) 10 10
ABC
(index+middle+ring) 10 10
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(c)

1.57 mm
F

Figure 48: A calibrating 6-pin connector and flatbar is used to determine the lateral and axial mm/pixel conversion
factors, respectively, for a sub-array. (a) the physical length of the 6-pin connector is 6.34 mm, and (b) the B-Scan image
showing the same measurement is 45 pixels, thus giving 0.1408 mm/pixel in the lateral direction. (c) The physical height of
the flatbar is 1.57 mm, and (d) the B-Scan image showing the same measurement is 82 pixels, giving 0.019 mm/pixel in the
axial direction.

TABLE 11: PARAMETERS USED FOR SPECKLE TRACKING

Property

Value

Similarity Measure

SAD, FT and NCC

Searching Technique

Stationary search

Template Size (x by z)

5 by 50 pixels

ROI Size (x by 2)

25 by 62 pixels

Resolution Conversion Factor

Lateral: 0.1408 mm/pixel
Axial: 0.0190 mm/pixel

Template Locations

X € [21,54] in steps of 1, and
z € [500,800] in steps of 10

105




6.6. EXPERIMENT 5: CADAVER-BASED STUDY TO ESTIMATE THE ONSET OF TENDON
EXCURSION

6.6.1. Introduction

The previous experiments (Experiments 1-4) estimate the interframe and total displacement of
a finger from a non-amputee with a tendon performing a large excursion. However, one
hypothesis of this thesis is that ultrasound-based tendon tracking can be used to detect and
monitor the tendon displacement from an amputee. In such circumstances, it is assumed that the
tendon excursion in an amputee will be greatly reduced in magnitude, thus justifying further
investigation into the limiting factors of the proposed technique. Experiment 5 forms the basis
for two new investigations, which are: (i) determining the smallest amount of displacement
needed to auto-locate the tendon, and (ii) determining the smallest detectable tendon
displacement, which is termed as the “onset displacement”, in this thesis. In order to validate
Experiment 5, the hardware set-up, previously described for Experiments 3 and 4, is used on the
third and fourth day of data collection, as previously described. On the third day, the onset
experiment is performed with the second hand and the linear array, while on the fourth day, the
onset experiment is performed with the first hand and the quad-array. This study has been
approved by the Dept. of Cellular & Physiological Sciences, Body Donation Program, Life
Sciences Centre at the University of British Columbia, (approval #: W0196).

6.6.2. Set-Up and Protocol

The set up for the single tendon (linear array) and multi tendon (quad array) experiment is the
same as shown in Fig. 42 and Fig. 47, respectively. The protocol for the single tendon and multi-

tendon onset experiment is as follows:
(a) Auto-location and displacement onset of a single tendon using the linear array

The middle finger’s tendon with a given motion profile in Table 12 is actuated, while the
linear array and Sonix Touch system collect and saves the .b8 data. The previously described
auto-location algorithm is used in order to display the displacement fields using SAD, FT and
NCC similarity measures. This is repeated with each motion profile in Table 12 in order to
determine which motion profile provides the smallest amount of displacement needed to auto-
locate the tendon. As well, from these displacement fields, the smallest detectable displacement
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(i.e. the onset) is also determined. From these fields, the onset of displacement is determined as

the smallest displacement giving the ability to detect the tendon above the background noise.

TABLE 12: ONSET MOTION PROFILES

Motor
(Tendon)

Total Displacement (Reference)

(mm)

B (middle)

0.20

0.28

0.36

0.44

0.60

0.80

1.00

(b) Auto-location and displacement onset of multiple tendons using the quad-array

Similar to (a), the middle finger’s tendon is actuated with a given motion profile in Table 12,

while the quad-array and custom software integrated with the Sonix Touch system, collect and

saves the RF data. The previously described auto-location algorithm is used in order to display

the displacement fields for each sub-array using SAD, FT and NCC similarity measures. This is

repeated with each motion profile in Table 12 in order to determine which motion profile

provides the smallest amount of displacement needed to auto-locate the tendon. As well, from

these displacement fields, the smallest detectable displacement (i.e. the onset) is also determined.

From these fields, the onset of displacement is determined as the smallest displacement giving

the ability to detect the tendon above the background noise.
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CHAPTER 7:

EXPERIMENTAL RESULTS

7.1. EXPERIMENT 1: PRELIMINARY CADAVER-BASED STUDY
7.1.1. INTRODUCTION
In this preliminary study, a library of B-scan ultrasound data of single tendon excursion were
obtained. Such libraries of B-scan data (cine loops) were used to develop the tracking software in
order to obtain estimates of interframe and total displacement. As well, this preliminary study
was used to assess the hardware design, for an attempt to develop a motorized standard reference

system, and hardware which couples to the middle finger’s FDS tendon on a cadaver hand.

7.1.2. RESULTS OF EXPERIMENT 1

(a) Hardware

Overall, the tendon coupler system, the cadaver stabilization vice-clamp system, and the
transducer holder designs were successful in that they performed the required task.
Unfortunately, the motorized actuation system did not perform the displacement motion profile
as required, which prevented the establishment of a valid standard reference for this experiment.
This failure is attributed to a controller issue, as well as a problematic angle-effect in the way the
tendons were coupled to the actuator. Due to the expiring nature when dealing with fresh, un-
embalmed cadaver material, there was no immediate remedy to fix these issues. In terms of the
controller failure, the x-stage was visually observed to only displace approximately 13.5 mm,
although programmed to displace 15 mm. It was later determined that the controller to the motor
had failed, thus the x-stage did not displace the programmed 15 mm, and other motion profiles
were suspected to be inaccurate as well. As well, upon further inspection, it was determined that
there was an unwanted angle introduced between the tendon and the coupler/x-stage assembly,
thus the tendon was not displacing horizontally. As shown in Fig. 49, this introduces an angle-
effect, whereby the angle is varying throughout its excursion. Referring to Fig. 49, the solid red
indicator outlines the location of the tendon at the initial position, and final position, as it is
actuated. Although the difference in the initial position to the final position of the coupler/x-stage
was visually approximated as 13.5 mm (which was due from the controller failure), there was no

objective way to correlate that approximation to the displacement of the moving tendon. Thus,



the visually observed coupler/x-stage displacement does not represent true tendon displacement.
Consequently, the programmed displacement does not match the actual displacement of the

tendon, and therefore the reference cannot be used.

Final position Initial position

- tendon exits wrist

Figure 49: The problem of the angle-effect is illustrated, where the path of the tendon is seen as a solid red line, and the
introduced angle is seen. The initial position of the tendon coupler has a dashed black outline. The tendon is forced to stay
at the same point as it exits the wrist, thus introducing an angle-effect.

(b) Speckle Tracking

Although the problem with the actuator system described above lead to the failure of the
reference system, the collected B-Scan image data and cine-loops served as an image library in
order to develop the speckle tracking algorithms. The fact that the displacement was in the range
of 13.5 mm allowed for basic investigation of various speckle tracking approaches. The SAD
algorithm was first developed using the parameters in Table 4 in Chapter 6, and the resulting
displacement versus time curve for a sample motion profile is illustrated in Fig. 50. As seen in
Fig. 50, the total displacement for the expected motion profile (peak velocity = 15 mm and total
displacement = 15 mm) is estimated as 9.9 mm. Since the reference failed, all of the image
libraries are simply used as a tool in order to further develop the algorithms and for designing

future experimentation.
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Figure 50: Estimated displacement vs time curve using the SAD speckle tracking technique. From this plot, the estimated
total displacement is 9.9 mm. The actual reference displacement is unknown, due from the problem of actuator control
failure.

7.2. EXPERIMENT 2: HUMAN-BASED STUDY TO ESTIMATE SINGLE TENDON EXCURSION
7.2.1. INTRODUCTION

The aim of this experiment is to develop the proposed ultrasound-based method to provide
non-invasive estimates of the instantaneous and total displacement of a single tendon. This
experiment uses human volunteer patients, during their regularly scheduled carpal tunnel
surgeries. To validate the method, the ultrasound-based tendon motion estimation is directly
compared with the actual tendon displacement, by video recording the surgically exposed
tendons in the palm. By video recording the motion of the exposed flexor tendons, a standard
reference displacement can be obtained using commercial video tracking software. In this way,
the experiment provides a direct displacement comparison using real, live human anatomy, in

contrast to other work, which uses simulations and phantoms.
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7.2.2. RESULTS OF EXPERIMENT 2
Using the same ultrasound system described in Experiment 1, B-Scan images are collected
with a 12-MHz transducer placed proximal to the wrist. Using the collected image sequence data
of displacing tendons, the proposed speckle-based tracking algorithms from Chapter 5 are
developed, using FT, SAD and SSD as similarity measures, along with the parameters in Table 6

in Chapter 6.

To create the reference displacement vs. time dataset, the microscope video of the exposed
tendons was tracked with Kinovea software. To validate the use of the Kinovea software itself, a
sample video of tendon motion (patient 1: flexion 2) was also manually tracked, to create a plot
of the displacement versus time. Manual tracking was done by counting pixels of motion with
Matlab, and knowing the pixel-to-mm scale factor. The results of manual tracking in comparison
to Kinovea are shown in Fig. 51, where it appears that Kinovea is a valid program to use for

video tracking.

To validate the proposed tracking algorithms, the ultrasound-based tendon displacements are
compared with the video reference displacement. This is done for a single flexion or extension,
for both total displacement and instantaneous displacement. Since the reference displacement is
sampled at different time intervals, a cubic spline to first fit to the reference displacement data
points, as illustrated in Fig. 52 for patient 1, flexion 2, as an example. This allows the video
reference displacements to be sampled at the same time points as the displacements estimated by

the ultrasound-based techniques.

Three metrics are used to quantify the comparison between the proposed algorithms and the
reference displacement. These metrics calculate the total displacement relative error, the average
instantaneous displacement absolute error for the entire excursion, and the average instantaneous
displacement absolute error for sectioned data (Table 13). Using the relative and absolute error in
this way is similar to methods employed by similar studies [179]. The average absolute error
(mm) for FT, SSD and SAD based techniques in S1, S2 and S3 as shown in Table 14. The

metrics are described as follows:
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Figure 51: Verifying the Kinovea tracking technique to determine the reference displacement.

Relative Error: The first metric compares the total estimated displacement from the
proposed techniques, with the reference displacement as a relative error, Rj for a
single flexion or extension, using the equation:

D _D
o= Duvr=Der 6004 {25}

DMVR

Where: Dyyr is the total displacement given by the video reference, and Dpr is the

estimated total displacement given by proposed technique (FT, SSD or SAD).

Absolute Error: The second metric is the absolute error 4;;, which compares the
average instantaneous displacement, id, as an absolute error comparison between the
proposed techniques and the video reference. With the displacement from the video
reference and the estimated displacement from the proposed method, sampled at the
same point in time, this metric was calculated for a single flexion or extension using
the Eqn.{26}. This is repeated for each set of sampled data points for the entire

excursion (flexion or extension) to obtain the average value.

A _ Muvr-idpr {26}
i idMVR
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Where: idyyr 1s the instantaneous displacement given by the video reference,

and idpr 1s the estimated instantaneous displacement given by proposed technique
(FT, SSD or SAD).

¢) Sectioned Error: For the third metric, a single excursion (flexion or extension) is
first separated into three equal sections in time, denoted as S1, S2 and S3. These
sections depend on the total excursion time, 7. Therefore, S1 corresponds to the first
section in time ¢z, that is, t=[0 to 1/37], S2 corresponds to =[1/37to 2/3T] and S3
corresponds to ¢ =[2/3Tto T]. Eqn.{26} is then used for each set of sampled data
points for a given section, and then each section is averaged to give a value for the
instantaneous displacement absolute error. Please refer to Table 13 and Figs. A.1.1-
A.1.3 in the Appendix section at the end of this thesis, for the displacement

comparison analysis for patients 1 and 2.

Patient 1: Flexion 2
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Figure 52: An example of the data analysis procedure, where the video reference is plotted next to the speckle tracking
algorithms for tendon flexion from patient 1. The excursions from all patients can be found in the Appendix.
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TABLE 13: ANALYSIS OF ESTIMATED DISPLACEMENT USING FISHER-TIPPET (FT), SUM OF

ABSOLUTE DIFFERENCE (SAD) AND SUM OF SQUARED DIFFERENCE (SSD) AS A SIMILARITY

FUNCTION
R D Ave i Aid Instantaneous displacement absolute
. . No | Total displacement relative ve. Instantancous error in sections (mm)
Patient Excursion 0 dlsplacement absolute
error %
error (mm)
FT SAD SSD FT SAD SSD Sections FT SAD SSD
S1 0.30 0.43 0.50
1 1.9 3.96 7.5 0.57 0.73 0.56 S2 0.82 0.95 0.42
S3 0.58 0.80 0.76
S1 0.11 0.11 0.11
2 0.2 1.85 0.80 0.16 0.24 0.16 S2 0.21 0.19 0.17
S3 0.17 0.41 0.20
S1 0.12 0.53 0.63
3 3.0 8.64 24.73 0.32 1.54 2.97 S2 0.30 1.46 2.64
. S3 0.52 2.62 5.60
Flexion
S1 0.20 0.20 0.20
4 0.35 4.34 2.69 0.33 0.94 0.62 S2 0.31 0.91 0.55
S3 0.49 1.69 1.10
S1 0.45 1.02 1.41
5 33.26 0.83 5.45 3.47 0.90 1.46 S2 3.40 1.27 1.37
S3 6.31 0.35 1.53
Patient S1 0.17 0.73 0.53
1 6 0.68 21.55 14.66 0.27 3.34 2.43 S2 0.42 4.68 3.41
S3 0.21 4.65 3.30
S1 3.04 3.33 3.35
1 29.21 31.55  32.19 5.97 6.69 6.86 S2 6.90 7.94 8.18
S3 7.98 8.81 9.07
S1 0.34 3.08 2.87
2 0.26 23.74 14.47 0.18 5.37 5.10 S2 0.05 6.56 6.42
S3 0.16 6.43 5.96
S1 0.74 1.74 3.11
Extension | 3 11.32 0.74 2.23 1.88 0.85 2.02 S2 2.00 0.65 1.90
S3 2.86 0.18 1.08
S1 1.13 5.49 4.19
4 0.81 29.34 14.81 0.69 6.73 3.99 S2 0.64 7.32 4.05
S3 0.32 7.37 3.76
S1 0.51 0.43 0.41
5 4.47 9.04 2.55 0.64 1.53 0.31 S2 0.53 0.95 0.17
S3 0.86 0.80 0.39
S1 0.65 0.11 0.67
1 2.89 0.46 4.76 1.08 1.88 2.60 S2 1.59 0.19 3.76
) S3 0.90 0.41 3.17
Flexion
S1 1.30 0.53 1.80
2 12.45 8.20 15.98 2.75 1.06 3.87 S2 2.57 1.46 4.57
Patient S3 4.36 2.62 5.23
2 S1 0.51 0.20 3.10
1 1.83 7.33 4.07 1.01 1.99 1.79 S2 1.36 0.91 0.79
. S3 1.14 1.69 1.46
Extension

S1 0.47 1.02 0.70
2 6.90 6.76 8.88 0.82 0.80 1.18 S2 0.36 1.27 0.55
S3 1.62 0.35 2.24
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TABLE 14: AVERAGE ABSOLUTE ERROR FOR SECTIONS S1, S2 AND S3 FOR PATIENTS 1 AND 2

. FT: Average absolute error | SAD: Average absolute SSD: Average absolute
Section
(mm) error (mm) error (mm)
S1 0.67 1.40 1.57
S2 1.51 2.66 2.60
S3 1.90 2.83 2.99

Another way to represent the error is to implement error bars on the displacement vs. time
curves. This would require multiple, repeatable flexions. However, each patient flexion collected
in this experiment was unique, and corresponded to a distinctive reference motion profile. Even
the same patient flexed with a different reference motion profile each time. Thus, it is not

possible to use error bars in this experiment.

As previously described in Section 6.3.1, there were 6 patients scheduled to participate in this
study. The data-sets from three patients could be used, as previously described. Of those three,
all the collected data was reviewed and it was found that six flexions and five extensions for
patient 1 and two flexions and two extensions for patient 2 were usable. The video reference did
not record patient 1's last extension and, thus, it could not be used. Also, after patient 2 flexed
and extended twice, the data collection had to be stopped to allow the surgeon to release more
tissue. When data collection resumed, the transducer was not in a good location to image the
tendon, and the remaining data could not be used. Patient 3 performed four flexions and four
extensions, but this patient's data sets could not be used. For this patient, the placement of the
transducer was problematic, and thus, the B-scan image sequence of the tendon's displacement
throughout its excursion was of poor quality. This resulted in a loss of tracking, as illustrated
in Fig. 53, which is evident after 1.7 s. Loss of tracking at this point occurred on all excursions of

patient 3, using the FT-based, SSD-based or SAD-based technique.

Peak tendon velocities (maximum rate of flexion or extension) for patients 1 and 2 are listed
in Table 15. In general, patient 2 flexed and extended at a much higher velocity than patient 1.
Also, these patients performed at a much faster velocity and exhibited less control in extension

than flexion.
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Figure 53: Displacement-versus-time curve for patient 3's third flexion. After 1.7 s, tracking is lost completely and may be
attributed to out-of-plane tendon motion (in the y direction).

TABLE 15: PEAK VELOCITIES FOR TENDON EXCURSIONS FROM PATIENTS 1 AND 2

Excursion No. )
Patient No. F=Flexion Peak Velocity
E=Extension (mm/s)
F1 22.5
F2 14.3
F3 20.1
F4 18.3
F5 23.6
1 Fo6 27.3
El 41.4
E2 35.8
E3 36.8
E4 42.8
ES5 22.9
F1 39.9
) F2 39.3
El 34.8
E2 44.0
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7.3. DETERMINING THE OPTIMAL PARAMETERS FOR SPECKLE TRACKING
7.3.1. INTRODUCTION

This section investigates 2D speckle tracking parameters to better estimate the interframe and
total displacement of the flexor wrist tendons. This study uses a sub-set of the data obtained in
Experiment 2. The success of speckle tracking is highly dependent on many parameters. The
parameters investigated are: (a) additional similarity measures (NCC and the two hybrid metrics
described in Chapter 5), (b) searching without a stationary ROI, (c) hierarchical search, (d)
template location, (e¢) template and ROI size, and (f) frame rate (temporal resolution). Frame

skipping is another important tracking parameter, and is further discussed in Section 7.4.

In Part-1 of this study, the computational load, accuracy and robustness of the proposed
tracking method is compared using four different similarity measures: FT, NCC and the two new
hybrid metrics incorporating the SAD measure, as previously described in Chapters 5 and 6. The
data used in Part-1 are the excursions from patient 1 (flexions 1, 2 and 6) and patient 2 (flexion
2), obtained from Experiment 2. In Part-2 of this study, the effect of changing the above
mentioned tracking parameters are investigated using same similarity measures. The data used in

Part-2 is the excursion from patient 1 (flexion 2).

7.3.2. RESULTS OF SPECKLE TRACKING PARAMETER INVESTIGATION

(a) Part 1: Similarity Measure Comparison

The four similarity measures described in Chapters 5 and 6 (FT, NCC and the two hybrid
measures) are used with the stationary ROI technique. The total displacement estimate obtained
by using each similarity measure, is compared to the actual displacement (reference
displacement) determined from the microscope video. This is done with four different patient
flexion data, from Experiment 2. One of the patient data flexions is not ideal (patient 2, flexion
2), in order to test the robustness of the four different techniques. The ideal flexions consist of
motion data in which the patients flexed their finger with slow to moderate speed, in a smooth
trajectory. Thus, patient 1’s flexions 1,2 and 6 are selected based on the criteria for an ideal data-

set, while patient 2’s flexion 2 is selected for the non-ideal data-set.

For the analysis, a reference curve representing the actual tendon displacement is established

by fitting a cubic spline to the video reference displacement data, as before. This allows for a
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comparison of the ultrasound-based displacement estimate at the same time points as the
reference displacement. Referring to Figs. 54-55, the cumulative displacements are illustrated for
an example of an ideal (patient 1: flexion 2) and non-ideal (patient 2: flexion 2) excursion,
respectively. These figures contain the four similarity measures along with the reference for the
flexion. The cumulative displacements using all similarity measures followed the reference in the
case of the ideal data set in Fig. 54. When referring to the non-ideal data set in Fig. 55, the
displacements estimated using the NCC measure seemed to follow the reference better than the
other metrics. In order to compare the estimated total displacement with the reference, the metric
Rp is calculated using Eqn. {25}. Referring to Table 16, the total displacement relative error,

Rp, 1s shown for each similarity measure using the four patient flexions.

Also shown in Table 16 is the computational time for each similarity measure and each
flexion. For each excursion and similarity measure, it is shown as the time taken in units of milli-
seconds per frame comparison. This is so that the computational times from each measure can be

compared.

It is important to note that interframe displacement estimation errors can occur. These errors
occur because the algorithm chooses an incorrect block as a match, even though that block score
is the best score (the extrema coefficient, for example maximum FT or minimum SAD
coefficient) within the ROI. These errors can be attributed to the noise distorting the intensity
values on the pixels, and so the block with the extrema coefficient may not be the correct match.
These interframe displacement errors ultimately lead to an offset error in the total displacement
estimate. This problem can be seen in Fig. 27, where due to noise, there are several possible

SAD coefficients with similar scores.
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Figure 54: Four different similarity measures (NCC, FT, and two Hybrid metrics) were compared to the reference using
an ‘ideal’ patient data set (patient 1: flexion 2) for Part 1 of the study. All displacement curves are well-matched to the

reference. This figure is representative of all flexions in the ideal data set.
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Figure 55: Four different similarity measures (NCC, FT, and two Hybrid metrics) were compared to the reference using a
‘non-ideal’ patient data set (patient 2: flexion 2) for Part 1 of the study. The FT and second Hybrid technique produced
similar results. The NCC curve performed the best for total displacement estimations.
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TABLE 16: DISPLACEMENT ANALYSIS FOR PART-1

Rp, Total Rp, Total
R . D> Computational L . D> Computational
Similarity P at1§nt(#):P () displacement ?ime Similarity P atl‘fnt(#):f’ #) displacement PT)ime
Measure Flexion(#)=F(#) relative error (ms/frame) Measure Flexion(#)=F(#) relative error (ms/frame)
% %
P1FIl 0.63 27 P1Fl 2.6 46
P1F2 247 27 P1 F2 3.35 43
FT Hybrid 1
P1F6 3.18 30 P1 F6 1.82 50
P2 F2 26.78 30 P2 F2 16.73 70
P1FI1 0.35 29 P1Fl1 0.63 46
P1F2 1.71 29 P1F2 2.52 47
NCC Hybrid 2
P1F6 1.82 35 P1F6 3.18 58
P2 F2 15.49 35 P2 F2 26.78 77

(b) Part-2: Effect of Parameter Change

The effect of parameter changes, using each of the four similarity measures, is graphically
illustrated in Figs. 56-70, only using data from patient 1 (flexion 2). These plots demonstrate the
effect of changing the parameters by observing how the estimated displacement curve compares
to the reference displacement curve. The parameter changes investigated are: searching with a
non-stationary ROI, searching with a hierarchical method, the template location, the template

size, the ROI size, and lowering the frame rate.

The displacement curves using different searching strategies are illustrated in Figs. 56-57, for
the case of a non-stationary ROI and hierarchical search, respectively. In the case of using a non-
stationary ROI, the FT, NCC and second hybrid methods were able to follow the reference
displacement curve better than the first hybrid method. All methods were not successful at
tracking the entire flexion. This is evident by the fact that when visually observing the plots, not
all methods followed the reference for the entire excursion. In the case of using hierarchical
searching, the computational time increased due from the increased number of calculations, but

all similarity measures were observed to follow the reference.
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When considering the effect of changing the location of the template, it is observed on Figs.
58-61, that a location near the center of the image (658,232) performed the best using all
similarity measures. This is because when observing the estimated curves, the stated location
followed the reference curve better than the others. The inconsistencies of displacement
estimation at different locations on the tendon, validates the need of an auto-location technique.
This will allow for the template selection to be automated, and it is anticipated that such a

localization technique will more accurately place the template.

For template size variation, it is observed in Figs. 62-65, that the larger 30 by 30 pixel
template did not work as well as the smaller templates, with all similarity measures. This is
because the smaller templates followed the reference more closely. This may be due from the
fact that the larger template may include regions of non-uniform motion. Similarly, for ROI size
variation, it was observed in Figs. 66-69 that using the larger 80 by 35 and the smaller 40 by 35
ROT’s did not perform as well as the 54 by 34 ROIL This may be due from the fact that the large
ROI may cause ambiguous matches, as there is an increased chance of having several local
extrema when calculating the similarity measure. As well, with the smaller ROI, large tendon
displacements between the frames may not be captured, causing mis-match leading to poor

tracking.

Referring to Fig. 70, the effect of obtaining data with a low frame rate of /0 fps was
illustrated. In this case, it was observed that the FT and first hybrid method seemed to follow the
reference displacement better than the NCC or second hybrid method.
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Figure 58: Illustrating the effect of changing the location parameter for Part 2 of the parameter study, when using the FT
similarity measure. This demonstrates the need for an auto-localization or multi-template technique.
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Figure 60: Illustrating the effect of changing the location parameter for Part 2 of the parameter study, when using the
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Figure 61: Illustrating the effect of changing the location parameter for Part 2 of the parameter study, when using the
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Effect of Changing the Template Size Using the FT Measure
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Figure 62: Illustrating the effect of changing the Template size for Part 2 of the parameter study, when using the FT
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similarity measure. This plot illustrates the effect of changing the template size parameter from 10 by 10 pixels, to 20 by

20 pixels, to 30 by 30 pixels.
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Figure 63: Illustrating the effect of changing the template size for Part 2 of the parameter study, when using the NCC
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similarity measure. This plot illustrates the effect of changing the Template size parameter from 10 by 10 pixels, to 20 by

20 pixels, to 30 by 30 pixels.
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Figure 64: Illustrating the effect of changing the template size for Part 2 of the parameter study, when using the fist
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hybrid similarity measure. This plot illustrates the effect of changing the Template size parameter from 10 by 10 pixels, to
20 by 20 pixels, to 30 by 30 pixels.
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Figure 65: Illustrating the effect of changing the template size for Part 2 of the parameter study, when using the second
hybrid similarity measure. This plot illustrates the effect of changing the Template size parameter from 10 by 10 pixels, to
20 by 20 pixels, to 30 by 30 pixels.

126



Effect of Changing the ROI Size Using the FT Measure
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Figure 66:11lustrating the effect of changing the ROI size for Part 2 of the parameter study, when using the FT similarity
measure. This plot illustrates the effect of changing the ROI size parameter from 40 by 35 pixels, to 80 by 35 pixels, to 64
by 24 pixels.
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Figure 67: Illustrating the effect of changing the ROI size for Part 2 of the parameter study, when using the NCC
similarity measure. This plot illustrates the effect of changing the ROI size parameter from 40 by 35 pixels, to 80 by 35
pixels, to 64 by 24 pixels.
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Effect of Changing the ROI Size Using the First Hybrid
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Figure 68: Illustrating the effect of changing the ROI size for Part 2 of the parameter study, when using the First Hybrid

similarity measure. This plot illustrates the effect of changing the ROI size parameter from 40 by 35 pixels, to 80 by 35

pixels, to 64 by 24 pixels.
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Figure 69: Illustrating the effect of changing the ROI size for Part 2 of the parameter study, when using the Second
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Hybrid similarity measure. This plot illustrates the effect of changing the ROI size parameter from 40 by 35 pixels, to 80

by 35 pixels, to 64 by 24 pixels.
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Effect of Changing the Frame Rate to 10 fps
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Figure 70: Illustrating the effect of changing the frame rate to 10 frames per second, for Part 2 of the parameter study.
All four similarity measures were used.

74. EXPERIMENT 3: CADAVER-BASED STUDY TO ESTIMATE SINGLE TENDON
EXCURSION
7.4.1. INTRODUCTION

Experiment 3 is inspired by the earlier preliminary experimentation (Experiment 1), whereby
a linear array collects sequential B-Scan images of a singular moving cadaver tendon. The
motivation for Experiment 3 is to further develop the speckle tracking algorithm accuracy using
a research-based ultrasound machine and improved transducer hardware, with real tissue. As
well, this experiment used improved hardware that couples to and actuates the tendon, thus
providing an improved standard reference. In terms of tendon tracking, based on previous
knowledge from Experiment 2, the speckle tracking algorithms are further developed to improve
interframe and total displacement estimations. This includes the implementation of an auto-
location technique in order to determine the optimal template placement, as well as a new frame
skipping technique where the resolution and the tendon speed is taken into consideration.
Experiment 3 is the first part of a four-day data-collection period, in which tendon excursion data
is collected from two cadaver hands. On the second day, the index, middle and ring finger

tendons from hand 1 are used, and on the third day the middle finger tendon from hand 2 is used.
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7.4.2. RESULTS FOR EXPERIMENT 3

(a) Tendon Coupling Hardware and Actuator Hardware

Based on previous knowledge from Experiment 1, an improved cadaver tendon coupling and
actuation system was developed as a standard reference, as described in Section 6.4.2, and shown
by the photograph in Fig. 71. Unlike the coupling and actuation system from Experiment 1,
which had the angle-error problem, the new coupling and actuation system ensures that tendon
and displaces in the horizontal direction only. This allows for the programmed displacement of
the actuators, to be in line with the tendon displacement as imaged by the transducer, and
therefore to be a good reference motion. Further, upgraded motors, drivers and controllers are

used, thus ensuring proper actuation. This set-up constitutes the standard design for Experiments

3, 4 and 5 with cadavers in the laboratory.

Figure 71: A photograph in the laboratory prior to attaching the cadaver hand. This shows the overall set-up for
Experiments 3,4 and 5, using a mock set-up with a silicone glove, with (a) Sonix Touch ultrasound machine, (b) computer
for the Galil controller, (c) the actuation system, (d) the hand and vice clamp apparatus, and (e) the transducer holder.

(b) Auto-location

It is important to develop the auto-location algorithm, since the motivation is toward
prosthetic control, as was explained in Section 5.4. In addition, an auto-location technique places
the task of identifying the template and ROI locations, based on computer algorithms, thereby
removing subjective location selection by a human. This standardizes the selection of the optimal

template location for any image sequence data set.
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Using the parameters in Table 9, from Chapter 6, a displacement field for a given motion
profile is estimated at many points along the tendon, using SAD, FT and NCC as similarity
measures. The motion profiles for index, middle and the ring fingers individual tendon flexion
can be found in Table 8 from Chapter 6. From Table 9 from Chapter 6, the parameters used are:
the similarity measures SAD, FT and NCC, the stationary searching technique, 25 x 25 pixels
template size, 45 x 37 pixels ROI size and the locations: x € [101,601] in steps of 10, and z €
[180,280] in steps of 2. As well, the frame skipping technique, described in Chapter 5 and
validated in 7.4.2 (d) of this Chapter, is used. For the motion profiles with the peak velocity of 75
mm/s and the total displacement of /5 mm, the frame skipping number, £, is set to 3; while for
motion profiles with the peak velocity of /0 mm/s and total displacement of /0 mm, k is set to 4.
The location giving the largest total tendon excursion in units of mm is considered the optimal

template location for subsequent data sets for a given tendon.

A sample displacement field is shown in Fig. 72, which is computed from the ring finger’s
tendon, where the motion profile has a peak velocity of /5 mm/s and a total displacement of /5
mm. In Fig. 72, a single B-Scan frame is shown, with a red box indicating the location of the
displacement field. Under the B-Scan frame, the three displacement fields are shown, computed
using the SAD, FT and NCC similarity measures. From each displacement field, the maximum
displacement value is found. This value is then used as the optimal template location for the
analysis in Section 7.4.2(c)). The optimal template locations for each motion profile found by
auto-location are shown in Table 17. This analysis is repeated for the index, middle and ring
finger tendons from hand 1, and on the middle finger tendon from hand 2. Figures from

remaining data-sets can be found in the Appendix.

(c) Interframe and total displacement

Once the optimal location of the template is found, the interframe displacement for a given
tendon and reference motion profile is estimated, and then added cumulatively to create a
displacement versus time curve, in units of mm. This is repeated for each similarity measure

used in this experiment.

As an example, using an entry in Table 17 for the middle finger’s data (motion profile: Day 1,
I15mm/s, 15 mm), the speckle tracking algorithms are all used at the location (7131,222). As

before, the interframe and cumulative displacement is estimated using the stationary ROI
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technique for each measure (SAD, FT and NCC). The cumulative displacement vs. time using
each measure is plotted with the reference, as shown in Fig. 73. The estimated tendon
displacement is compared to the reference displacement by first sampling the reference
displacement points at the same time points as the displacements estimated by the ultrasound-
based technique. The two metrics in Eqn. {25} and Eqn. {26} are used to determine the total
displacement relative and instantaneous absolute error, respectively, in order to quantify the
comparison between the proposed algorithm and the reference. This is repeated for all entries in
Table 17. Alternatively, error bars can be implemented if more flexion data for each motion
profile is acquired. This will be incorporated into the future work. The results from the two
analysis metrics, as well as the computational time required for processing, for all data-sets can
be seen in Table 18. Overall, the SAD algorithm is fastest, but NCC is has the lowest total
displacement relative error (Table 19). Figures from remaining data-sets can be found in the

Appendix.
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Figure 72: An example of the displacement field analysis using SAD, FT and NCC as similarity measures, for the ring
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fingers motion profile of peak velocity = 15 mm/s and total displacement = 15 mm.
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TABLE 17: AUTO-LOCATION AND DISPLACEMENT FIELD RESULTS

FOR SINGULAR TENDON EXCURSION

Motion Profile

Location of

Finger’s Similarity Estimated Maximum
Hand Peak Velocity (mm/s) =V Maximum
FDS Tendon Measure Displacement (mm) )
Total Displacement (mm) = D Displacement (x;,z;)

SAD 14.16 (201 ,256)
V15 DI5 FT 14.14 (201 ,256)
NCC 14.53 (201 ,256)

1 index
SAD 9.86 (571, 212)
V10DI10 FT 9.86 (571,212)
NCC 9.83 (571,212)
SAD 14.80 (131, 222)
V15 D15 FT 14.78 (131, 222)
NCC 14.92 (131, 222)

1 middle
SAD 9.90 (131, 226)
V10 D10 FT 9.90 (131, 226)
NCC 10.08 (131, 226)
SAD 14.49 (231, 208)
V15DI5 FT 14.49 (231, 208)
NCC 14.39 (231, 208)

1 ring

SAD 10.27 (511, 206)
V10 D10 FT 10.27 (511, 206)
NCC 10.24 (501, 202)
SAD 13.66 (341, 208)
V15 D15 FT 13.64 (341, 208)
NCC 13.60 (341, 208)

2 middle
SAD 9.44 (241, 206)
V10DI10 FT 9.42 (241, 206)
NCC 9.57 (244, 207)
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TABLE 18: DISPLACEMENT CURVE ANALYSIS FOR SINGLE TENDON EXCURSION

Finger Motion Profile
inger’s i
£ Peak Velocity (mm/s) =V Similarity Total Avg: Instantancous Computational
Hand FDS displacement displacement Time
Total Displacement (mm) = Measure P o absolute error
Tendon relative error % (mm) (ms/frame)
D
SAD 5.6 0.04 11
V15 D15 FT 5.8 0.04 18
NCC 3.1 0.11 12
1 index
SAD 34 0.02 11
V10 D10 FT 3.4 0.02 19
NCC 3.6 0.02 12
SAD 1.3 0.03 11
V15 DI15 FT 1.5 0.03 19
NCC 0.5 0.03 12
1 middle
SAD 29 0.20 11
V10 D10 FT 29 0.20 19
NCC 1.1 0.20 12
SAD 3.4 0.10 11
V15 D15 FT 3.4 0.10 19
NCC 4.1 0.25 12
1 ring
SAD 0.7 0.07 11
V10 D10 FT 0.7 0.07 20
NCC 0.4 0.07 12
SAD 8.9 0.08 11
V15 D15 FT 9.1 0.08 21
NCC 9.3 0.08 12
2 middle
SAD 7.5 0.13 11
V10 D10 FT 7.6 0.13 19
NCC 6.1 0.15 12

TABLE 19: AVERAGE RELATIVE ERROR OF TOTAL DISPLACEMENT

SAD: Average relative
error (%)

FT: Average relative error
(%)

NCC: Average relative
error (%)

4.2

4.3

3.5
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Figure 73: An example of a displacement vs time curve for the proposed speckle tracking techniques SAD, FT and NCC.
This data is from the first hands middle finger’s tendon displacement, with motion profile V=15, D=15.

(d) Frame Skipping

Most speckle tracking algorithms compare the template in frame ¢ to the blocks in the next
frame in #+/, in order to estimate interframe displacement. Since every ultrasound imaging
system is different, the resolution may not be sufficient to detect small interframe displacements.
This is a function of the system’s frame rate and lateral resolution, as well as the tendon’s lateral
displacement and velocity, as previously described. This study investigates if skipping frames
can mitigate tracking issues. Frame skipping is defined as the comparison of the template in
frame ¢, to the blocks in frame t+k, where £ is an integer. Thus, this necessitates the development

of a technique which can determine the optimal frame skipping number, .

As shown in Fig. 74, using SAD on the ring finger’s tendon data (with motion profile
V=15,D=15), the highly dependent nature of frame skipping and the success of tracking is
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illustrated. To empirically determine the optimal frame skipping constant y from Eqn. {32}, the

data from a given data set from Table 8 in Chapter 6 is reprocessed using the frame skipping

numbers, k=1,2,3,4,5. The data is re-analyzed to determine which one has the lowest total

displacement relative error, when being compared to the reference. The analysis for all motion

profiles (from the first hand) can be found in Table 20. For a given entry in Table 20, the frame

skipping number with the lowest error (highlighted in red) is chosen as the optimal frame

skipping number, and then Eqns. {31} and {32} are used to estimate the frame skipping

constant, y, which is assumed to be valid for any data set imaged by any ultrasound system. The

average value for y is estimated as 8.24 pixels. After the constant is determined, Eqn. {33} can be

used for all future data sets in order to determine the frame skipping number, £.
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Figure 74: An example of the effect different frame skipping numbers has on tracking success. For the first hand’s ring

finger tendon displacement with motion profile V=15,D=15, k=3 performed the best.
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TABLE 20: FRAME SKIPPING COMPARISON USING SAD, FT AND NCC
BY TOTAL DISPLACEMENT RELATIVE ERROR (MINIMUM RELATIVE ERROR IN RED)

Motion Profile
) , ) Total Total Total
Finger’s | Peak Velocity (mm/s) Frame displacement | displacement | displacement
Hand FDS -V Skipping relative error | relative error | relative error
% % %
Tendon Total Displacement k
(mm) =D SAD FT NCC
1 66.0 6.7 63.2
2 19.9 20.1 18.0
V15 D15 3 5.6 5.8 3.1
4 6.4 6.54 3.2
5 9.6 9.62 7.4
1 index
1 51.2 50.6 52.9
2 493 493 50.3
V10 D10 3 16.6 16.8 17.0
4 3.4 34 3.6
5 6.3 6.3 5.1
1 50.8 50.8 53.2
2 15.0 14.8 16.4
V15 D15 3 1.3 1.5 0.5
4 12.3 12.5 11.6
5 19.0 19.2 18.6
1 middle
1 62.3 594 61.8
2 58.5 58.2 61.1
V10 D10 3 315 31.5 36.4
4 2.9 2.9 1.1
5 10.2 10.1 8.8
1 60.0 60.0 60.0
2 52.0 52.0 52.0
V15 D15 3 3.4 34 4.1
4 7.5 7.5 8.3
5 12.2 12.4 12.9
! rine 1 55.0 553 57.6
2 45.8 45.8 44.0
V10 D10 3 14.0 14.0 26.6
4 0.7 0.7 0.4
5 5.5 5.5 5.2
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7.5. EXPERIMENT 4: CADAVER-BASED STUDY TO ESTIMATE MULTI-TENDON
EXCURSION
7.5.1. INTRODUCTION

This study uses the sparse quad-array transducer to implement the proposed multiple-tendon
detection and tracking system. Experiment 4 is part of the previously described four-day data
collection period, in which a cadaver hand is used to validate the proposed technique. The
software collects independent image sequences from each of the four sub-arrays. The previously
described auto-location technique is employed on each sub-array image sequence, in order to
determine the optimal template placement. As well, the optimal template location is used to
estimate interframe and total displacement, as before. Since the cadaver hand is actuated using
the multi-actuator system, there are a number of possible motion profiles that can be done, with
various fingers moving individually, or in combination, at various speeds and displacements.
These motion profile combinations (named A, B, C, etc. . .) are listed in Table 10 in Chapter 6.
On the second and fourth day of data collection, the index, middle and ring finger tendons from
the first hand are used for this experiment. Since the second hand’s index tendon was damaged,

the second hand was not used for the multi-tendon study.

7.5.2. RESULTS FOR EXPERIMENT 4
(a) Auto-Location
As previously mentioned for Experiment 3, an auto-location technique is developed in order
to identify the template locations using computer algorithms, thereby removing subjective
location selection by a human. This standardizes the selection of the optimal template location

for any image sequence data set.

Using the parameters in Table 11 from Chapter 6, a displacement field for a given motion
profile is estimated at many points along the tendon (in each sub-array), using SAD, FT and
NCC as similarity measures. The motion profiles for index (A), middle (B) and the ring (C)
fingers individual tendon flexion can be found in Table 10 from Chapter 6. From Table 11 from
Chapter 6, the parameters used are: the similarity measures SAD, FT and NCC, the stationary
searching technique, 5 x 50 pixels template size, 25 x 62 pixels ROI size and the template
locations: x € [21,54] in steps of 1, and z € [500,800] in steps of 10. As well, the frame
skipping technique, previously validated in 7.4.2 (d) of this Chapter, is used. For the motion
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profiles with the peak velocity of /5 mm/s and the total displacement of /5 mm, the frame
skipping number, £, is set to §; while for motion profiles with the peak velocity of /0 mm/s and

total displacement of /10 mm, k is set to 12.

A sample displacement field created for the auto-detection and auto-location technique is
illustrated in Fig. 75. In this example, the cadaver hand is actuated using motion profile C (Table
10, Chapter 6), which only moves the ring finger’s tendon, while all other fingers remain
stationary. This motion profile has a reference peak velocity of /5 mm/s and reference total
displacement of /5 mm for the ring finger tendon. The short-hand notation for this motion profile
is referred to as: Day 2, C-Series, V15, D15. In Fig. 75, the SAD similarity measure is used to
compute the four displacement fields, from each of the four sub-arrays. To help the reader
visualize the data, displacement fields computed from each sub-array are superimposed onto the
four B-Scans acquired from the same sub-arrays. Notice that the displacement field is only
computed in the ROI, and is located in the actual ROI location, within the larger B-Scan image.
Recall, the displacement field is calculated from the entire B-Scan image sequence, whereas the
B-Scan shown here is only from the first motion frame of the sequence. From each field in arrays
1 to 4, the maximum displacement value is found, and the corresponding location of that
maximum value is stored, as shown in Table 21. This computational process is then repeated for
the FT and NCC similarity measures, on this same motion profile C. Now, the auto-location
algorithm must determine which of the four-sub arrays is imaging the moving tendon. This is
done by instructing the algorithm to find the array containing the maximum displacement value
in Table 21, of any array. The array containing this maximum value will be considered as the
array that contains the displacing tendon. For this example, the ring finger’s tendon is considered
to be in array 1, since the largest displacement value within this table resides there. This is also
visible in Fig. 75. The auto-location algorithm then determines the best tracking location for the
ROI and template. Using array 1 only, the x,z location listed in Table 21 for this array, is used as
the template location. Since the three different SAD, FT and NCC algorithms are being

investigated, all three are used here in this study.

The auto-location data analysis process described in the previous paragraph, is repeated for the
tendon motion profiles for A (index), B (middle) and C (ring) (Table 10, Chapter 6). All
displacement fields and their corresponding tables can be found in the Appendix (A.3). As a
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note, for the proposed prosthetic application, the auto-location can only function when a single
finger (A, B, or C) is moving. It will not work for combination profiles. Combination profiles are
handled as described next, after auto-location is complete. Once auto-location is complete, the
algorithm will record two pieces of information: (i) which finger tendon is being imaged by

which array, and (i1) within each array, the optimal location for the template and ROI.

Total Displacement Field Using SAD, Motion Profile: Day 2, C-Series V15, D15

arrayl arraye

Figure 75: An example of the displacement field analysis using SAD as a similarity measure, for the ring fingers motion
profile: Day 2, C-Series, V15, D15.
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TABLE 21: DISPLACEMENT FIELD ANALYSIS FOR THE RING FINGER

TO DETERMINE OPTIMAL TEMPLATE LOCATION

Ring Finger Tendon
Motion Profile: Day 2, C-series, V15, D15
V=Reference Maximum Velocity (mm/s), D=Reference Total Displacement (mm)

Array 1 Array 2
Similarity Maximum Location Similarity Maximum Location
Measure Displacement (x,2) Measure Displacement (x,2)
(mm) (mm)
SAD 14.60 (49, 560) SAD 3.74 (50, 720)
FT 14.91 (49, 560) FT 3.20 (49, 690)
NCC 13.01 (49, 550) NCC 4.21 (47, 690)
Array 3 Array 4
Similarity Maximum Location Similarity Maximum Location
Measure Displacement (x,2) Measure Displacement (x,2)
(mm) (mm)
SAD 0.67 (41, 620) SAD 0.88 (26, 570)
FT 0.67 (41, 620) FT 0.88 (26, 570)
NCC 0.70 (41, 620) NCC 0.53 (25, 580)

The multi-tendon motion profiles found in Table 10 from Chapter 6 are: AB (index + middle),
AC (index + ring), BC (middle + ring) and ABC (index + middle + ring). These profiles, along
with the individual A, B and C profiles represent typical motions of human fingers. An example
displacement field for the motion profile AB (index + middle) using SAD is illustrated in Fig.
76. From Fig. 76, motion is observed in all arrays, with the highest displacement appearing to
occur in arrays 2-4. As mentioned in the previous paragraph, these displacement fields are not
used to auto-locate the index and middle finger. They are used to track the displacement of the
index and middle finger. This is because multiple tendons are moving at the same time, thus it is
not possible auto-locate since that requires a single, known moving finger. Instead, the locations
of the individual index and middle finger, determined earlier by auto-location, are used as the
ROI locations for tracking the multi-tendon excursion. Therefore, this is a three-stage process for
(1) auto-locating the sub-arrays corresponding to the index, middle and ring fingers from their
tendon displacement fields, (ii) auto-locating the tracking locations for the index, middle and
ring fingers from their displacement fields, and (iii) ongoing tracking of the displacement of the
index, middle and ring fingers making use of info from auto-location. In this sense, auto-location
can be described as a calibration process for multi-tendon excursion, whereas stage (iii) can be
described as an operational process for tracking multi-tendon excursion. In the example given by

Fig. 76, using SAD for the AB-series motion profile, the index tendon is found to be located at
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(32, 650) in array 4, and the middle finger tendon is found to be located at (24, 560) in array 2.
These locations are obtained independently, from the A and B motion profile analysis in Tables
A.3 found in the Appendix. Likewise, the locations using FT and NCC in arrays 2 and 4 can be
also be taken from Table A.3 in the Appendix. This is repeated on all multi-tendon data from

days 2 and 4.

Total Displacement Field Using SAD, Motion Profile: Day 2, AB-Series V10,

arrayl arraye

Figure 76: An example of a displacement field from a multi-tendon motion profile. Here, the SAD measure is used with
the AB-Series (Day 2, V10, D10) motion profile.

(b) Interframe and Total Displacement

As described in the previous section, once the optimal template location of a given tendon
(index, middle or ring finger tendon) is found by auto-location, the interframe and total
displacement can be estimated. Interframe and total displacement tracking would be an on-going
tracking process, when used for prosthesis control. This is achieved for a given motion profile
from Table 10 in Chapter 6, by finding the optimal location for the template with auto-location,
and then using SAD, FT or NCC to estimate interframe displacement. The displacement is then
added cumulatively to create an estimated displacement vs. time curve, in units of mm. The
standard reference cumulative displacement vs. time curve is also plotted on this graph for
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comparison. The estimated total displacement is obtained from this graph, and compared to the
reference total displacement. This is repeated at the determined optimal location for each
similarity measure used in this experiment. Using the previous example for the motion profile C
ring finger’s tendon excursion, the maximum total displacement was found in array 1. The
location for a given similarity measure is used to create their respective displacement vs. time
curves, as shown in Fig. 77. The total displacement using each measure from in array 1 is taken
from this plot. The estimated tendon displacement is compared to the reference displacement by
first sampling the reference displacement points at the same time points as the displacements
estimated by the ultrasound-based technique. The two metrics in Eqn. {1} and Eqn. {2} are used
to determine the relative total displacement error, Rj, and instantaneous displacement absolute
error, A;4, respectively, in order to quantify the comparison between the proposed algorithm and
the reference. For the given example of the ring finger’s motion profile, using the SAD technique
with the template location at (49, 560), the relative error Rpis 2.6% and the absolute error 4;41s
0.94 mm, as shown in Table 22. Also in this table, are the results using the FT and NCC
measures on the same data set. This process is repeated for the index (A-series), middle (B-
series) and ring (C-series) finger’s tendon excursion from data collected on days 2 and 4, and the

analysis can be found in Tables 22 and 23, respectively.
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Day 2: Ring Finger Displacement vs Time
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Figure 77: An example of a displacement vs time curve using SAD, FT and NCC for the ring fingers motion profile: Day
2, C-Series, V15, D15.

Similarly for the multi-tendon motion profiles, the template location determined by the
individual tendon calibration is used with each similarity measure in order to obtain a cumulative
displacement vs. time plot and total displacement estimation. For the example given above for
the AB (index + middle) motion profile, the displacement vs. time curves for the middle finger
are illustrated in Fig. 78. As well, the relative total displacement error and cumulative
displacement absolute error is calculated, in order to quantify the comparison between the
proposed algorithm and the reference. For the given example for the middle finger tendon
excursion with the AB-series motion profile, the relative error is 4.7% using SAD, and the
absolute error using SAD is 0.10 mm, as shown in Table 24. This process is repeated for the
data collected on day 2 and 4 for the multi-tendon motion profiles. The results from the analysis

metrics for multi-tendon data-sets from both days can be seen in Tables 24-25.

The figures from data-sets can be found in the Appendix. The average total displacement
relative error using the SAD, FT and NCC techniques for all data-sets is shown in Table 26. As

shown, the NCC technique was more accurate overall in terms of total displacement estimation.

145



TABLE 22:

DISPLACEMENT CURVE ANALYSIS FOR MULTI-TENDON EXCURSION FROM DAY 2

Motion Profile

Finger’s | Peak Velocity (mm/s) | Total - Avg
Day | FDS -V S displacement | GRS
Tendon Total Displacement Measure relatl\;/i ST 1 absolute error

(mm) =D (cnm)

SAD 5.4 0.16

A: V15 D15 FT 20.7 0.83

NCC 10.2 0.86

2 index SAD 8.7 0.05

A: V10 DI10 FT 13.9 0.02

NCC 0.8 0.01

SAD 4.8 0.09

B: VIS D15 FT 4.7 0.06

NCC 3.1 0.01

2 middle SAD 6.3 0.05

B: V10 D10 FT 9.5 0.14

NCC 8.2 0.30

SAD 2.6 0.94

C: V15 D15 FT 0.1 0.25

NCC 13.7 0.06

’ ring SAD 8.1 0.01

C: V10 D10 FT 14.2 0.16

NCC 3.4 0.06
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TABLE 23: DISPLACEMENT CURVE ANALYSIS FOR MULTI-TENDON EXCURSION FROM DAY 4

Motion Profile
Finger’s | Peak Velocity (mm/s) | = Total ~ Avg
Similarity . Instantaneous
Day FDS =V dlspl.acernent displacement
Measure | relative error
Tendon Total Displacement % abso(lute )error
mm
(mm) =D
SAD 14.8 0.02
A: VI5DI5 FT 15.9 0.03
NCC 10.5 0.30
4 index
SAD 11.2 0.47
A:VI0DI0 FT 10.5 0.48
NCC 8.1 0.01
SAD 1.2 0.03
B: V15 D15 FT 9.7 0.11
NCC 323 0.32
4 middle
SAD 7.8 0.08
B: V10 D10 FT 9.9 0.10
NCC 26.7 0.09
SAD 29.6 0.48
C: VI5 D15 FT 34.6 0.55
NCC 8.8 0.27
4 | ring
SAD 46.0 0.46
C: V10 D10 FT 36.0 0.28
NCC 30.0 0.24
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Day 2: Middle Finger's Displacement vs Time
for Motion Profile: AB, V=10, D=10
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Figure 78: An example of a displacement vs time curve using SAD, FT and NCC for the middle finger, with motion
profile: Day 2, AB-Series, V10, D10.
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TABLE 24: DISPLACEMENT CURVE ANALYSIS FOR MULTI-TENDON EXCURSION FROM DAY 2
o Motion Profile
Day Fl;llg)z ) Peak Velocity (mm/s) =V Similarity disp"ll:)ct:rlnem Avgisi;]it::rts:ffus
Tendon Total Displacement (mm) = | Measure relative error % abso(lrLIlltgl )error
D
SAD 1.3 0.08
2 Index AB: V10 D10 FT 7.0 0.08
NCC 13.0 0.06
SAD 4.7 0.10
2 Middle AB: V10 D10 FT 4.0 0.09
NCC 9.5 0.05
SAD 162 0.08
2 Index AC: V10 D10 FT 144 0.07
NCC 128 0.09
SAD 163 0.08
2 Ring AC: V10 D10 FT 145 0.16
NCC 33 0.07
SAD 7.5 0.42
2 Middle BC: V10 D10 FT 119 0.08
NCC 1.1 0.12
SAD 34.4 0.13
2 Ring BC: V10 D10 FT 477 0.33
NCC 7.8 0.01
SAD 14.1 0.33
2 Index ABC: V10 D10 FT 233 0.23
NCC 3.2 0.14
SAD 17.9 0.10
2 Middle ABC: V10 D10 FT 4.7 0.07
NCC 153 0.10
SAD 36.5 0.39
2 Ring ABC: V10 D10 FT 44.9 0.60
NCC 155 0.19
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TABLE 25: DISPLACEMENT CURVE ANALYSIS FOR MULTI-TENDON EXCURSION FROM DAY 4

Ei , Motion Profile
inger’s i
8 Peak Velocity (mm/s) =V Similarity Total Avgismlit::s:ffus
Day FDS . B displacement P
Total Displacement (mm) = | Measure . o absolute error
Tendon relative error % (mm)
D
SAD 1.3 0.08
4 Index AB: V10 D10 FT 7.0 0.08
NCC 13.0 0.06
SAD 4.7 0.10
4 Middle AB: V10 D10 FT 4.0 0.09
NCC 9.5 0.05
SAD 16.2 0.08
4 Index AC:V10D10 FT 14.4 0.07
NCC 12.8 0.09
SAD 16.3 0.08
4 Ring AC: V10 DI10 FT 14.5 0.16
NCC 33 0.07
SAD 7.5 0.42
4 Middle BC: V10 D10 FT 11.9 0.08
NCC 1.1 0.12
SAD 344 0.13
4 Ring BC: V10 D10 FT 47.7 0.33
NCC 7.8 0.01
SAD 14.1 0.33
4 Index ABC: V10 D10 FT 23.3 0.23
NCC 3.2 0.14
SAD 17.9 0.10
4 Middle ABC: V10 D10 FT 4.7 0.07
NCC 15.3 0.10
SAD 36.5 0.39
4 Ring ABC: V10 D10 FT 449 0.60
NCC 15.5 0.19

TABLE 26: AVERAGE RELATIVE ERROR OF TOTAL DISPLACEMENT FROM MULTI-TENDON DATA

SAD: Average relative error (%)

FT: Average relative error (%)

NCC: Average relative error (%)

14.8

17.5

10.6
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7.6. EXPERIMENT 5: CADAVER-BASED STUDY TO ESTIMATE THE ONSET OF TENDON
EXCURSION
7.6.1. INTRODUCTION

The previous experiments (Experiments 1-4) estimate the interframe and total displacement of
a tendon from a non-amputee performing a large excursion. However, the hypothesis of this
thesis is that the previously described techniques can be used to detect and monitor the tendon
displacement from an amputee. In this case, the tendon system may be partially intact, damaged,
or have low function. Therefore, it is envisioned that the tendon excursion will not displace with
the same magnitude as a healthy person, thus justifying further investigation into the limiting
factors of the proposed technique. This study forms the basis to such investigations by
determining the smallest amount of displacement needed to auto-locate the tendon, as well as
determining the smallest detectable tendon displacement, known as the onset displacement. The
data for this experiment is obtained on the third day with the second hand, using the linear array.

On the fourth day, the onset experiment is performed with the first hand and the quad-array.

7.6.2. RESULTS OF EXPERIMENT S
(a) Auto-location and displacement onset of a single tendon using the linear array
The experiment was accomplished by actuating the middle finger’s tendon with a given
motion profile in Table 12 from Chapter 6, while the linear array and the Sonix Touch system
collected and saved the .b8 data. The motion profiles in Table 12 from Chapter 6 are that of

small displacements, ranging from 0.2 mm to 1.0 mm.

First, the previously described auto-location algorithm is used in order to display the
displacement fields using SAD, FT and NCC similarity measures. Since the interframe
displacements are so small, the displacement between frame ¢ and frame #+/0 is compared, and a
total displacement value is obtained. The entire excursion is contained between these frames, and
so the interframe displacement technique is not used in this study. This is repeated with each
motion profile in Table 12 from Chapter 6 in order to determine which motion profile provides
the smallest amount of displacement needed to auto-locate the tendon. It is important to note that
the tracking algorithms can only determine integer pixel displacements, and is limited by the
image resolution (Table 27). Thus, the minimum displacement which can be detected is 0.06

mm, or a single pixel of displacement using the linear array. For this experiment, the smallest
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onset of displacement is the 0.2 mm motion profile. As an example using SAD, the displacement
field shows a highlighted area of the tendon for the motion profile of 0.20 mm (Fig. 79). As the
motion profiles increase in displacement, the tendon becomes more visible. From Fig. 79 using
SAD, it is determined that the motion profile of 0.44 mm can be used to auto-locate the tendon.
As well, from these displacement fields, the smallest detectable displacement (i.e. the onset) is
also determined. From these fields using SAD, the onset of displacement is determined as the
smallest displacement giving the ability to detect the tendon above the background noise. For the
example using SAD, the motion profile with 0.2 mm of displacement shows adequate
displacement in order to quantify if the tendon is moving or not. The other measures (FT and

NCC), performed similarly.

TABLE 27: CORRESPONDING DISPLACEMENT IN PIXELS AND MILLIMETERS FOR THE LINEAR ARRAY

Displacement in Displacement in
Pixels mm
1 0.06
2 0.12
3 0.18
4 0.24
5 0.30
6 0.36
7 0.42
8 0.48
9 0.54
10 0.60
11 0.66
12 0.72
13 0.78
14 0.84
15 0.90
16 0.96
17 1.02
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Displacement Field Using SAD for Motion Profile: B-Series,D=02mm Displacement Field Using SAD for Motion Profile; B-Series D=0.28mm
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Figure 79: Onset displacement fields using SAD with the B-Series motion profiles: 0.2mm, 0.28mm, 0.36mm, 0.44mm,
0.60mm, 0.80mm, and 1mm
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(b) Auto-location and displacement onset of multiple tendons using the quad-array

Similar to Section 7.6.2(a), the middle finger’s tendon is actuated with a given motion profile
as listed in Table 12 from Chapter 6, while the sparse quad-array and custom software, integrated
with the Sonix Touch system, collect and saves the RF data. The previously described process
from (a) is used in order to display the displacement fields for each sub-array using SAD, FT and
NCC similarity measures. This is repeated with each motion profile in Table 12 from Chapter 6
in order to determine which motion profile provides the smallest amount of displacement needed
to auto-locate the tendon. It is important to note that the tracking algorithms can only determine
integer pixel displacements, and is limited by the image resolution. Thus, the minimum
displacement which can be detected using the quad-array is 0.1408 mm (in the x-direction) and
0.019 mm (in the z-direction), which is a single pixel on the image using the quad-array. From
Fig. 80 using SAD, it is determined that the motion profile of 1 mm can be used to auto-locate
the tendon. As well, from these displacement fields, the smallest detectable displacement (i.e. the
onset) is also determined. From these fields, the onset of displacement is determined as the
smallest displacement giving the ability to detect the tendon above the background noise. It is
determined that 0.36 mm is the smallest detectable displacement, as shown in Fig. 81 using

SAD.
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Total Displacement Field Using SAD for Motion Profile: Day 4, B-Series, D=1mm
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Figure 80: Onset displacement fields using SAD with the B-Series motion profiles D=1 mm. This is the minimum
displacement to create a displacement field.

Total Displacement Field Using SAD for Motion Profile: Day 4, B-Series,

arrayl array. 1

09
08
L 07
—
- 06 2
L 05 s
=
L 0.4 &
=i
(¢}
2
El
2

Figure 81: Onset displacement fields using SAD with the B-Series motion profile D= 0.36mm. This is the minimum
detectable displacement.
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CHAPTER 8:

DISCUSSION

8.1. INTRODUCTION

This thesis proposes the development of ultrasound-based software and hardware in order to
determine its feasibility for use in hand prosthetic applications. In terms of the software, several
speckle tracking algorithms were developed in order to detect and track the tendon’s
displacement using a sequence of B-Scan ultrasound images. In order to prove this new concept,
five experiments were performed that used either human subjects or cadaver material. These
studies were custom designed in that they provided a standard reference, in which actual values
can be compared to the estimated values. Specialized hardware was also designed and built for
the cadaver-based studies. As well, an off-the-shelf linear array and a custom designed quad-
array transducer were used to obtain a sequence of images of single and multiple tendon
displacement. The following sections discuss the usability of the speckle tracking algorithms, the
success of the hardware apparatus for the cadaver-based studies, the results from the five

experiments, and the feasibility of the proposed techniques for hand prosthesis applications.

8.2. DISCUSSION ON SPECKLE TRACKING ALGORITHMS
8.2.1. SIMILARITY MEASURES

In terms of the tracking algorithms themselves, there exist many permutations of similarity
measures, speckle tracking parameters, and searching techniques. For instance SAD is easy to
implement in hardware as it has no square operations, but it can be more susceptible to noise
[184]. Log-compressed Rayleigh statistics (Fisher-Tippett) is a common similarity measure used
in areas of dense speckle [151,175,182,183]. NCC is often used to overcome uneven
illumination and other issues, because this measure removes local means [177-179,187]. Because
Rayleigh distributions are thought to be valid if the SNR is below 1.91, a hybrid method
introducing a threshold was developed here. If the SNR was above this threshold in the ROI,

SAD was used, otherwise FT was used.

As with any similarity measure, there is a chance of interframe mismatch due to the presence
of many local extrema. This is because the intensity pixel values within the template and block

are plagued by noise. Therefore, because of noise, there is a subset of potential matches. A



second hybrid method was also developed to first estimate the non-stationary noise present in the
image. The minimum extrema was then calculated (minimum SAD), and then a tolerance was
applied as calculated by the noise estimation, creating a subset of potential matches. NCC was

used as a secondary measure to find the match within the subset.

8.2.2. ESTIMATING INTERFRAME, CUMULATIVE AND TOTAL DISPLACEMENT

The process to estimate frame-to-frame or interframe displacement, between comparison
frames ¢ and ¢+k was used with the stationary ROI technique. The stationary ROI is useful for
two reasons: (i) if the B-Scan had a small field-of-view as with the quad-array, it can still track
an object which passes through it, or (ii) if there was a tracking mis-match at some place in its
displacement the remaining displacement estimations would not suffer by compounding the error
(temporal drift). This was in contrast to many traditional speckle tracking algorithms in the
literature, which track a specific location on the tendon itself, as the tendon displaces across
consecutive image frames. In traditional tracking, if the specific location on the tendon moves
out of the field of view, tracking is lost and hence only displacements smaller than the field of

view could be tracked.

In order to estimate the total displacement, the interframe displacements were added
cumulatively to obtain the total displacement from the entire excursion. Therefore, the total
displacement estimations could be subject to interframe displacement errors, and hence a
cumulative error. This cumulative error would grow with the number of template to block
mismatches, and would result in an offset with respect to the standard reference displacement
curve. In this sense, the stationary ROI technique was robust against a single mismatch, up to a
few mismatches. If the stationary ROI technique was not used, then a significantly mis-matched
block in one frame comparison would become the following template in the next comparison,

thus tracking may be lost completely.

8.2.3. OPTIMIZING PARAMETERS
The choice of similarity measures and tracking parameters will affect the accuracy and
computational efficiency of the displacement estimations. The values of relevant parameters are
often simply reported in literature, but few details into the possible effects of choosing such
values are provided. As well, studies are mainly done with uncompressed B-scan or RF data, and

not with compressed B-scan data. For example, one study used the NCC similarity measure with
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RF data and investigated the parameters noise, bandwidth, stationary echoes, template size,
down-sampling, interpolation and demodulation [176]. Another study investigated the relative
performance of NCC and SAD on simulated RF data [200]. These factors provided motivation
for this study in which relevant parameters were further investigated using compressed B-Scan
data of human tendon motion. Using a sub-set of data from Experiment 2, the effects of changing
the parameters were investigated in order to optimize the speckle tracking algorithms. The
parameters investigated were: additional similarity measures, searching without a stationary ROI,
hierarchical search, template location, template and ROI size, and frame rate (temporal
resolution). In Part-1 of this study, the total displacement was estimated using speckle tracking
with four similarity measures, which were FT, NCC and two hybrid measures. These were used
with a sub-set of data containing the first patient’s 1%, 2" and 6™ flexion, and the second
patient’s 2" flexion. In Part-2 of this study, the effect of changing the parameters was

investigated using the first patient’s 2" flexion.

Additionally, in Part-3 of the parameter investigation study, the effect of the developed frame
skipping technique was investigated using data from Experiment 3. Having an effect similar to
lowering the frame rate, frame skipping was defined as the comparison of the template in frame ¢,
to the blocks in frame ¢+k, where £ is an integer. In this thesis, a new technique was developed
which can determine the optimal frame skipping number, £. To provide validation for the new

frame skipping technique, data from Experiment 3 was used.
A further discussion regarding the optimization of relevant tracking parameters is as follows:

a) Discussion on Part-1:Total Displacement Estimation using Various Similarity Measures

In Part-1 of this study, four similarity measures were individually used to estimate total
displacement, using B-Scan image sequences collected from four FDS tendon flexions from
Experiment 2. These tendon displacement estimates were compared to the displacement
reference, as obtained from the microscope video reference. The total displacement relative error,
Rp (%), for the four different tracking techniques was calculated for four flexions. NCC had the
lowest relative displacement error for the first flexion. Since the flexion data used was of high
quality, all the similarity functions performed well. High quality flexion data means that the
patient flexed at moderate speed with good control, which provided smooth motion and small

displacement steps between frames, so that the ultrasound machine’s low frame rate does not
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become a major issue. Lower quality flexion data means that the patient flexed with fast tendon
motion, or a sporadic flexion motion captured with a low frame rate, resulting in large steps
between some image frames. With the lower quality case, the NCC measure seemed to be more
robust, producing the lowest relative total displacement error. Given the performance of the
similarity measures and the proposed applications in this thesis, the stationary-ROI exhaustive

search method using the SAD measure is recommended for future work.

The interframe displacement was cumulatively added in order to obtain a complete
displacement versus time curve. Due from the cumulative nature of the tracking technique, there
was an offset between the displacement curve and the video reference. In contrast to the
cumulative displacement using B-Scan ultrasound, a displacement calculated from the
microscope video reference data was determined by the vector displacement between the first

video frame, and each subsequent video frame.

b) Discussion on Part-2:Effect of Changing the Values of Tracking Parameters
In Part-2 of this study, the effect of changing the parameters was investigated using data from
Experiment 2. Given this dataset, it was observed that the best results were achieved when using
a template size of 20 by 20 pixels, at location (x,z) = (658,232) on the B-Scan, with images
sampled at 20 fps, with a stationary ROI search technique, and using a ROI of 54 by 24 pixels. In
the following paragraphs, each of these tracking parameters (i.e. searching without a stationary
ROI, hierarchical search, template location, template and ROI size, and frame rate), will be

discussed in relation to this dataset.

Non-Stationary ROI: In this work, a stationary ROI technique was used for Parts-1, -2, and -

3, with the exception of this non-stationary ROI trial. The stationary ROI method was first
introduced by [179], and was used with the NCC measure with multiple templates. Generally,
most others use a non-stationary ROI technique, but often report a temporal drift in their
displacement curves [178]. This occurs because the match to the previous interframe
displacement is updated to be the new template for the next interframe displacement estimation.
But, a single interframe mis-match can result in rapid tracking failure; because if the previous
match was incorrect, the mistake is carried through. To test this result, the conventional non-
stationary ROI method was applied to a dataset in Experiment 2. From the displacement vs. time
plot, it was observed that the tracking does not perform well, as seen in Fig. 56. The FT, NCC
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and second hybrid methods were able to follow the reference displacement curve better than the
first hybrid method. All methods were not successful at tracking the entire flexion. The best way
to amend this issue for non-stationary ROI techniques, is to use hardware with high frame rate
capabilities. This way, speckle decorrelation and mismatches occur less frequently. Based on
these effects, it is determined that the stationary ROI technique is best suited for the proposed
applications in this thesis, since tracking is more easily lost with the non-stationary ROI

technique.

Hierarchical Searching: An additional hierarchical searching technique has been proposed in
this work, as described in Section 5.5.2. This technique used a coarse-to fine searching scheme
that makes use of the benefits of both large and small templates and ROIs. It was observed that if
the displacement estimation by the first iteration with the larger template was incorrect, the
remaining iterations increased the errors. This was also reported by [178] and they used other
methods to reduce errors. Even though the computational time increased, the tracking was
overall successful and comparable for all similarity measures (Fig. 57). Based on this result,
even though the hierarchical searching technique is comparable to others in terms of accuracy, it

is computationally more intensive, due from the increased number of calculations.

Template Location: Evaluating interframe displacement at different locations along the
tendon in the B-Scan image sequence may give different results. For example, if a template is
located partially over the tendon during its excursion through the template, a poor estimate will
result. It is therefore highly important to investigate different template locations along the tendon,
which gives rise to a need to develop a method to do so. Selecting the template location is
usually a task for a trained technician, who locates the area of the tissue in order to implement
tracking. However, the technician may also choose poorly, and as a result, the chosen location
may or may not produce ideal tracking results. As well, poor results attributed to location may
arise from uneven illumination, or out of plane motion for part of the tendon excursion. This was
evident with the data. Two of the chosen locations encountered several interframe displacement
errors, thus producing an offset in total displacement. The ideal template location was found to
be at the center of the image (658,232) using all similarity measures. To overcome the effect of
uneven illumination, others employed a method which subtracted local means first, before block

matching [175].
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To overcome the effect of an ill-placed template, the auto-location technique has been
developed in this thesis, as described in Section 5.4. The auto-location technique removes the
need for a technician and removes subjectivity in selecting the template location. As well, it is
able to account for problems with uneven illumination and out-of-plane excursion, since it
computes the result over the entire excursion image sequence. It is a calibration step, as

described in Section 7.5.2, that would occur infrequently, to select the optimal template location.

Template and ROI Size: The size of the template and ROI has a direct effect on the tracking
success. If the template is too large, it is less susceptible to noise, but it may also contain non-
uniform motion. Also, if the template is too small, there may be an aperture problem, and
tracking may not be successful. For template size variation for this dataset, it is observed that the
larger 30 by 30 pixel template did not work as well as the smaller templates, with all similarity
measures. Similarly, the size of the ROI is an important parameter to consider. A small ROI is
computationally quick, but it may not capture large displacements. A larger ROI size also has
issues, since the bigger it is, the more likely it will have several possible local extrema. This
makes it difficult for the algorithm to select the correct (best) block location. This effect was
observed, where there can be several locations of possible matches (within noise), thus causing
an interframe displacement error. This was evident in all cases using the larger 80 by 35 pixel
ROI. One way to improve the issue of interframe displacement errors from a large ROI, is to
incorporate an adaptive strategy. When the interframe displacement is found to be low (by
monitoring the previous few interframe displacements), the ROI size can be decreased by the
algorithm. This should resolve the issue of having many similar valued extrema, leading to better

selection of the matching block.

Frame Rate: A high frame rate capability is reported to be one of the most important factors
when sourcing ultrasound hardware for motion-detection studies [201]. Current technology,
which offers ultrasound machines with portability and miniaturization, often sacrifice the frame
rate. If the frame rate is too low (or the moving tissue velocity is too high), speckle decorrelation
occurs, and tracking will ultimately fail. This can be attributed to the speckle pattern changing
too much between consecutive frames, thus losing tracking. The data used in this study was from
patients who were under anesthetics, and hence their tendon excursion velocity could not be

controlled. Even with coaching, the velocity was sporadic or inconsistent between each
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excursion and each patient. This study uses 20 fps, which is considered low in comparison to
current available hardware. To demonstrate the effect of lowering the frame rate further, the data
set was adjusted by removing every other frame, which effectively reduced the capture rate to 70
/ps. None of the similarity measures were successful at tracking interframe or total displacement,
which demonstrates the importance of higher frame rates. Even so, it was observed that the FT
and first hybrid method seemed to follow the reference displacement better than the NCC or
second hybrid method.

¢) Part-3: Development of a Frame Skipping Technique

A new frame-skipping technique has been developed in this thesis work to allow for an
automated selection of which frames to compare. It makes use of the expected motion profile of
the tendon, as well as the constraints given by the ultrasound hardware, such as the frame rate
and the resolution. Thus, in this thesis, the relationship between these factors was derived, and

the frame skipping constant, y, was empirically determined.

Since most speckle tracking algorithms compare the template in frame ¢ to the blocks in the
next frame in 7+/, and every ultrasound imaging system is different, the resolution may not be
sufficient to detect small interframe displacements. This is a function of the system’s frame rate
and lateral resolution, as well as the tendon’s displacement and velocity. This study investigated
if skipping frames can mitigate the resultant tracking issues from small tendon displacements,
coupled with a high frame rate ultrasound machine. First, it was shown that the success of
tracking is highly dependent on frame skipping. Secondly, the optimal frame skipping constant, vy,
was determined using data from Experiment 3, and the frame skipping numbers, £k=1,2,3,4,5.
The data was reanalyzed to determine which one has the lowest total displacement relative error,
when being compared to the reference. The average frame skipping constant, y, was estimated as
8.24 pixels and is assumed to be valid for any data set imaged by any ultrasound system. After
the constant was determined, the developed equation (Eqn. {33}) can be used for all future data

sets in order to determine the frame skipping number, .

Another important parameter, although not investigated here, is out-of-plane tendon motion.
Tendons move in all three dimensions within the arm and wrist as excursion takes place. Linear
array transducers on the other hand, only image in 2D (in the x-z plane). If the tendon moves in
the y-direction (out of the field of view of the transducer), tracking can be lost completely. If the
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transducer placement is close to the edge of a tendon, and that tendon exhibits sufficient motion
in the y-direction, it can disappear from the image. As well, for the data from Experiment 2, the
resultant B-Scans were imaging the x-z plane, while the reference is imaging the x-y plane. Thus,
major displacement in the z or y direction will cause discrepancy between the ultrasound-based
estimations and the video displacement reference. Additionally, for the cadaver-based studies,
the reference was providing a displacement in the x-direction. Here, the linear array can only
capture the x-z plane. Thus, the vector addition of the estimated displacement in the x-z plane
should equate to the reference displacement. Even though the tendon was displacing mostly in
the x direction under the transducer (in the wrist canal), there were smaller components in the y-z

plane. This provides a source of error since the y plane was not monitored.

8.2.4. SUMMARY OF SPECKLE TRACKING ALGORITHMS

The speckle tracking algorithms were developed and investigated using experimental data
from humans and cadavers. In summary, the similarity measures SAD, SSD, FT, NCC and two
hybrid measures, were developed and investigated using various data from Experiments 2-5.
They all have a relatively similar performance, with NCC performing slightly better overall. In
terms of searching strategy, the strategy using the stationary ROI technique performed better
than the non-stationary ROI technique. As well, the hierarchical search performed well, but was
computationally more intensive. The template size, ROI size, template location and frame rate
were also investigated and their effects on tracking success were discussed. As well, a new frame
skipping technique was developed and verified using data from Experiment 3. The speckle
tracking algorithms are further discussed in Section 8.9.2, in the context of the feasibility of its

use for the proposed application in this thesis.

8.3. DISCUSSION ON HARDWARE APPARATUS FOR CADAVER-BASED EXPERIMENTATION
For the cadaver-based studies in Experiments 1,3,4 and 5, specialized hardware was designed
in order to: provide a standard reference of tendon excursion, displace the tendon(s) using a
programmable motorized actuation system, couple the tendon(s) to the actuation system, hold the

transducer in a static position, and fix the cadaver hand in a solid orientation.

8.3.1. Motorized Actuation System
For the preliminary cadaver-based study described in Experiment 1, the preliminary actuation

system was tested by evaluating the initial set-up. The preliminary actuation system used a single

163



stepper motor actuating an x-stage, which was in turn coupled to the flexor tendon. The x-stage
with the connected coupler displaced the flexor tendon by a known amount, thus constituting a
standard reference system. The opposing extensor tendon was also attached to a shorter coupler
that was in turn connected to a string-pulley-weight system. This provided a constant force on
the extensor tendon, which allowed the finger (and the flexor tendon) to safely return to its

natural position when the x-stage moved toward the fingers.

Unfortunately, the preliminary actuation system did not perform the displacement excursion
as expected, which ultimately led to the failure of a valid standard reference for this experiment.
The problems with the preliminary actuation system are described in detail in Section 7.1.2.
Consequently, the programmed displacement did not match the actual displacement of the
tendon, and therefore the reference from Experiment 1 could not be used. There are several
improvements to the preliminary actuation system that could mitigate such undesirable effects.
Firstly, the angle between the longitudinal axis of the tendon, and that of coupler and x-stage,
should be close to zero. As well, there should be an ability to adjust the coupler up and down, to
achieve this desired zero angle. Another option involves an implantable-based reference,
whereby a metal marker is implanted onto the part of the tendon which is in the field of view of
the ultrasound transducer. This way, the marker can be tracked visually using the sequence of
collected ultrasound images. Unfortunately, this reference isn’t entirely external; it is coupled to
the ultrasound imaging system. As well, inserting such a reference will disturb the natural tissue
surrounding the tendon, which may have an impact on the image quality of the ultrasound image.
Another alternative similar to Experiment 2 is to record the exposed tendon with a video camera,
and then track a visible feature using Kinovea tracking software. Unfortunately, the video
camera would only record displacements in the x-y plane and not the x-z plane. Thus, any motion

in the y- or z-direction may cause tracking errors.

Based on all the knowledge gained from Experiment 1, a new actuation system for
Experiments 3-5 was designed, using upgraded linear-actuator motors, linear guides, a dedicated
motor controller, and a new mechanical layout. This new actuation system was able to actuate
the tendons horizontally, and to provide an accurate standard reference. This means that the
tendon at the coupler junction displaced in the x direction, thus alleviating the undesirable angle-

effect. Together, the new actuation system mitigated the issues observed in Experiment 1.
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Further, the new actuation system used in Experiments 3-5, had the ability to independently
displace three flexor tendons, by the use of three linear-actuator motors. The new multi-tendon
actuation system, as detailed in Section 6.4.2, performed well as a reference, and constitutes the

standard design for Experiments 3-5 with cadavers in the laboratory.

8.3.2. Tendon Coupler

Tendons, being biological materials, present an inherent difficulty for coupling to mechanical
equipment. Hooks, and other piercing hardware, may tear the tendon at the point of attachment,
while the tendon is being actuated. The custom coupler design used in Experiment 1, compressed
the tendon between two wooden plates lined with a rough non-slip material. This coupler design
performed well, and was successful at grasping with tendon for the entirety of the experiment,
with no observed slip. Based on this knowledge, the tendon coupling system for Experiments 3-5
made use of the same clamping technique. For these experiments, the tendon coupling system
was further developed into a more compact system, where three couplers could be placed side-
by-side for the multi-tendon actuation system. The new developments included using aluminum
and stainless steel as the structural material, as well as a screw and nut fastener which
compressed the plates onto the tendon. The inner surfaces were lined with the same coarse-grit
non-slip tape used with Experiment 1. Each of the three flexor tendon couplers was attached to a
corresponding bracket piece, which was attached to a corresponding linear actuator. The bracket
piece was adjustable in height, thus allowing the coupler to be aligned with the longitudinal axis
of the flexor tendon, and hence to be actuated horizontally. Overall, this coupler design
performed very well, and was successful at grasping the tendon for the entirety of the experiment,

with no observed slip.

8.3.3. Stabilizing the Cadaver Hand
The cadaver hand was fixed to ground in order to minimize any undesired tissue motion under
the transducer. To accomplish this, custom apparatus was developed, which clamped the hand in
four areas. Off-the-shelf vice grips were modified (vice-clamps) so that they could be fixed in
specialized blocks. This technique is described in detail in Section 6.2.2(c), and was employed
for Experiments 1, 3, 4 and 5, where it was very successful at stabilizing the hand. No observable
motion of the wrist or clamped bones was evident, while the multi-tendon actuator system was in

operation. Other techniques drill directly into the bones for stabilization. Due to the
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unpredictable nature of cadaver bone material, it was not considered as a viable option for the

experiments of this work.

8.3.4. The Ultrasound System (Experiments I and 2)

The ultrasound system was comprised of a LogicScan 128 ultrasound machine, a 12 MHz
linear array transducer, a general purpose laptop PC. As well, a dedicated transducer holder was
designed, as described in Section 6.2.2(d), which provided transducer adjustment and
stabilization for the cadaver-based studies. Overall, the LogicScan system performed well, but
there were obvious limitations with this hardware. Firstly, since it was a table-top system, its
processing speed was limited by the laptop PC which was used, thus limiting the frame rate of
the B-Scans. For example, in Experiment 1 the frame rate was suitable (40 fps), but in
Experiment 2, the frame rate was considered to be too low (20 fps). As well, this system will not
allow for any RF data access, and the B-Scan compression/encoding method into an .avi file is
not controlled by the user. Hence, different PC’s will use different compressions, which will

affect the resulting B-Scan resolution and tracking.

8.3.5. The Ultrasound System (Experiments 3, 4 and 5)

For Experiments 3, 4 and 5, a new research-grade ultrasound system was used. This consisted
of the Sonix Touch ultrasound system, made by Ultrasonix Medical Corp. Two different
transducers were used, which were the 10 MHz linear array for Experiment 3, and the sparse
quad-array transducer for Experiments 4 and 5. The quad-array independently imaged four x-z
planes in order to capture the displacements from multiple tendons simultaneously. The software
to use the custom quad-array was developed by a third party using an SDK provided by
Ultrasonix. The software was integrated on the research interface on the Sonix Touch and the
four independent B-Scans were displayed onscreen. Using the above described ultrasound
system for a given experiment, the collected data files were imported into Matlab for further
processing using the proposed speckle tracking algorithms. Overall, the Ultrasonix system
performed better than the LogicScan system. The Ultrasonix system has a high frame rate and a

research interface, which allows for better tracking performance and the use of the quad-array.
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8.4. EXPERIMENT 1: PRELIMINARY CADAVER-BASED STUDY TO OPTIMIZE
EXPERIMENTAL OVERVIEW AND METHODOLOGY

The preliminary study allowed for the development and testing of electro-mechanical
hardware to couple and actuate a single flexor tendon of a cadaver, and also to obtain a library of
B-Scan ultrasound cine loops of single tendon excursion. Such libraries of B-Scan data were
used to further develop the tracking software in order to obtain estimates of interframe and total
displacement. The tendon coupler, cadaver clamp system and the transducer holder used in this
experiment were successful, as previously described. Unfortunately, the actuation system did not
perform the displacement excursion as expected, which ultimately led to the failure of a valid
standard reference for this experiment. This failure is attributed to a controller issue as well as
the introduction of an angle-effect. Due to the expiring nature when dealing with cadaver
material, there was no immediate remedy to fix these issues. Although the above described
factors lead to the ultimate failure of the reference system, the collected B-Scans cine-loops
served as an image library. These image libraries were used very effectively as a tool to further
develop the speckle tracking algorithms, and for designing the subsequent experiments (2, 3, 4,

and 5).

8.5. EXPERIMENT 2: HUMAN-BASED STUDY TO ESTIMATE SINGLE TENDON EXCURSION

The aim of this experiment was to further develop the proposed speckle tracking method for
estimating the instantaneous and total displacement of a single tendon. This experiment used
human volunteer patients, during their regularly scheduled carpal tunnel surgeries. To validate
the method, the ultrasound-based estimation was directly compared with the actual tendon
displacement in the hand, by using video to record the surgically exposed tendons in the palm.
The video of the exposed flexor tendons was then used to create a standard reference
displacement, using commercial video tracking software. In this way, the experiment provided
the most realistic anatomic setting, in contrast to work by others that uses simulations and

phantoms.

Total displacement and instantaneous displacement were estimated using the proposed FT-
based, SSD-based, and SAD-based speckle tracking techniques, on B-scan image sequences
collected from FDS tendon motion in human patients during surgery. These ultrasound-based

tendon displacement estimates are compared with the actual displacement as obtained from the
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video reference displacement. For FT-based tracking, the total displacement relative error, Rp,
was < 5% in 10 cases, and > 5% in 5 cases. For SAD-based tracking, R, was < 5% in 6 cases
and > 5% in 9 cases. For SSD-based tracking, Rp was < 5% in 6 cases, and > 5% in 9 cases.
Overall, the average value of Rp was 7.3% using the FT-based method, which is less than the
average value of Rp for the SAD-based method (10.6%), and average Rp for the SSD-based
method (10.4%). The average instantaneous absolute error (mm), 4;4, using FT-based tracking
was < 1 mm in 9 cases and > 1 mm in 6 cases. The maximum absolute error was 5.97 mm in the
case of patient 1, extension 1, which also had a high peak velocity. Likewise, 4;; (mm) using
SAD-based tracking was < 1 mm in 6 cases, and > 1 mm in 9 cases. Also with the SAD
technique, the maximum absolute error was 6.69 mm in the case of patient 1, extension 1, which
also corresponds to the highest absolute error when using FT- and SSD-Based tracking. For SSD,
Ajq (mm) was < 1 mm in 4 cases and > 1 mm in 11 cases. The maximum absolute error using

SSD was 6.86 mm for patient 1, extension 1.

Recall that the displacements estimated by either FT, SSD or SAD are inter-frame estimates.
This means that the displacement between two consecutive frames is estimated and then added
as a cumulative displacement, to obtain a complete displacement-versus-time curve. Therefore,
the total displacement with FT, SSD and SAD estimations can be subject to a cumulative error.
This cumulative error will grow with the number of template-to-block mismatches, and will
result in an offset to the reference curve in the displacement. For example, the displacement
curve in Fig. A.1.2 (b) in the Appendix obtained using SAD has a single mismatch of an inter-
frame displacement occurring at 0.6 s, and then immediately regains tracking from that point
onward because of the use of the stationary ROI technique. Notice the offset between the SAD
curve and the reference displacement curve, due from the cumulative nature of the tracking
technique. If the stationary ROI technique was not used, a mismatched block in frame ¢ +
1 would become the next template in frame ¢ + 2; thus, tracking may be lost completely. In
contrast, the reference displacement curve calculated from the microscope video was determined

by the vector displacement between the first video frame and each subsequent video frame.

Among the three techniques, the FT-based technique performed better overall in comparison
to the SAD and SSD technique. This result coincides with the study by [182], which stated that

ultrasound images are poorly characterized by Gaussian statistics. In a few cases, however, SSD-
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based or SAD-based instantaneous displacement was more accurate than that estimated by the
FT technique. This may be due to the fact that the underlying statistics may not always be
represented by a Rayleigh distribution in the region of interest [151]. Further investigation is
needed to quantify when Rayleigh/FT, SSD or SAD is best suited for the B-scan properties
within the ROI, or if a hybrid algorithm combining the two methods is possible. Also, the block
matching technique employed assumes that the elements within the template and block are

independent, which may not always be a valid assumption [151].

In some cases, the ultrasound-based tracking algorithms lost tracking when the tendon
velocity was high. This can be attributed to the excessive change in speckle pattern (i.e., speckle
decorrelation) between consecutive frames caused by noise, causing tracking to be lost between
frames. Speckle decorrelation is a widely known issue, and methods to quantify its effect on
tracking have been investigated. The patients used in this study were under anesthetics, which
made patient performance, and hence their tendon excursion velocity, difficult to control. Even
with coaching, velocity was inconsistent between excursions and between patients. In general,
patient 2 flexed and extended at a much higher rate than patient 1. In cases of high velocity,
tracking loss occurred. For example, the peak velocity for patient 1's first extension was >
40 mm/s occurring at the 1 s mark in the extension. This corresponds to a loss of tracking at this
section in time, as illustrated in Fig. A.1.2 (a) in the Appendix. Even though tracking recovered
(because of the stationary ROI technique) later, the subsequent total displacement suffered from
an offset. This was due to the cumulative addition of estimates, as previously described. The
ultrasound machine used for Experiment 2 had a low frame rate of 20 fps; therefore, it appears
that FT, SSD and SAD-based tracking performed better when the velocity was < 30 mm/s. To
improve tracking performance at higher tendon velocities, an ultrasound machine with a faster
frame rate could be used. In this way, the displacement between successive B-scan frames will

be smaller, and may be handled by the current tracking techniques.

During tendon excursion, it is possible for the tendon to displace out of the field-of-view of
the ultrasound probe, and thus, tracking can be lost. As previously described, the placement of
the transducer provides a B-scan image in the x—z plane. If the transducer placement was close to
the edge of a tendon, and that tendon exhibits sufficient y-direction (out of plane) motion, it can
disappear from the image. This likely occurred for patient 3, as illustrated in Fig. 53, where FT-

based, SSD-based and SAD-based tracking appears to stall, while the video reference shows full
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excursion. This is because the microscope video reference was monitoring tendon excursion in
the palm in the x-y plane, whereas the ultrasound probe is monitoring tendon excursion in the x-
zplane proximal to the wrist, as previously stated. Thus, major displacement in the
lateral z or y direction will cause discrepancy between the ultrasound-based estimations and the
video reference. The time with each patient was constricted to 5 min, and could not pre-process
the data to immediately determine tracking success, rectify any transducer placement issues or

identify if the tendon was moving too fast or out of frame.

8.6. EXPERIMENT 3: CADAVER-BASED STUDY TO ESTIMATE SINGLE TENDON
EXCURSION
Experiment 3 is based on the earlier preliminary experimentation (Experiment 1) in which a
linear array collected sequential B-Scan images of a singular moving cadaver tendon. The
motivation for Experiment 3 was twofold. Firstly, to further develop the speckle tracking
algorithms for interframe and total displacement estimations. Secondly to further develop the

hardware that couples to and actuates the tendon, thus providing an improved standard reference.

(a) Discussion on Data Collection Protocol

For this experiment, and the research-grade Sonix Touch ultrasound system with a linear
array transducer was used. It was successful at imaging the displacing tendon with a high frame
rate and good image quality. As previously described, the upgraded multi-tendon actuation

system also performed well as an actuation system and as a reference.

In all data-sets, the linear array was manually placed on the given tendon overtop intact skin.
Prior to recording the data, the motion from a given tendon was observed onscreen, and the
quality of the B-Scan sequences were visually assessed. As shown by the index finger’s field for
the example in Fig. A.2.1 in the Appendix, the transducer placement was adequate, but not
perfect. It is difficult to know the exact anatomy and tendon location under the transducer, for
optimal placement. One possible solution is the implantation of a reflective (non-magnetic)
device, such as a small bolt into an adjacent bone, near the tendon. If available, the hand could
undergo MRI (Magnetic Resonant Imaging) prior to data collection. The tendons and the
implanted device would be clearly visible in the MRI image, and relative measurements to each

tendon location could be made. When the hand is ready for data collection, the transducer could
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then be placed at these optimal locations, by first imaging the implanted bolt and then moving

the transducer by the known amount to be over top of the desired tendon.

(b) Discussion on Auto-location with Single Linear Array

An auto-location technique is needed in order to standardize the selection of the optimal
template location for any image sequence data-set. Further, a major motivation for the proposed
tendon tracking technique is for prosthetic control, thus necessitating the development of
automated template location selection. Using the developed algorithms for SAD, FT and NCC
with the frame skipping technique, displacement fields were created for the prescribed motion
profiles of a single flexion from each data set. A displacement field represents the total
displacement from the tendon’s entire excursion, at many points along the tendon. From each
displacement field using a given similarity measure, the maximum displacement value is found.

This value is then used as the optimal template location for the analysis.

On a given displacement field, the tendon was clearly observed, using any measure or motion
profile. In the center portion of the index finger’s displacement field, the total displacement was
estimated at less than the edge portions. A continuous field was expected, with the entirety of the
tendon’s displacement being uniform, since a tendon is a solid and inelastic object. At the center
location on the B-Scan image, the tendon appears darker, thus tracking may be lost at this
location. As well, the tendon may have a component of out-of-plane motion at this location.
Even so, the total displacement at the edge portions represents the total displacement of its
motion profile. For the Day 2 experiment for the index finger, with the V15,D15 motion profile
the total displacement was estimated as: 14.16 mm using SAD, 14.14 mm using FT and 14.54
mm using NCC. For the V10,D10 motion profile on Day 2, the total displacement was estimated
as: 9.86 mm using SAD, 9.86 mm using FT and 9.83 mm using NCC. The optimal location of
the template is at the same location using any similarity measure for a given motion profile. This
infers that the SAD, FT and NCC measure perform equally in this respect. However, the optimal
template location for the V15,D15 and V10,D10 motion profiles are different. This can be
attributed to many factors: such as noise, tracking errors, and reduced image quality during

portions of the image sequences.

The displacement fields for the middle finger tendon were more uniform. For the V15,D15
motion profile on Day 2, the maximum total displacement was estimated as: 14.80 mm using
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SAD, 14.78 mm using FT and 14.92 mm using NCC. As well, it is observed that the optimal
location of the template determined by the auto-location algorithm, was at the same location
using any similarity measure for a given motion profile. However, the location determined using
data from the V15,D15 and V10,D10 motion profiles, are different. The second hand was used
on Day 3, and was not of the same quality. Thus only the middle finger’s data-set was repeated.
Even so, for the V15,D15 motion profile on Day 3, the maximum total displacement was
estimated as: 13.66 mm using SAD, 13.64 mm using FT and 13.60 mm using NCC. For the
V10,D10 motion profile on Day 3, the maximum total displacement was estimated as: 9.44 mm
using SAD, 9.42 mm using FT and 9.57 mm using NCC. For both the V15,D15 and V10,D10
motion profiles, the maximum total displacement within the field estimated by any measure, was

determined to occur at the same location in the image.

Likewise, the displacement fields for the ring finger were also uniform. For the V15,D15
motion profile on Day 2, the maximum total displacement was estimated as: 14.49 mm using
SAD, 14.49 mm using FT and 14.39 mm using NCC. For the V10,D10 motion profile on Day 2,
the maximum total displacement was estimated as: 10.27 mm using SAD, 10.27 mm using FT
and 10.24 mm using NCC. For both the V15,D15 and V10,D10 motion profiles, the maximum
total displacement estimated by the NCC measure is at a different location than the location

estimated by the SAD and FT measure.

Overall, the SAD, FT and NCC techniques performed well. This may be attributed to the
algorithms themselves, coupled with using great data to verify the algorithms. The SAD auto-
location technique is the fastest (11 ms/frame), followed by the NCC algorithm (12 ms/frame),
followed by the FT algorithm (19 ms/frame).

(c) Discussion on Interframe and total displacement

For a given tendon displacement data set and similarity measure, the interframe and total
displacement was compared to the reference displacement. From the indicated optimal template
location for a motion profile using a particular similarity measure, the interframe and cumulative
displacement was estimated. The two metrics were used to determine the total displacement
relative and instantaneous absolute error, respectively, in order to quantify the comparison

between the proposed algorithm and the reference.
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The estimated displacement vs. time curves using the SAD, FT or NCC measures were all
observed to follow the reference displacement curve well. In terms of instantaneous
displacement absolute error, the SAD and FT measure performed equally. The instantaneous
absolute error, A;4, was in the range of 0.02 mm to 0.20 mm. Although acceptable, the absolute
error from the NCC measure did not perform as well as the SAD and FT overall. The
instantaneous absolute error, A;4, using NCC was in the range of 0.02 mm to 0.25 mm. In terms
of the total displacement, the average of the relative error, R, , using SAD was 4.2%, using FT
was 4.3%, and using NCC was 3.5%; which indicated that overall, NCC was more accurate at

estimating total displacement.

8.7. EXPERIMENT 4: CADAVER-BASED STUDY TO ESTIMATE MULTI-TENDON
EXCURSION

This study used the novel quad-array transducer to comprise a multiple-tendon detection and
tracking system. Experiment 4 was part of the previously described four-day data collection
period, in which a cadaver hand was used to validate the proposed technique. The software
collected independent image sequences from all four sub-arrays, and the previously described
auto-location technique (Section 5.4) was employed on each sub-array in order to determine the
optimal template placement. As well, the optimal template location was used to estimate
interframe and total displacement, as before. On the second and fourth day of data collection, the
index, middle and ring finger tendons from the first hand are used. The second hand was not of

good quality, and was not used for this study.

(a) Discussion on Data Collection

For this experiment, Ultrasonix Sonix Touch machine was used with the quad-array, and was
successful at imaging the multiple displacing tendons with a high frame rate and adequate image
quality. As previously described, the upgraded multi-tendon actuation system also performed

well as an actuation system and as a reference.

For a given data collection day, the quad-array was manually centered overtop of the middle
finger’s tendon. As before, it is difficult to know the exact anatomy and tendon’s location under
the transducer, in order to determine optimal placement. The previously suggested solution of

implanting a bolt and imaging with an MRI machine prior to data collection, is also a valid
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option to improve quad-array placement. This suggestion however, is only useful in the context

when experimenting with cadavers.

Prior to recording the data, the motion from all three tendons were observed onscreen and the
quality of the B-Scan sequences were assessed visually in order to confirm adequate transducer
placement. Using the first hand on Day 2, it was observed that when actuating the index finger
tendon, motion appeared in sub-arrays 2, 3 and 4. When actuating the middle finger tendon, there
appeared to be motion mostly in sub-arrays 2 and 3, and when actuating the ring finger tendon,
there only appeared to be motion in sub-array 1. On using the first hand on Day 4, it was
observed that when actuating the index finger tendon, motion appeared in sub-arrays 3 and 4.
When actuating the middle finger tendon, there appeared to be motion mostly in sub-arrays 2 and
3, and when actuating the ring finger tendon, there only appeared to be motion in sub-array 1.
The observed motion of an individual tendon occurring in two or more arrays suggests a
redundancy-effect, where the displacement in each array can be compared as a duplication

measurement.

It was also observed that the first hand became stiffer in the joints from Day 2 to Day 4. This
is not a rigor mortis effect, but likely drying of the hand tissue, or other type of tissue
degeneration. As a result, when the hand was fresh on Day 2, when an individual tendon was
actuated the adjacent finger joints did not rotate. This insured that the displacement B-Scan
image contained only the actuated tendon. However, upon individual tendon actuation of the
same hand on Day 4, the adjacent finger joints did rotate slightly. This isn’t unexpected, as this
hand was used for 8 hours on Day 2, and for 4 hours on Day 4. As well, the second hand was not

used in this study, due from the poor tissue quality observed in Experiment 3.

(b) Auto-Location with Quad-Array

The previously discussed auto-location technique used for Experiment 3, was also used in this
experiment in order to standardize the selection of the optimal template location for any data-sets.
Using the developed algorithms for SAD, FT and NCC with the frame skipping technique,
displacement fields were created for the prescribed motion profiles of individual flexion, in each
sub-array. The individual motion profiles are A (index), (B) middle and (C) ring finger tendon
actuation. The resulting data is processed into a displacement field, where the tendon is clearly

observed, using any measure or motion profile, in the sub-array(s) that are imaging that
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particular tendon. Recall that for the auto-location technique, only a single tendon may be
moving. From each displacement field in sub-arrays 1 to 4, using a given similarity measure and
motion profile, the maximum displacement value is found. The corresponding location of that
maximum was then stored, for each similarity measure. For a given motion profile, the sub-array
containing the maximum displacement value using any measure, is considered the array which
contains the displacing tendon. Thus, only using this sub-array, the three locations listed were
used as template locations for the SAD, FT and NCC algorithms. This process is repeated for the
tendon motion profiles for A (index), B (middle) and C (ring) fingers, in order to auto-locate the

index, middle and ring fingers, respectively.

As shown by Table 28, for the data collected on Day 2 and Day 4 with a given motion profile,
the maximum displacement is shown for the tendon, in its corresponding array(s). As observed
earlier, there was motion in adjacent arrays when an individual tendon was actuated. This was
observed with several displacement fields, especially for B-Series data on Day 2, and A-Series
data on Day 4, as shown in Table 28. In these cases, the maximum displacements in adjacent
arrays were very similar. This could be an example of redundant tracking of the same tendon.
Redundant tracking, if further developed, has the potential to significantly increase tracking
accuracy. It is important to recall that on Day 4, the hand was stiffer which caused unwanted
tendon motion from adjacent fingers. Although small in magnitude, this unwanted motion would

add to the displacement fields, potentially causing errors.

Additionally, the locations of the maximum displacement for the sub-array using SAD, FT
and NCC are different. This is unlike earlier experimentation using the linear array (Experiment
3), in which all similarity measures performed almost equally in this regard, by choosing the
same location of the maximum displacement. This isn’t unexpected, as the quad-array is a
completely different transducer, with a different image resolution being a consequence of the
different apertures and firing sequences. Hence, the speckle tracking algorithms may not perform

equally, thus indicating different locations for the maximum displacement within the sub-array.

Using the previously described process, the displacement field was found in each sub-array
for a given multi-tendon motion profile, using each similarity measure. The multi-tendon motion
profiles were: AB (index + middle), AC (index + ring), BC (middle + ring) and ABC (index +
middle + ring). These displacement fields were not used to auto-locate the index, middle and ring
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fingers. This is because multiple tendons were moving at the same time, thus the auto-location
algorithm cannot work. Instead, the locations of maximum tendon displacement, identified by
the displacement field of auto-location for the individual fingers, were used as the locations for
tracking the multi-tendon excursion data. In this sense, the auto-location process serves as a
calibration step to locate the tendons, and the best location on them for the tracking algorithm.
Therefore, any subsequent data containing multiple, simultaneous tendon motion can be
analyzed, using the previously determined template locations. The maximum displacement at the

determined locations can be found in Table 28.

(c) Interframe and Total Displacement with Quad-Array

Once the optimal template location for a given tendon (index, middle or ring finger tendon)
was found by auto-location, the interframe and total displacement was estimated. This was
achieved by placing the template at the optimal location, and using SAD, FT and NCC to
estimate interframe displacement. These interframe displacements were then added cumulatively
to create a displacement vs. time curve, in units of mm. The standard reference displacement vs.
time curve was also plotted for comparison. The two curves were used to determine the total
displacement relative error, Rp, and instantaneous displacement absolute error, 4;4, respectively,
in order to quantify the comparison between the proposed algorithm and the reference. The
estimated total displacement was obtained from this graph, and compared to the reference total
displacement. This was repeated at the determined optimal location for each similarity measure
used in this experiment. This process was then repeated for the index (A-series), middle (B-series)
and ring (C-series) data sets, as well as the multi-tendon data sets collected on days 2 and 4. For
the multi-tendon data, the displacement vs. time curve was created for each tendon performing
an excursion. For example, in reference to the AB-Series, the index and the middle finger each
had an individual displacement vs. time curve, at the prescribed location determined earlier by

the individual index and middle finger tendon displacement analysis.

The estimated displacement vs. time curves using the SAD, FT or NCC measures, were all
observed to follow the reference displacement curves in a fair, to adequate manner in comparison
to the curves using the linear array in Experiment 3. In terms of instantaneous displacement
absolute error, 4;4, the measures performed similarly. Using SAD, 4;4 was in the range of 0.01

mm to 0.94 mm. Using FT, A;; was in the range of 0.02 mm to 0.83 mm. Using NCC, A;; was
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in the range of 0.01 mm to 0.86 mm. These error ranges are more broad than the ones in
Experiment 3, indicating a lesser tracking performance with the quad-array. In terms of the total
displacement, the average of the relative error, Rp, using SAD was 14.8%, using FT was 17.5%,
and using NCC was 10.6%; which indicated that overall, NCC was more accurate at estimating
total displacement. This was mainly due from the differences with aperture, resolution and field

of view, and is discussed further in Section 8.9.

As previously described in Experiments 2 and 3, the displacements estimated by either
the SAD, FT or NCC-based technique were interframe estimates. Therefore, the total estimations
were subject to a cumulative error. This cumulative error grew with the number of template-to-
block mismatches, and would result in an offset to the reference curve in the displacement. This

was observed in Fig A.3.1 in the Appendix for the index finger’s V15, D15 motion profile.

177



TABLE 28: DISPLACEMENT CURVE ANALYSIS FOR MULTI-TENDON EXCURSION

Da Finoer Motion Profile Array Max Displacement | Max Displacement | Max Displacement
Y & V(mm/s), D(mm) Number Using SAD (mm) Using FT (mm) Using NCC (mm)
A:V15DI15 4 14.15 11.86 13.58
2 index
A: V10 D10 4 9.36 8.85 10.34
. B: V15 D15 3 14.24 15.68 15.67
2 | middle B: V10 D10 2 11.09 9.53 9.50
C: VI5DI15 1 14.61 14.91 13.01
2 ring
C: V10 D10 1 9.33 8.76 10.73
' A: VI5DI5 3 17.26 17.37 13.97
4 | index A: V10 D10 4 11.42 11.38 11.07
B: V15 D15 2 15.18 13.54 19.99
4 middle
B: V10 D10 2 11.16 11.37 13.34
C:VI5DI15 1 19.44 20.19 16.40
4 ring
C: V10 D10 1 14.77 13.87 13.27
) :
middle 2 9.75 9.83 9.26
middle AC: V10 D10 4 8.56 8.76 8.91
) :
ring 1 8.49 8.70 9.83
middle 2 10.94 8.98 10.06
2 ring BC: V10 D10 1 6.66 5.33 9.39
Index 4 8.78 7.86 9.91
2 middle ABC: V10 D10 2 8.35 9.74 8.65
ring 1 6.48 5.62 8.64
index 4 8.60 8.99 7.25
4 AB: V10 D10
middle 2 9.26 8.30 12.05
index 4 11.93 11.29 8.34
4 AC: V10 D10
middle 1 9.60 11.46 12.12
middle 2 7.49 7.52 11.87
4 ) BC: V10 D10
ring 1 8.95 8.00 8.48
Index 4 7.42 8.03 7.11
4 middle ABC: V10 D10 2 9.12 7.45 11.63
ring 1 11.59 7.45 10.14
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8.8. EXPERIMENT 5: CADAVER-BASED STUDY TO ESTIMATE THE ONSET OF TENDON
EXCURSION

The previous experiments (Experiments 1-4) estimated the interframe and total displacement
of a tendon from a non-amputee performing a large excursion. However, a major motivation of
this thesis is to detect and monitor the tendon displacement from an amputee. In this case, the
tendon system may be partially intact, damaged, or have low function. This study formed the
basis to such investigations by determining the smallest amount of displacement needed to auto-
locate the tendon, as well as determining the smallest detectable tendon displacement, known as
the onset displacement. The data for this experiment was obtained on the third day with the
second hand, using the linear array. On the fourth day, the onset experiment was performed with

the first hand and the quad-array.

(a) Auto-location and displacement onset of a tendon using the linear array

Given the processing approach to identify onset, as described in Section 7.6.2, and the
corresponding results, a number of observations are now made. Using all measures, it was
determined that the motion profile of 0.44 mm (Table 12, Chapter 6) can be used to auto-locate
the tendon. At this amount of displacement, the tendon becomes more visible and uniform. As
well, from these displacement fields, the smallest detectable displacement (i.e. the onset) was

determined to be 0.2 mm.

It is important to note that for such small displacements of the tendon, the tracking algorithms
are highly dependent on the image resolution. The algorithms can only determine tendon
displacements with integer values, where those integers correspond to the pixel resolution of the
image. Further, the image resolution is a function of the transducer hardware, among other
factors. In this work, the image resolution produced by the linear array transducer is 0.06 mm in
the x and z directions. Thus, the minimum displacement which can be detected is 0.06 mm, or a
single pixel of displacement. For this experiment, the smallest motion profile used is a
displacement of 0.2 mm. Other researchers have employed a sub-pixel interpolation algorithm in

attempts to remedy this issue of integer pixel displacement estimations [177].
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(b) Auto-location and displacement onset of a tendon using the quad-array

The results of onset detection with the quad-array are discussed here. Given the setup
described in Section 7.6.2(b), the middle finger’s tendon was actuated with a given motion
profile of small displacement, while the quad-array and custom software on the Sonix Touch

system collected and saved the RF data.

As described in Section 6.6.2(b), each motion profile in Table 12 in Chapter 6 was performed,
while the quad-array imaged the middle tendon in the wrist. The motivation is determine which
the smallest possible tendon motion that can be definitively detected by the algorithm (auto-
location and displacement), since it is likely that an injured user would have limited tendon
motion. The displacement fields for this study were computed using the SAD, FT and NCC
similarity measures, for each sub-array. Upon reviewing the results, it was found that all
similarity measures needed at least 1 mm of tendon motion, to auto-locate the tendon. As well,
the smallest detectable displacement (i.e. the onset) was determined from these displacement
fields. Recall, the onset of displacement is defined as the smallest tendon displacement needed,
for the algorithm to detect that tendon motion, above the background noise. For the quad-array
transducer, it is determined that 0.36 mm was the smallest detectable displacement, using any
measure. As before, it is important to note that the tracking algorithms can only determine
displacement values with a resolution that is equal to the ultrasound image resolution produced
by the transducer. Thus, the minimum possible displacement that can be detected with the quad-
array was 0.1408 mm (in the x-direction) and 0.019 mm (in the z-direction), which is a single

image pixel of the quad array.

8.9. FEASIBILITY OF APPROACH USING PROPOSED TECHNIQUES FOR HAND PROSTHESIS
APPLICATIONS
8.9.1. Discussion on Potential Users and Prerequisites
In reference to the potential users who can benefit from the proposed technology in this thesis,
their injuries may consist of a single finger amputation, multiple finger amputations or an
amputation of the entire hand at the wrist level. The biomechanics of an amputee’s tendon
displacement are widely unknown, due to the diversity of individual anatomy and cases.
Regardless, it is envisioned that such users can contract their muscles to some degree, to provide

a small tendon displacement. After consulting on a number of occasions with a hand surgeon, Dr.

180



Slobodan Djurickovic, this is a reasonable conjecture [64]. Dr. Djurickovic is a Medical Doctor,
a member of FRCSC, and a Clinical Instructor in the Division of Plastic Surgery, Dept. of
Surgery, at the University of British Columbia, in Vancouver, Canada. As described in Chapter 2,
the muscle will suffer atrophic effects if left without resistance and rehabilitation. Thus, the
prerequisites require the user to have their remnant FDS tendons to be sutured to nearby
structures. This may not require additional surgery, and can be performed at the time of the
scheduled amputation or post-injury medical intervention. Afterwards, the user must undergo
rehabilitation to exercise the muscles to retain strength. This is not an additional protocol, and is
within the usual standard following an amputation. Given these prerequisites, it is hypothesized
that the user can flex their muscles to perform small tendon displacements. In such case, the
proposed techniques in this thesis have demonstrated feasibility to comprise a system which can
detect the small onset of tendon displacement. This in turn, may be used as the bio-signal for

prosthetic control.

8.9.2. Discussion on the Proposed Speckle Tracking Algorithms

The speckle tracking algorithms using the similarity measures SAD, FT and NCC, along with
the stationary ROI, and frame skipping technique are all useful algorithms for the proposed
application. Overall the NCC-based algorithm performed better at total displacement estimations,
while all the measures performed approximately the same for interframe displacement. The SAD
algorithm is faster overall, due from the smaller amount of calculations involved. Thus, it is
concluded that the proposed SAD algorithm can be implemented for both the auto-location and
interframe displacement estimations. This allows for performance approximately as well as NCC,

but with faster processing.

In order to detect the onset of tendon displacement, it is concluded that the SAD-based
displacement field can be used as an initial calibration, in order to determine the tendon’s
location. Once the location is determined, the interframe SAD algorithm can continuously run, in
order to determine if the user is displacing their tendon. This is a term described as detecting the
“onset” of tendon displacement. Once this estimated displacement is above a pre-defined
threshold considered as onset motion, this information can be used as bio-signal for prosthetic

control.

181



8.9.3. Discussion on the Proposed Quad-array

This thesis proposes a tracking system for monitoring multiple tendons simultaneously, to
allow for multi-DOF prosthesis control. To facilitate the ability for multi-tendon tracking, a new
hardware solution that can monitor several tendons simultaneously, has been designed in the
form of a custom sparse quad-array transducer. This quad-array design has been developed to be
compatible with the Ultrasonix Touch Research open architecture ultrasound machine. This is so
that the 128-channel beamformer within the Ultrasonix Touch Research can still be used, along
with the system’s proprietary software development kit (SDK). The custom sparse quad-array
transducer presented in this thesis is a completely new concept. The quad-array transducer design
is a 10 MHz multi-array transducer. It has four 32-element linear sub-arrays, where all four are in
parallel, spaced 3 mm apart. In this configuration, it was demonstrated that the quad-array can
auto-locate and track multi-tendons simultaneously. As well, in some cases, two separate arrays
may be imaging the same tendon, thus providing possible redundancy with further investigation.
Even with the reported total displacement relative error, R, being upwards of 10%, multi-
tendon auto-location and tendon displacement is still possible. As well, regarding the onset
experimentation, the proposed technique of auto-location and onset of small tendon excursions is

feasible, thus demonstrating the usability of this new transducer.

In the current design, the 3mm spacing between the sub-arrays may not be suitable for
everyone’s hands, because hands are individual. This value was chosen when designing the
transducer, based on measuring the tendon spacing using four embalmed cadaver hands, at the
University of Victoria gross anatomy laboratory. Male hands generally have bigger tendons
which are spaced further apart, in comparison to female hands. Thus, for Experiments 3-5, it was
requested that the cadaver hand be male in gender. Perhaps an improvement to this design would
be to have more sub-arrays in parallel, which are more closely spaced, in order to be suitable for

both genders.

In the current design, each sub-array contains 32 elements. This limits the field of view of
each sub-array, as well as restricting its ability to create a suitable aperture at the end elements.
This will reduce the tracking potential at these locations. One possible solution is to have more
elements in each sub-array. However, a drawback of adding more elements to each sub-array is

the limitations of the beamformer. The beamformer only has 128 channels, thus restricting the
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elements in each sub-array. Possibly, an upgraded 256-channel beamformer can be implemented,

allowing for more elements in a sub-array, or more sub-arrays in parallel.
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CHAPTER 9:
CONCLUSION, FUTURE WORK

AND THESIS CONTRIBUTIONS

9.1. CONCLUSION

The human hand is a dexterous bio-mechanism, that even with today’s technology, cannot be
completely replicated as a fully functional prosthetic device. Current prosthetic devices have
functional limitations, which can be attributed to a lack of technology to obtain multiple,
independent bio-signals from the body. If such multiple and independent bio-signals could be
collected, they can be used as an input for advanced prosthesis control. Such limitations with
current prosthesis inspired the ideas proposed in this thesis. In this thesis, the following nine

objectives (described in Section 1.2) were successfully achieved:
A. The development of 2D B-Scan ultrasound software algorithms to:
(1) Automatically locate the tendon position within a sequence of image frames,
(2) Track the displacement of a single tendon within a sequence of image frames,

(3) Track the displacement of multiple tendons simultaneously, on a sequence of image

frames, and

(4) Detect and track the onset of tendon motion and quantify the onset of small tendon

displacements, within a sequence of image frames.
B. The design of custom hardware, which included:

(7) Design of a custom quad-array ultrasound transducer, capable of monitoring

multiple tendons simultaneously, and

(8) Design of custom multi-tendon actuator system, along with other test-bed hardware

to verify the objectives in (1-4).

C. Design and Development of experiments to test the validity of the proposed speckle

tracking techniques, including:



(10) A Cadaver-based study: a preliminary experiment to optimize the software

algorithms, settings and hardware configuration,

(11) A Human study: an experiment using volunteers undergoing carpal surgery to
establish an anatomically ideal standard reference to validate the specking tracking
techniques for a single tendon (Objective 2) and to further develop those

techniques, and

(12) A Cadaver study: an experiment using two cadaver hands to validate the
techniques for detecting and tracking single and multiple tendon displacements

(Objectives 1-4).

9.2. FUTURE WORK

In order to extend the developments in this thesis for the application of controlling a hand
prosthesis, several improvements can be made in future work. In terms of improving the tendon
tracking software, the selection of tracking parameters should be fully automated. The use of an
auto-location technique for identifying the optimal location of the template was verified in this
thesis, but it can be improved upon. For instance, there are many other localization techniques
used with B-Scan ultrasound, including optical flow [200], employing algorithms using the
Lucas-Kanade approach [201], and others [202], which all can be used to determine where the
tendon is moving in a sequence of B-Scan images. As well, a complementary algorithm to the
auto-location technique will be developed to ensure that the transducer and tendons are in
optimal view. Another improvement that could be done is to automatically set the template and
ROI size, which was not automated in this thesis. The automation of the template and ROI size
can be a function of the ultrasound hardware, such as its lateral and axial resolution. Another
possible improvement to the algorithm, which is of particular importance for the onset detection,
is to further develop the displacement estimation by sub-pixel extrapolation techniques. This will
allow the displacement to be estimated at more than an integer pixel value. One possible
approach to sub-pixel extrapolation is a bi-linear interpolation technique, introduced by [200].
Here, they created 0.25 granularity by expanding the template and ROI by 4 in length and height.
Then, the newly generated pixel intensity at a given (x,z) point is a weighted average of its four
neighboring points. This altered the data, but was reported to retain image quality. Another
possible point of future investigations include further work with the redundancy-effects produced
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with the quad-array. Gathering redundant data allows for multiple estimations of the same tendon
displacement, which may improve accuracy. As well, it is important to stream-line the data flow

and processing by using RF-data directly for real time implementation.

In terms of the hardware, the quad-array design can be further improved in order to increase
its versatility with hands of different sizes. Firstly, more than four sub-arrays can be used, where
they are more closely spaced (i.e. less than 3 mm). Additionally, more elements can be used to
improve the image field of view. Both these improvements may come at a cost of more elements

needed, which requires the use of a beamformer with 256 channels.

It is important to note that the overall hardware must be miniaturized to be practical for
controlling prosthetic devices. Thus, the quad-array design changes are restricted by this
constraint. Current miniaturized ultrasound machine technology, such as the V-Scan (GE), P10
(Siemens), or the systems from Mobisante[203], may be investigated in future work. The
Mobisante system was first developed at Washington University in St. Louis, Missouri. All of
the circuitry of the Mobisante system is contained in the transducer probe console itself, which is
in stark contrast to other commercial systems. The 2-sided circuit board is 0.9 inches by 3.4
inches, which includes the ultrasonic pulser, a transmit and receive switch, a pre-amplifier, a
logarithmic amplifier for dynamic range compression, an analogue to digital converter, and other
electronics. These miniaturized devices can provide the basic technology in order to further the
work proposed in this thesis. As well, new powerful portable computing devices like the
Parallela platform should be investigated [204]. Parallella is a high performance computing
platform the size of a credit card, with low power consumption. Given these other current
technologies, it is hypothesized that the ideas proposed in this thesis may be miniaturized for

portable purposes.

Other considerations for prosthetic applications involve further investigations into tissue
heating from the continuous scanning of ultrasound. The thermal effects produced by ultrasound
are often used for rehabilitative purposes and can be considered therapeutic. In these cases, it is
used for short time intervals to reduce mild inflammation, decrease pain, or decrease blood flow,
to name a few. Further investigations with a tissue-heating phantom must be implemented in

order to determine if the proposed system is safe to be used continuously.
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Another important improvement is the development of a different ultrasonic coupling gel.
These coupling gels are used in between the transducer and the skin, to allow the soundwave to
pass from the transducer into the tissue, and vice versa, with no unwanted attenuation or
reflections. These gels evaporate in a relatively short time, which can lessen their usability with a
prosthetic device. Current examinations of alternative coupling materials are underway, which
includes different medical-grade adhesives with suitable acoustic properties, which can be

removed when desired.

9.3. THESIS CONTRIBUTIONS

This work provides a new way to detect and track the displacement of moving flexor tendons
within the human arm, using a non-invasive ultrasound-based technique. In addition, it provides
a way to detect a person’s intention (user intention) to move their hands and fingers. This has
application to hand prosthetic control, which has significant contributions to the medicine and
rehabilitation community. Using tendon displacement as a bio-signal for prosthetic control is a
completely new concept. The novelty of the proposed sensor system itself is comprised of
several major developments. These were briefly introduced in Chapter 1, with the details
provided by the following:

The first major contribution is the creation of new signal processing routines to estimate
tendon tissue motion from a sequence of ultrasound images. Since it is ultrasound-based, it
allows for non-invasive monitoring of bio-signals. These new algorithms use the speckle
tracking technique in order to estimate the displacement of a tendon throughout a sequence of
ultrasound images. They employ a new combination of tracking parameters. This includes using
the measures SAD, SSD, FT and NCC, along with the stationary ROI technique. The FT
similarity measure was derived in full, which is not found in the literature. As well a new frame
skipping method is developed and integrated into the algorithms. Additionally, two new hybrid
similarity measures are developed, which accounted for noise in the images, as well as the
underlying signal-to-noise ratio. Another contribution includes the analysis of parameter
variation, and hence optimization of those for use in speckle tracking. Most literature simply
state the values of the tracking parameters, without any indication or explanation of their effects,
if they were different. This thesis addresses the effect of speckle tracking success when choosing

the values for relevant parameters. Another contribution is the development of the auto-location
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technique, to automatically determine the tendons location in a sequence of B-Scan images, and
to determine the optimal template location for displacement tracking.

The second major contribution is the hardware design of a new custom quad-array ultrasonic
transducer, capable of imaging up to four tendons simultaneously. Developing such a quad-array
sensor is instrumental to the success of controlling a multi-DOF prosthetic. The quad-array
successfully imaged the tendon displacement from multiple tendons simultaneously. The
developed speckle tracking techniques were able to detect the tendon’s location in one of the
sub-arrays, and then estimate the interframe, cumulative and total displacement.

A third major contribution involves the design of a multi-tendon actuator system, along with
other specialized test-bed hardware, in order to actuate and couple to the tendons on a cadaver
hand. This was a difficult task, given the many factors to consider when designing experiments
involving biological tissue, and the limited experimental time before biological tissue
deteriorates. The custom tendon couplers were developed, which grasped the tendons without
slipping or tearing. As well, a transducer holder was developed, with interchangeable end-
holders, which can grasp a linear array, or the quad-array. Together this system performed very
well and will become the standard design within our group.

The fourth major contribution is the experiments themselves. Several experiments are
performed and the results analyzed, to verify the concepts in this thesis. These experiments
provide a comprehensive study into estimating tendon incremental displacement, total
displacement, tendon velocity, as well as the onset of small displacements. These experiments
are unique in that they use human material (cadavers and human volunteers) instead of gel-based
medical calibration phantoms. Experiments that employ biological tissue allow for a gold
standard reference for comparison to the estimated values. Hence, one of the novelties of this
thesis is that tracking techniques are verified by directly observing real tendon motion in live
human subjects with exposed tendons, or by observing real tendon motion in cadaver hands
which are actuated by motors. This way, the tendon tracking techniques are verified in the most
realistic way.

Together, the aforementioned developments can be used toward prosthesis control, to provide
a user with up to four independent signals to control an advanced prosthetic system. (US Patent #
14058022, filing date: Oct. 18" 2013). This can significantly improve the state of the art by

allowing for a prosthetic device to have increased functionality. This could help those suffering
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with hand impairment such as multiple finger amputations, by restoring some function. In
addition, the tendon tracking algorithm that has been developed has applicability to clinicians
dealing with other hand injuries. Clinicians can use the proposed ultrasonic technique to assess
tendon motion in order to determine tendon velocity and displacement. This technique may be
useful for applications involving the treatment, diagnosis or assessment of post/pre-operative

repair of tendon injuries (Provisional Patent # 61/841,156, filing date: June 27" 2013 ).
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APPENDIX

A.1: Figures for Experiment 2
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Figure A.1.1: Displacement vs time curve for Patient 1’s flexions in Experiment 2.
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Figure A.1.2: Displacement vs time curve for Patient 1’s extensions in Experiment 2.
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Figure A.1.3: Displacement vs time curve for Patient 2’s flexions and extensions in Experiment 2.
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A2:

Figures for Experiment 3

Total Displacement Field Results: Index Finger: A Series
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Index Finger Total Displacement Field Using SAD
for Welocity = 10 mmés, Total Displacement = 10 mm
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Figure A.2.1: Displacement Field for the index finger (Day 2)
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Total Displacement Field Results: Middle Finger: B Series

Middle Finger Displacement Field Using SAD
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Widdle Finger Displacement Field Using 3AD
for Welocity = 10mmJs, Total Displacment = 10mm
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Figure A.2.2: Displacement Field for the middle finger (Day 2)
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Figure A.2.4: Displacement vs time curves for the index finger (Day 2)
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Figure A.2.6: Displacement vs time curves for the ring finger (Day 2)
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Figure A.2.7: Displacement vs time curves for the middle finger (Day 2)
A.3: Figures and Tables for Experiment 4
Index Finger Tendon: Hand 1, Day 2
Maximum Velocity = 15 mm/s, Total Displacement = 15 mm
Array 1 Array 2
Similarity Maximum Location Similarity Maximum Location
Measure Displacement (x,2) Measure Displacement (x,2)
(mm) (mm)
SAD 2.95 27,500 SAD 11.36 31,620
FT 2.95 27,500 FT 8.34 31,620
NCC 3.49 29,500 NCC 12.37 35,630
Array 3 Array 4
Similarity Maximum Location Similarity Maximum Location
Measure Displacement (x,2) Measure Displacement (x,2)
(mm) (mm)
SAD 11.62 25,630 SAD 14.15 39,590
FT 11.67 25,630 FT 11.86 26,640
NCC 13.23 31,650 NCC 13.58 29,660
Middle Finger Tendon: Hand 1, Day 2
Maximum Velocity = 15 mm/s, Total Displacement = 15 mm
Array 1 Array 2
Similarity Maximum Location Similarity Maximum Location
Measure Displacement (x,2) Measure Displacement (x,2)
(mm) (mm)
SAD 7.94 24,660 SAD 13.83 26,590
FT 7.94 24,660 FT 14.04 26,550
NCC 9.60 39,490 NCC 13.51 42,550
Array 3 Array 4
Similarity Maximum Location Similarity Maximum Location
Measure Displacement (x,2) Measure Displacement (x,2)
(mm) (mm)
SAD 14.24 23,550 SAD 4.89 41,600
FT 15.68 24,550 FT 4.85 41,600
NCC 15.67 23,550 NCC 6.27 23,590
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Ring Finger Tendon: Hand1, Day 2

C-Series
Maximum Velocity = 15 mm/s, Total Displacement = 15 mm
Array 1 Array 2
Similarity Maximum Location Similarity Maximum Location
Measure Displacement (x,2) Measure Displacement (x,z)
(mm) (mm)
SAD 14.60 49,560 SAD 3.74 50,720
FT 1491 49,560 FT 3.20 49,690
NCC 13.01 49,550 NCC 4.21 47,690
Array 3 Array 4
Similarity Maximum Location Similarity Maximum Location
Measure Displacement (x,2) Measure Displacement (x,z)
(mm) (mm)
SAD 0.67 41,620 SAD 0.88 26,570
FT 0.67 41,620 FT 0.88 26,570
NCC 0.70 41,620 NCC 0.53 25,580
Index Finger Tendon: Hand 1, Day 2
A-Series
Maximum Velocity = 10 mm/s, Total Displacement = 10 mm
Array 1 Array 2
Similarity Maximum Location Similarity Maximum Location
Measure Displacement (x,2) Measure Displacement (X,2)
(mm) (mm)
SAD 1.95 27,500 SAD 7.36 32,600
FT 2.02 27,500 FT 5.35 28,640
NCC 3.29 36,510 NCC 9.08 50,660
Array 3 Array 4
Similarity Maximum Location Similarity Maximum Location
Measure Displacement (x,2) Measure Displacement (X,2)
(mm) (mm)
SAD 7.51 36,650 SAD 9.36 32,650
FT 6.49 35,640 FT 8.85 31,630
NCC 8.45 31,650 NCC 10.34 35,660
Middle Finger Tendon: Hand1 Day 2
B-Series
Maximum Velocity = 10 mm/s, Total Displacement = 10 mm
Array 1 Array 2
Similarity Maximum Location Similarity Maximum Location
Measure Displacement (x,2) Measure Displacement (X,2)
(mm) (mm)
SAD 2.98 32,480 SAD 11.09 24.560
FT 3.05 32,490 FT 9.53 21,550
NCC 3.02 42,490 NCC 9.50 22,580
Array 3 Array 4
Similarity Maximum Location Similarity Maximum Location
Measure Displacement (x,2) Measure Displacement (x,z)
(mm) (mm)
SAD 9.74 43,600 SAD 2.25 29,600
FT 9.53 34,570 FT 1.85 33,620
NCC 9.86 34,570 NCC 2.14 33,620
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Ring Finger Tendon: Hand 1, Day 2

Maximum Velocity = 10 mm/s, Total Displacement = 10 mm

Array 1 Array 2
Similarity Maximum Location Similarity Maximum Location
Measure Displacement (x,2) Measure Displacement (x,z)
(mm) (mm)
SAD 9.33 35,600 SAD 0.21 42,600
FT 8.76 33,600 FT 0.21 42,600
NCC 10.74 47,550 NCC 1.13 54,740
Array 3 Array 4
Similarity Maximum Location Similarity Maximum Location
Measure Displacement (x,2) Measure Displacement (x,z)
(mm) (mm)
SAD 0.00 46,510 SAD 0.00 43,550
FT 0.00 46.510 FT 0.00 43,550
NCC 0.02 45,610 NCC 0.00 43,550
Index Finger Tendon: Hand 1, Day 4
Maximum Velocity = 15 mm/s, Total Displacement = 15 mm
Array 1 Array 2
Similarity Maximum Location Similarity Maximum Location
Measure Displacement (x,2) Measure Displacement (x,z)
(mm) (mm)
SAD 1.13 (22, 730) SAD 6.93 (28, 780)
FT 1.41 (21, 730) FT 6.67 (28, 720)
NCC 1.41 (23, 710) NCC 8.01 (21, 550)
Array 3 Array 4
Similarity Maximum Location Similarity Maximum Location
Measure Displacement (x,2) Measure Displacement (X,2)
(mm) (mm)
SAD 17.26 (22,710) SAD 16.88 (46, 680)
FT 17.37 (21, 710) FT 14.60 (27,730)
NCC 13.97 (26, 740) NCC 15.31 (23, 660)
Middle Finger Tendon: Hand 1, Day 4
Maximum Velocity = 15 mm/s, Total Displacement = 15 mm
Array 1 Array 2
Similarity Maximum Location Similarity Maximum Location
Measure Displacement (x,2) Measure Displacement (x,z)
(mm) (mm)
SAD 15.05 (41, 730) SAD 15.18 (21, 560)
FT 13.32 (41, 730) FT 13.54 (21, 600)
NCC 15.93 (21, 730) NCC 19.99 (21, 720)
Array 3 Array 4
Similarity Maximum Location Similarity Maximum Location
Measure Displacement (x,2) Measure Displacement (X,2)
(mm) (mm)
SAD 15.52 (45, 650) SAD 9.43 (34, 750)
FT 14.71 (28, 660) FT 9.75 (31, 740)
NCC 14.82 (28, 660) NCC 11.62 (31, 740)
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Ring Finger Tendon: Hand 1, Day 4

Maximum Velocity = 15 mm/s, Total Displacement = 15 mm

Array 1 Array 2
Similarity Maximum Location Similarity Maximum Location
Measure Displacement (x,2) Measure Displacement (x,z)
(mm) (mm)
SAD 19.44 (46, 634) SAD 6.77 (29, 750)
FT 20.19 (46, 630) FT 6.56 (27,770)
NCC 16.40 (47, 690) NCC 6.85 (29, 750)
Array 3 Array 4
Similarity Maximum Location Similarity Maximum Location
Measure Displacement (x,2) Measure Displacement (x,z)
(mm) (mm)
SAD 2.57 (27,710) SAD 0.81 (31, 740)
FT 1.41 (28,710) FT 0.81 (29, 720)
NCC 1.97 (52, 760) NCC 1.02 (28, 710)
Index Finger Tendon: Hand 1, Day 4
Maximum Velocity = 10 mm/s, Total Displacement = 10 mm
Array 1 Array 2
Similarity Maximum Location Similarity Maximum Location
Measure Displacement (x,2) Measure Displacement (x,z)
(mm) (mm)
SAD 0.26 (47, 690) SAD 5.84 (23, 700)
FT 0.24 (47, 700) FT 5.75 (21, 700)
NCC 0.35 (43, 580) NCC 7.53 (21, 700)
Array 3 Array 4
Similarity Maximum Location Similarity Maximum Location
Measure Displacement (x,2) Measure Displacement (X,2)
(mm) (mm)
SAD 9.28 (31, 750) SAD 1142 (35, 690)
FT 8.72 (37,700) FT 11.38 (36, 690)
NCC 10.42 (21, 780) NCC 11.07 (21, 769)
Middle Finger Tendon: Hand 1, Day 4
Maximum Velocity = 10 mm/s, Total Displacement = 10 mm
Array 1 Array 2
Similarity Maximum Location Similarity Maximum Location
Measure Displacement (x,2) Measure Displacement (X,2)
(mm) (mm)
SAD 9.13 (23, 690) SAD 11.16 (23, 740)
FT 9.10 (22, 690) FT 11.37 (21, 730)
NCC 10.52 (21, 770) NCC 13.34 (22, 750)
Array 3 Array 4
Similarity Maximum Location Similarity Maximum Location
Measure Displacement (x,2) Measure Displacement (X,2)
(mm) (mm)
SAD 9.90 (22, 680) SAD 10.08 (29, 760)
FT 9.88 (22, 670) FT 10.60 (29, 760)
NCC 9.75 (39, 690) NCC 10.08 (29, 770)
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Ring Finger Tendon: Hand 1, Day 4

C-Series
Maximum Velocity = 10 mm/s, Total Displacement = 10 mm
Array 1 Array 2
Similarity Maximum Location Similarity Maximum Location
Measure Displacement (x,2) Measure Displacement (x,2)
(mm) (mm)

SAD 14.77 (43, 620) SAD 5.96 (40, 720)

FT 13.87 (44, 630) FT 4.63 (39, 750)

NCC 13.27 (44, 630) NCC 4.99 (36, 730)

Array 3 Array 4
Similarity Maximum Location Similarity Maximum Location
Measure Displacement (x,2) Measure Displacement (x,2)
(mm) (mm)

SAD 0.56 (43, 720) SAD 0.21 (44, 620)

FT 0.56 (43, 720) FT 0.19 (44, 620)

NCC 1.15 (51, 700) NCC 0.16 (46, 620)
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Figure A.3.1: Displacement vs time curves for the Day 2 (A,B,C) data using the quad array
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Figure A.3.2: Displacement vs time curves for the Day 2 (AB-Series) data using the quad array
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Figure A.3.3: Displacement vs time curves for the Day 2 (AC-Series) data using the quad array

222



Displacement (mm)

Displacement (mm)

16
14 -Middle Finger Displacement vs Time for Motion Profile: V=10, D=10
12 T eo000
10 -
8 .
6 - Reference
4 - ....u eeeeeSAD
- FT
2 aaes - — -NCC
0 B T T T T T T
0 0.2 0.4 0.6 0.8 1 1.2 1.4
Time (s)
16
14 - Ring Finger Displacement vs Time for Motion Profile: V=10, D=10
12 A
10 - JEp——
8 T = — - -
6 - cesccctttt” Referencq
4 eeeeeSAD
2 FT
O - T T T T T _———— I\VTCC
0 0.2 0.4 0.6 Time (s) 0.8 1 1.2 1.4

Figure A.3.4: Displacement vs time curves for the Day 2 (BC-Series) data using the quad array
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Figure A.3.5: Displacement vs time curves for the Day 2 (ABC-Series) data using the quad array
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