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Abstract

A new proprioceptive approach to the treatment of scoliosis is proposed. This
new approach requires a portable three-dimensional measurement system to detect the
postural changes of a scoliotic trunk. Seven topographical features that significantly
contributed to trunk deformities were identified. An objective method was developed
examining trunk deformity. This objective method showed that the seven topographical
features could be reliably and repeatably measured. Also, this method was chosen to
assess the treatment outcome. To monitor the postural changes of a scoliotic trunk during
daily activities, an electromagnetic three-dimensional measurement system has been
investigated. An algorithm based on the electromagnetic theory was developed and
implemented into the measurement system so that automatic measurements were
obtained. Error analysis was done to demonstrate the accuracy of the system. Hardware
and software challenges on investigating the electromagnetic approach were solved by
theoretical analysis and laboratory testing. Finally a novel design of a three-dimensional
low-power portable electromagnetic measurement system was developed. Experimental
tests and clinical trials were done to verify that the accuracy of the system was able to

detect the postural changes of human trunks.
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1. INTRODUCTION

This research introduces a new treatment approach for adolescents who have
idiopathic scoliosis with mild to moderate curves. This approach is based on a
biofeedback technique which uses proprioception by providing feedback signals to alert
patients to adjust posture during daily activities. To investigate this approach. a low-
power portable electromagnetic system is required. Research investigating low-power
portable electromagnetic systems was carried out. This thesis describes the research
required for the development of a new treatment tool as well as the new trearment
approach.

Scoliosis is an abnormal curvature of the spine coupled with vertebral rotation.
This abnormal curvature and vertebral rotation cause trunk deformities. Most patients are
adolescent females who seek medical advice mainly because of their cosmetic
appearance. Cosmetic appearance can be used as the basis for evaluating trunk
distortion. To assess cosmetic appearance, topographical features that significantly
contribute to trunk deformities are identified. A reliable and repeatable method that can
permit an assessment of the postural changes has been developed.

To detect changes of topographical features, 2 measurement system is required.
Literature review of different three-dimensional measurement systems has been carried
out. Electromagnetic (EM) measurement systems were chosen to detect the postura!
changes. Since most of scoliotic patients are adolescent females, a small size and light
weight measurement system was required. In the industrial market. inost of the
commercial EM systems are designed for laboratory environments; they are bulky, heavy

and require AC power. Also, no feedback signals are generated from these systems.
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Personal computer and technicians are required to operate these commercial systems.
Therefore. the objectives of this research were to investigate a low-power portable
electromagnetic device to the detection of the postural changes as well as a new approach
to the treatment of scoliosis. The trunk distortion and back shape studies were to
determine the features that contribute to deformity. EM theory was reviewed and
confirmed as a basis for measuring the described features and to validate this new

approach.

1.1. Motivation

According to the Scoliosis Research Society, about 10% of the adolescent
population have some degree of scoliosis. This means that about 1 million children in the
United States have scoliosis, and about 2.2% of those adolescents will require treatment,
which consists of observation for further progression, bracing or surgery [90]. The
number of new cases of scoliosis has been relatively constant and is about 200.000 per
year in the United States. To determine the severity of scoliosis, the Cobb angle. which
is the angle that measures the curvature of a scoliotic spine, is the most commonly used.
A mild case of scoliosis is defined when the Cobb angle is less than 25 degrees; a
moderate case is defined when the Cobb angle is between 25 to 45 degrees. while a
severe case is defined when the Cobb angle is greater than 45 degrees. An untreated
curvature can progress rapidly; 10 degrees or more in a few months. As the curve
progresses, the size of the chest cavity can diminish, which can create respiratory
problems for the child that will persist throughout life as well as cause pain and leave the

child with a visible deformity.
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Brace treatment is the most common non-surgical treatment for moderate
scoliosis, but poor compliance and uncertainty about effectiveness are significant
concerns. Poor compliance may be due to many factors. A brace limits physical
activities and makes the wearer self-conscious about his/her appearance. In summer, hot
weather combined with the poor ventilation of a brace makes the brace wearer feel very
uncomfortable. Adolescents are particularly concerned about their appearance; some
wearers refuse to wear the prescribed braces. The effectiveness of brace treatment is
questioned (76, 77] by some researchers. It has been reported that braces reduce Cobb
angles in the frontal plane, but they do not correct the 3-D thoracic spinal deformities
[78]. Aubin et al. [79] reported that the Boston brace aggravates the deformity in the
sagittal plane by shifting the spine and rib cage anteriorly and results in increasing
thoracic hypokyphosis.

Children with mild curvature usually receive no treatment. but may be followed
on a regular visit by an orthopaedist. Orthopaedists will recommend braces for patients
when the spinal curvature is more than 25 degrees and the child has significant growth
remaining. Most patients and their families are very concerned about comesis: this
visible deformity of scoliosis is an important feature that often motivates families to seek
treatment [89]. In a previous study, Mahood er al. [91] identified seven features:
shoulder height and shoulder angle difference, waist asymmetry, decompensation, waist
crease, scapula height and pelvis asymmetry which accounted for 85% of the overall
impression of trunk deformity. Some researchers believe that improving the most
striking features will result in a better appearance and can improve the scoliotic curve as

well.




A biofeedback system is envisaged as a new method of improving cosmetic
appearance as well as trunk deformities. To develop a biofeedback system. a three-
dimensional system to measure the topographical features of the trunk must be
developed. Once the system can detect the postural changes on a patient, an audio or
vibrant feedback can be used to alert the patient to adjust the posture. The system must
be low-power and portable so that patients can carry the system during their daily
activities.

Electromagnetic measurement (EM) systems based-on a transmitter and a receiver
are commonly used to determine three dimensional position and orientation. Commercial
EM systems use high power and are bulky. A low-power portable and automatic EM
system is required. An innovative approach to develop a low-power portable EM

measurement device was a challenging task.

1.2. Objectives

The objective of this research was to investigate the use of portable EM systems
to measure topographical features and providing feedback signal to patients to correct or
improve trunk deformities. This research includes the following components:

1) identify significant topographical features that contribute to deformity,

2) establish reliability and repeatability of measuring the topographical features,

3) develop a theoretical framework for the analysis of postural status and provide
feedback to patients in real time,

4) determine the accuracy and precision of the applied theory, and

5) confirm the clinical validity of this approach.




1.3. Overview

This thesis consists of 9 chapters. Chapter 2 reviews the literature on scoliosis,
three-dimensional measurement systems and transducers, and electromagnetic svstems.
Chapter 3 defines the importance of topographical features most indicative of scoliosis,
and describes a video image method to assess topographical changes. Also, the reliability
and repeatability of that method are confirmed. Chapter 4 presents the electromagnetic
theory to calculate the magnetic field due to a multiturn square-loop. Experiments have
been done to confirm the EM theory. An effect due to the ferrite core inside a multiturn
square coil has been investigated. An algorithm based on the EM theory was developed
to calculate the three-dimensional parameters. Errors due to different factors that may
occur in the system are discussed in chapter 5. Chapter 6 defines the system
requirements and describes the technical challenges. Innovative approaches required to
develop a low-power and miniature system are reported. Both hardware and software
designs are reported. Chapter 7 reports the calibration procedures and the incorporation
of calibration results into the system. Chapter 8 confirms the validation of the system
through laboratory and clinical experiments. Chapter 9 provides conclusions and

recommendations for future research and development.




2. LITERATURE REVIEW

This chapter introduces the medical background on scoliosis. It contains an
introduction to the anatomy of the human spine, the definition of scoliosis. the natural
history and prevalence of idiopathic scoliosis, the possible etiologies of idiopathic
scoliosis, the detection of idiopathic scoliosis and the treatment methods for idiopathic
scoliosis. Also, this chapter reviews the literature on three-dimensional measurement

transducers and systems, and electromagnetic measurement systems.

2.1. The Anatomy of Human Spine

To have a better understanding of scoliosis, the anatomy of the vertebral column
must be studied. While discussing the anatomy, the anatomic planes (Figure 2-1) are
commonly used. The sagittal plane divides structures into a right and left side. The
coronal or frontal plane divides structures into anterior and posterior sections. The axial
or transverse plan lies at 90° to each of the other planes.

In a normal human spine, the vertebral column appears straight and symmetric in
the frontal plane while a sinusoidal shape appears in the sagittal plane. A spine can be
divided into five regions: cervical, thoracic, lumbar, sacrum and coccyx or tailbone.
Figure 2-2 shows the anterior and lateral views of a normal spine. There are twenty-four
vertebrae between the skull and the sacrum: seven cervical spine (CI1-C7). twelve
thoracic spine (T1-T12) and five lumbar spine (L1-L5). Both sacrum and coccyx are
formed from the fusion of vertebrae into one solid bone. General descriptions of those
five regions will be given in sections 2.1.1 to 2.1.5. Although the bones or vertebrae are

similar throughout the spine, there are unique features that distinguish the vertebrae from




one region to another. Overall, the vertebrae from cervical to lumbar region are ringlike
structures that provide bony protection to the spinal cord and support to the trunk of the
body. Each vertebra may be separated into two main components: the body and the
neural arch, and between each vertebrae is a fluid filled sac or disc. This segmental
nature of the spine gives its flexibility. Spinal ligaments extend from the skull to the
sacrum along the posterior and anterior surfaces of the vertebral body provide the flexible
movement control at different regions of the spine. Sections 2.1.6 and 2.1.7 give a

general description of both the intervertebral disc and spinal ligaments, respectively.
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Figure 2-1. Anatomic planes.
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Figure 2-2. The anterior and lateral views of a normal spine.




2.1.1. Cervical Spine

Seven vertebrae comprise the cervical spine. They are arranged in a lordotic
shape - a sagittal curve with the convexity anteriorly (Figure 2-3). The uppermost
cervical vertebra Cl, the atlas, is a ring-shaped structure articulating superiorly with the
skull. The second vertebra C2, the axis, consists of a small body with a large neural arch
in the transverse process. The C3 to C6 vertebrae have similar structures with the C7

vertebra having the largest spinous process.

2.1.2. Thoracic Spine

There are 12 thoracic vertebrae which are aligned in a kyphotic shape i.e. with
curvature in the sagittal plane with the convexity posteriorly. Figure 2-4 shows the
superior view of a thoracic vertebra and lateral view of thoracic column. The body of the
thoracic vertebra is concave on four sides (top, bottom and lateral surfaces). Projecting
backward from the vertebral body are the pedicles, short tubelike structures that
essentially connect the vertebral body anteriorly to the laminae and spinous process. The
pedicle joins the lamina with projections upward, which form the superior articular
process. While the lamina projects downward, it reaches the inferior articular process.

The thoracic spine is mainly responsible for lateral bending of the spine.
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Figure 2-3. Lateral view of cervical spine.
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Figure 2-4. a) Superior view of a thoracic vertebra and b) lateral view of thoracic spine.




2.1.3. Lumbar Spine

There are five lumbar vertebrae, aligned in a lordotic shape, and all have similar
characteristics. Figure 2-5 shows the superior and lateral views of a lumbar vertebra.
The vertebral bodies are larger in the lumbar spine than in the thoracic or cervical spine.
They are concave on their lateral and anterior surfaces. The pedicles project backward.
linking the bodies to the posterior arch (the laminae and spinous process). The spinous
processes are larger than those in the thoracic spine and project horizontally. The
transverse processes in this region are smaller than those in the thoracic region. From the
upper thoracic (T1) to lower lumbar (L5) spine, the size of each vertebra increases.
providing inherent stability to a human spine. The lumbar spine is mainly responsible for

forward bending (flexion) and posterior bending (extension).

2.1.4. Sacrum

The sacrum is made up of five vertebrae that are fused together. The anterior
surface is concave in both the sagittal and frontal planes. Superiorly. the sacrum is broad
so that the fifth lumbar vertebra can rest on top of that area. There are four pairs of
foramina called the pelvis foramina, and between each pair is a ridge running
transversely. The upper part of the first sacral vertebra is called the sacral promontory,
and the area lateral to the pelvis foramina is called the pars lateralis. In the midline
posteriorly is the sacral median crest, a fusion of the spinous sacral processes. Also there
is a region called the sacral hiatus at where some bones are absent. At the cephalad end

of the sacrum are two projections of bone superiorly, forming the superior articular




processes. The lateral surface of the upper vertebra is concave and articulate with the

ilium on either side. Figure 2-6 shows the anterior and posterior views of the sacrum.

2.1.5. Coccyx

The coccyx is formed from the fusion of four rudimentary (undeveloped)
vertebrae. Superiorly, there are projections of bone upward and lateral. called the
coccygeal cornua and transverse processes, respectively. Each cornu articulates with the

sacrum. Figure 2-7 shows the anterior and posterior views of the COCCYX.

2.1.6. The Intervertebral Disc

The intervertebral disc is a composite structure that links contiguous vertebrae
from C2 to the sacrum. It is a unique joint permitting multiplanar motion. The outer part
of the disc, the annulus fibrosus, is made up of collagen fibers arranged in layers or
lamellae. The lamellae are thicker and more numerous anteriorly. Each layer is oriented
at 120° from each other (Figure 2-8). This interstriation angle imparts greater tensile
strength. The outer lamellae are thicker than those toward the center. Furthermore. the
collagen fibers of the outer lamellae are anchored to the end plate of the disc. The end
plate is a I mm thick layer of hyaline cartilage attached to the inferior and superior

surfaces of the vertebral body.
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Figure 2-5. a) Superior and b) lateral views of a lumbar vertebra.
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Figure 2-8. a) Superior and b) the cross sectional views of an intervertebral disc.




2.1.7. The Spinal Ligaments

There are eight sets of spinal ligaments which protect the spinal column from
adverse loading conditions and provide a certain flexibility for the column. Starting from
the posterior aspect, the eight sets of ligaments are (Figure 2-9): 1) the supraspinous
ligament, 2) the interspinous ligament, 3) the anterior and posterior costotransverse
ligaments, 4) the intertransverse ligament, 5) the ligamentum flavum, 6) the articular
capsule ligament, 7) the posterior longitudinal ligament and 8) the anterior longitudinal
ligament. Both the supraspinous and the interspinous ligaments connect the spinous
processes of adjacent vertebrae and their functions are to prevent excessive rotation. The
posterior and anterior costotransverse ligaments and the intertransverse ligaments connect
the inferior aspect of one transverse process to the superior aspect of the adjacent
transverse process. Their functions are to limit the lateral bending and axial rotation.
The ligamentum flavum connects the lamina of adjacent vertebrae thoughout the entire
vertebral column. Its function is to limit flexion and intervertebral distraction. The
articular capsule ligaments extend perpendicularly from the facets of one vertebra to the
facets of the adjacent vertebrae. Both the posterior and anterior longitudinal ligaments
extend from the skull to the sacrum along the posterior and anterior surface of the
vertebral body. The function of the posterior longitudinal is the same as the ligament

flavum, and the function of the anterior longitudinal ligament is to limit hyperextension.
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Figure 2-9. Ligaments in thoracic vertebra.




2.2. Scoliosis

This section includes a definition of scoliosis (section 2.2.1), the names and the
types of different regions of scoliotic curves (section 2.2.2) and a definition of the

rotation of scoliotic curves (section 2.2.3).

2.2.1. Definition of Scoliosis

The history of spinal deformity probably started from the days of Hippocrates. but
the term scoliosis was first used by Galen (A.D. 131-201). Scoliosis is derived from the
Greek word meaning curvature. When used in medical literature, it means a lateral
curvature of the spine. Idiopathic scoliosis is divided into three categories according to
when the condition first manifests itself: infantile or congential (0-3 years), juvenile (3-10
years) and adolescent (10-17 years).

In 1948, Cobb separated scoliosis into two main groups, structural and functional
Oor non-structural groups. A structural curve refers to a segment of the spine with a lateral
curvature that lacks normal flexibility; a functional curve refers to a curve that has no
structural component and that corrects or overcorrects on recumbent side-bending
roentgenograms. In 1973, the Scoliosis Research Society was formed and one of its first
tasks was to standardize the classification of spinal deformity based on Cobb's thinking
[1]. The extent of a scoliosis is generally determined radiographically according to the
Cobb measurement in a standing relaxed posteroanterior (PA) position. The Cobb angle
is the gold standard to determine the curvature of the spine. To determine the “Cobb
angle”, the end-vertebrae of the curve must be first selected. These end-vertebrae are the

vertebrae at the upper and lower limits of the curve which tilt maximally toward the
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concavity. The Cobb angle is the angle between the lines, one draws along the upper
end-plate of the upper body and one draws a second line along the lower end-plate of the
lower body. Figure 2-10 shows the measurement of the Cobb angle. Another major task
of the Scoliosis Research Society was to define the term scoliosis. It was defined as a
lateral spinal curvature of the spine with 10° or greater in Cobb angle with vertebral
rotation. Spinal curvature of less than 10° is viewed as a variation of normal spinal
anatomy. Among more than 150 different types of spinal deformities. [diopathic

Scoliosis (IS), which means no known cause, is the most common form.

Figure 2-10. Cobb Angle measurement.




2.2.2. Curvatures of the Spine

Curvatures of the spine are identified by the area in which the apex (most
abnormally deviated) of the curve is located [2].

Cervical curve : apex between C1 - C6.

Cervicothoracic curve : apex between C7 - T1.

Thoracic curve : apex between T2 - T11.

Thoracolumbar curve : apex between T12 - L1.

Lumbar curve : apex between L2 - L4.

Lumbosacral curve : apex between LS - S1.

The four major curve patterns are the thoracic, lumbar, thoracolumbar and the
double curve. Of the double curves, 90% have a right thoracic and left lumbar convexity.

King and Moe (1983) [2] have summarized idiopathic scoliosis into five types.
with the following incidences.

Type I (12.9%): S-shaped curve in which both thoracic and lumbar curve cross
the midline. The lumbar curve, which is more flexible on side bending, is greater than
the thoracic curve on standing a radiograph.

Type I (32.6%): S-shaped curve in which the thoracic curve and lumbar curve
cross the midline. The thoracic curve is greater than the lumbar curve.

Type III (32.8%): Thoracic curve in which the lumbar curve does not cross
midline;

Type IV (9.2%): Long thoracic curve in which LS is centered over the sacrum but

L4 tilts into the long thoracic curve;
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Type V (11.6%): double thoracic curve with T1 tilted into the convexity of the

upper curve, the upper curve is rigid on side-bending.

2.2.3. Rotation of Spine

The axial rotation of vertebrae is assessed from anteroposterior or posteroanterior
radiographs by examining the symmetry of the vertebral image. Cobb’s method [3] was
based on the offset of the spinous process from the center of the vertebral body. In 1969,
Nash and Moe demonstrated that the shadow of the pedicle [4] could have better results
on determining the angle of vertebral rotation. Nash and Moe classified the vertebral
rotation into five grades (grade zero to grade IV) (Figure 2-11). Grade zero means that
there is no rotation of the vertebrae; the shadow of the pedicle is symmetrical and
equidistant from the sides of the vertebral body. Grade I rotation occurs when the pedicle
shadow or the convexity has moved away from the side of the vertebral body. In grade
II, the pedicle shadow is about 2/3 of the way to mudline. In grade III rotation, the
convex pedicle shadow is situated in the middle of the vertebrae. In grade IV rotation,
the convex pedicie shadow is past the center of the vertebral body and closer to the
concavity of the curve. In the 1980s, more quantitative methods [5, 6] have been used to
assess axial vertebral rotation by using landmarks on the vertebra (usually pedicles or the

spinous process and the vertebral body).




Pedicle shadow

Figure 2-11. Five grades of vertebral rotation.




2.3. Natural History and Prevalence of Idiopathic Scoliosis

According to the age of onset, IS can be divided into three groups: the infantile,
juvenile and adolescent. Some obvious signs are noticed in these three groups. The
progressive infantile type is more common in boys, the adolescent type is more common
in girls, while the juvenile type is about equally distributed. The common pattern of
deformity in the infantile group is a left convex thoracic curve. in the adolescent group a
right convex thoracic curve, while in the juvenile group there is equally distribution.

The Cobb angle can be used to measure the severity of the scoliosis. The
prevalence of a Cobb angle greater than 10, 20, 30 and 40 degrees are 2-3%, 0.3-0.5%.
0.1-0.3% and less than 0.1% of the adolescent population. respectively [7]. The risk of
further progression is much higher in females than in males. For those population with
Cobb angles greater than 10, 20 and 30 degrees, the ratio of female to male are (1.4 0
2):1, 5.4:1 and 10:1, respectively [8].

Growth is one of the most important factors in the manifestation of adolescent IS.
Although it is not possible to accurately predict the development of scoliosis in
adolescents, a study was reported that the greatest risk of progression occurs prior to the
maximum growth velocity [9]. The growth velocity is related to the age of the children.
To determine the bone age of a patient, the radiograph of a patient’s wrist may be used
[10]. Also the cessation of spinal growth can be determined by the extent of the
ossification of the iliac apoplysis [11]. Ossification normally starts at the anterior
superior iliac spine and progresses posteriorly to the posterior superior iliac spine. When
the excursion of ossification is complete, fusion to the iliac crest occurs. Risser divided

the excursion into four grades: 1| is 25% excursion, 2 is 50%, 3 is 75%, 4 is complete
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excursion, and he assigned sign S as the fusion to the ilium (Figure 2-12). A Risser value
of O signifies that no ossification has yet occurred. In general, a Risser sign 4 correlates
with the cessation of spinal growth, and Anderson er al. [12] have shown that a Risser
sign 5 correlates with cessation of height increase. In 1984, Lonstein and Carlson [13]
evaluated the probability of the curve progression based on Risser’s grade and found that
the risk of progression decreases at skeletal maturity increased. Also, in 1982,
Nachemson et al. found that the younger the patient at the time of diagnosis, the greater
the risk of progression [14]. The curve patterns are also related to curve progression. A
double-curve pattern has a greater tendency to progress than a single-curve pattern.
Furthermore, the larger the magnitude of the curve at detection, the greater the risk of

progression [15].

Figure 2-12. Iliac apoplysis




2.4. Etiology of Idiopathic Scoliosis

Although the etiology of IS has been sought for many years, no single causative
factor has been identified. Numerous suggestions have been made on the etiology of IS,
which were summarized in "The Aetiology of Idiopathic Scoliosis” by Robin [16].
Figure 2-13 shows all the possible factors which would cause the idiopathic scoliosis. and

each of the possible factors will be summarized in sections 2.4.1 to 2.4.6.
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Figure 2-13. Possible etiologies of idiopathic scoliosis.




2.4.1. Growth Hormone

Observations have been made that people who have IS are taller than normal
healthy non-scoliotic individuals [17, 18, 19, 20]. Also, idiopathic scoliosis is more
prevalent in girls and curve progression usually occurs during the rapid growth period
and stops when growth ceases [21]. This fact attracted some researchers to study the
relationship between growth hormone and IS. Most researchers expected that growth
hormone should be higher in growing children and postulated that a disturbance of
growth hormone might be the cause of IS. The first group to study growth hormone in

subjects with IS was Misol er al. [22]. They compared 15 moderate (with Cobb angle

about 40°) subjects with IS to normal controls. They found that growth hormone showed
great variation between individuals, but the correlation between growth hormone level
and severity could be made. Somatomedins, a group of growth promoting chemicals
released mainly from the liver in response to growth hormone, were studied by Willner er
al. [23]. They studied 48 girls with IS and 23 normal controls and found an elevated
serum level of somatomedin in the scoliotic girls. However, they didn't explain why the
higher growth hormone and sometomedin levels would cause the IS. Skogland and
Miller [24] studied 95 children with IS and 60 normal controls testing growth hormone
and testosterone. They found a significantly higher response to growth hormone level in
7 1o 12 years old girls with IS, but no significant difference was found among older girls.
Also, the testosterone level was found to be higher in girls with IS between 9 and 12
years of age. Therefore, these findings supported the accelerated prepubertal growth in
adolescent girls with IS. However, the mechanism by which the growth hormones affect

IS had not been discussed. In 1981, Skogland er al. [25] reported another study where
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serum levels of somatomedin A were normal in girls with IS under 13 years, but higher in
the normal group than the scoliotics for age over 13. Therefore, they concluded that
growth rate in the normal control group was higher than in the scoliotic girls over age 12
years.

From the above studies, one can only conclude that growth patterns and growth

hormone appear to be different between normal and scoliotic adolescents.

2.4.2. Bone

2.4.2.a. Vertebra

Spinal biomechanics is a study of directed forces that produce equilibrium,
motion, and deformity of the vertebral column. The most popular analogy of the
biomechanics of spinal deformity in IS has been related to the Eulerian theory of
buckling of a slender rod. Euler's mathematical expression assumes that all loads on the
column under analysis are vertical and centered over the column. Column failure can be
divided into short and long column analysis. Most spinal deformities can be described as
problems in long column stability. Stability is defined as the tendency of the spinal

column to return to its normal anatomic configuration when relatively small loads are

applied. The mathematical expression for long column stability is P < K e i{ where P

is the compressive load, K is a constant, EI is the stiffness modulus of the column, and L
is the length of the column. As long as the compressive force remains within limits set,
column failure does not occur. The rotatory element of the deformity has been described

as a "buckled lordosis"[26]. In 1978, Meade er al. [27] pointed out that the approach of
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the Euler's theory is too simple. It could not explain the majority of the clinical findings
in IS, especially in relation to curve progression.

In 1952, lordosis of vertebrae was first suspected as a primary cause of IS by
Somerville [28]. Somerville postulated that failure of growth of the posterior elements of
the vertebra would cause structural lordosis. As the spine flexed forward above and
below to compensate for this lordosis, it was easier for the affected area of the spine to
rotate instead of bending further forward. However, Somerville's work did not explain
why the posterior parts of the spine would fail to grow. Roaf [29] suggested that the
cause of scoliosis was due to growth being inhibited on the concave side and unrestrained
on the convex side. However, in 1963 Roaf found that his assumption was wrong.
Knutsson [30] postulated that abnormalities in the vertebral bodies themselves with
asymmetrical growth at the paired neurocentral junction were the causes of IS. He
explained that if the closure of the neurocentral junction took place at a different rate and
lead to a premature synthesis on one side, the vertebral body would be twisted. However,

experimental work by Enneking and Harrington [31] disproved this hypothesis.

2.4.2.b. Rib Cage

Olsen and Allan [32] were the first group to propose that lateral stability of the rib
cage was the possible etiology of scoliosis. They commented that the rib cage could
generate strong stabilizing forces in resisting lateral bending. Sevastikoglou er al. [33]
postulated that asymmetrical growth of ribs could be a cause of IS. To prove their
hypotheses, they operated on two groups of rabbits : one group with shortening of four

ribs on one side and another group with shortening of four ribs on one side and fracture
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of ribs on the other side. After 8 weeks, there was no apparent scoliosis in the first group,
while three surviving rabbits in the second group developed scoliosis convex to the
shortened side. They concluded that stimulation of longitudinal growth of the ribs might
be one of the reasons for the spinal deformity of IS in human. However. clinical
observations were controversial. Normelli er al. [34] reported their observations of six
cases where the left ribs at the level of the concavity were found to be longer than the
right ribs in five cases. While Stokes et al. [35] observed rib arc length on 71 patients
with IS, 11 of 19 patients with single right thoracic IS tended to have longer ribs at the
apex; 9 of 15 patients with left lumbar IS had longer ribs on the left side and 11 of 22
patients with double curves had ribs longer on the left. However, Sevastik er al. [36]
performed rib elongation of | cm on the right side on rabbits and found that the rabbits
developed immediately scoliosis convex to the left, thoracic lordosis, rotation of the
vertebrae and a rib hump on the right. Even though there is no doubt that the geometry of
the rib cage must have considerable mechanical influence on the spine in IS, it cannot be

concluded that the asymmetry of the ribs is primary or secondary to IS.

2.4.3. Paraspinal muscle

The idea that disease or disability of muscle might be related to the pathogenesis
of scoliosis was first raised nearly three hundred years ago. Many investigators pointed
out that the spinal deformity of IS was due to abnormal contraction of the muscle on the
concave side of the curvature [37]. Schwartzman and Miles [38] studied the effects of
excision of part of the paraspinal musculature in rats and mice, and they postulated that

muscle imbalance was the possible etiology of IS. More recently, Smith and Dickson
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(39, 40] have shown that unilateral destruction of the posterior spinal muscles markedly
increases the degree of deformity. To study the relationship between the spinal muscles
and the etiology of IS, the strength of the muscle had to be measured. The first method
used to measure the strength of the muscle was an electromyograph (EMG) by Riddle
and Roaf [41]. They expected that the amplitude of the EMG tracing was higher on the
convex side of the curve; however, clinical reports were controversial. Most of the
investigators found that the EMG activity was greater on the convex side of the curve
[42], but Badger [43], Gueth and Abbink [44] found no evidence of increased convex
side EMG activity in the scoliotic subjects. Reuber et al. [45] was another group to study

the EMG activity. They found that there was no significant difference in EMG activity
between the normals and the subjects with IS whose curves were less than 250, but the

EMG activities of those subjects whose curves were more than 25° were significantly
more asymmetric than normals. Reuber er al analyzed their results using a
biomechanical model and suggested that scoliosis progression seemed not to be caused
by asymmetries in muscle contraction.

Another possible etiology of IS was imbalance of type I fibers in the paraspinal
muscle. The imbalance of type I fibers might provide a sustained muscle pull on the
spine which caused a curve convex to that side. Although Roaf [46] and Gonyea er al.
(47] found a higher proportion of type I fibers on the convex side of IS at the apex, they
could not explain whether the muscle fiber imbalance was primary or secondary to IS.

Therefore, further studies were required to prove the postulates.
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2.4.4. Proprioception

Proprioception is the sense of position of one part of the body relative to another.
Proprioceptive dysfunction has been put forward as a possible etiology of IS in recent
years [48, 49, 50, 51, 52]. One of the hypotheses is that, in the case of IS. a
proprioceptive rearrangement or re-calibration of the internal representation of the body
in space is present, and that a non-erect vertebral alignment may be erroneously
perceived as straight. [n 1979, Sahlstrand and coworkers [53] examined postural
equilibrium in subjects with IS. They tested the postural sway and evaluated the
electronystagmography of labyrinthine function. The results showed that there was a
significant difference in postural equilibrium between normal children and those with
scoliosis. Also, Keesseen [52] compared the proprioceptive accuracy among groups of
scoliotic subjects, those with non-progressive spinal asymmetry and normal subjects. He
found that there was a significant difference between the first two groups and the last
group. However, no one was able to conclude whether the vestibular dysfunction was the
cause or merely a result of the spinal deformity. Wyatt er al. [54] reported that scoliotic
subjects had more difficulty in detecting vibration than normal controls. Also. they
concluded that the posterior column dysfunction was somehow related to scoliosis.
Yamamoto [55] postulated that the vestibular dysfunction was due to a defect in the
brain-stem. Dubousset er al. [56] continued the study of the connection between brain-
stem and scoliosis, and they stated that the continuous dysfunction of the postural reflex
system might be the pathway in IS. However, they could not conclude that the defect of

the brain-stem resulted in the development of IS.




2.4.5. Collagen

Bones, tendon and ligaments are held together by a "cement” called collagen
which mainly consists of glycoproteins. Perhaps the most comprehensive work on this
subject is by Nordwall [57]. However, Nordwall was unable to demonstrate that IS was
caused by an abnormality in the mechanical properties of ligaments and tendons or by
laxity of the joints. Later investigative work by Bradford er al. [58] led to the same
conclusion. However, their reports were controversial. Pedrini er al. [59] studied the
collagen level in the intervertebral disc and found the collagen level was higher in the
nucleus pulposus. Taylor er al. [60] found the collagen content in the annulus on the
concave side of the spinal deformity decreased, especially at the apical disc itself. but the
collagen content increased in the nucleus pulposus at the apex of the curve. Robin [16]
suggested that these findings might be related to an abnormality of collagen cross-
linking. This hypothesis was also proposed by other authors [61, 62, 63]. Solubility of
ligamentous tissue has been used to detect cross-link defects in collagen. Venn et al. [58]
studied the collagen content and solubility in relation to cross-linking defects by
comparing the supraspinous and interspinous ligaments from both subjects with IS and
normals. He found no significant difference in the ligament collagen between the two
groups. Furthermore, in 1983 Oegema et al. [64] concluded that IS was not due to a
biochemical abnormality in either the annulus fibrous or nucleus pulposus. To
summarize the findings in relation to collagen, it was accepted that the collagen
abnormality in IS might be due to the definitive enzymatic findings in some individual
collagen diseases. The possibility that IS may be a defect of collagen cross-linking still

awaits for further proof.
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2.4.6. Genetics

Genetics was one of the possible factors which most researchers believed was
related to the etiology of scoliosis. Nitche and Armknecht [65] were the first group to
point out the occurrence of scoliosis in twins. A major study of IS in twins was carried
out in New York by Fisher and DeGorge [66]. They studied 1400 cases of IS, finding 17
pairs of twins. Of these only 14 pairs were able to be studied in depth. Six were
monozygotic and eight were dizygotic. They found that all the monozygotic twins
showed a concordant pattern of scoliosis. "Maternal environmental factors” could play
an important role in the development of the disease. James [67] summarized some of
these studies, and showed that three quarters of the identical twin pairs showed scoliosis
in each child, while only half of the dissimilar twins had scoliosis in each. Familial
patterns were also studied by many investigators [68, 69]. They come up with two
genetic mechanisms involved in the inheritance of scoliosis; one was either an autosomal
or sex-linked dominant or a recessive Mendelian (multiple gene inheritance pattern)
systems mechanism and the other was a multifactorial polygenic transfer. In 1968.
Wynne-Davies [70] reported on 114 cases of IS from the Edinburgh Scoliosis Clinic.
The results showed that, in early onset type (infantile), the frequency of scoliosis in
relatives from first to third degrees was 2.6%, 2.3% and 1.4%. In the late onset group
(adolescent), the results were 6.94% in the first degree, 3.69% in the second degree and
1.55% in the third degrees. These results supported either a dominant or recessive
Mendelian mechanism. However, Riseborough and Wynne-Davies [71] reviewed the
families of 207 IS patients from Boston; they found a higher incidence of affected first

degree relatives (11.1%) and about the same incidence in the second and third degrees
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(2.4% and 1.4% respectively). Therefore, a multifactorial polygenic transfer mechanism
was suggested. As a conclusion, the results of the studies performed in twin pairs and
family studies cannot give a specific form of genetic inheritance: except the frequency of

scoliosis in relatives has been shown to be decreased from first to third degrees.

2.5. Detection of Scoliosis

In the past, there was school screening program available for children between the
ages of 11 and 14 (grade 5 to grade 9) to detect scoliosis in Canada. However. in 1979
and 1984 the Canadian Task Force refused the importance of the school screening to the
detection of scoliosis, and the program was discontinued in Canada.

Scoliosis causes deformities of the spine and rib cage that present as postural
distortions of the trunk. People notice scoliosis usually because of the cosmetic
appearance. There are several ways that scoliosis may be detected:

1. by the family physician during routine examination
2. by parents who notice their child has:

a) poor or an unbalanced posture,

b) one shoulder appearing lower than the other

¢) clothes that do not hang properly

d) one shoulder blade that appears more prominent than the other

e) uneven hips
3. by physical education teachers, sports and dance instructors.

One of the easiest ways to diagnose scoliosis is to do the forward bending test

(Figure 2-14). From this test, the possible indicator is the asymmetry profile; at the
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thoracic region one shoulder blade appears more prominent than the other while in the
lumbar region rib cage rotation occurs. If a physician detects a significant asymmetry.
the child will be referred to an orthopaedic specialist. Before making any decision on
treatment by an orthopaedic specialist, a physical examination is performed to confirm
that the child has scoliosis and to rule out other factors that may be involved. Also. the
specialist may use a scoliometer to measure the rotation of the trunk. A scoliometer
(Figure 2-15) is a spirit level that is placed horizontally upon the trunk while the subject
is bent forward. According to the scoliometer developer Dr. William Bunnell. a 5°
reading on the scoliometer relates approximately to a 20° Cobb angle curve. Low-dose

X-rays are then taken so that the orthopaedic specialist can view the spinal curvature.

Figure 2-14. Forward bending test.
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(b)

Figure 2-15. a) A scoliometer and b) trunk rotation measurement.
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2.6. Treatment of Scoliosis

There are three treatment regimes for scoliosis. If the curvature is under 25° and
the patient is perceived to be at risk of progression, a regular examination is required.
Monitoring is done by regular radiographs and surface measurements. In most cases, the
scoliosis does not progress to the point where treatment is required. However, if the
curve is progressive and the Cobb angle increases beyond 25 degrees. non-surgical
treatment or surgical treatment may be required. Surgical treatment is reserved for the
severe progressive case when the curve is at least 45 degrees. Orthopaedic specialists
have developed their own criteria of when to treat and which treatment approach to take
based on empirical information and the perceived risk of further progression of the

curvature.

2.6.1. Non-surgical Treatment

Nowadays, bracing is the most common form of non-surgical treatment for
scoliosis.  The brace action includes passive and active components. The passive
component is the mechanical support by the brace, and the active component is the
patient pulling the body away from pressure sites imposed by the brace. The active
component has been suggested to be more important to improve the spinal curvature and
cosmetic appearance. Therefore, many researchers have employed a non-mechanical
approach for the treatment of scoliosis. The following two sections describe and review

brace treatment and the physiotherapy approach for the treatment of scoliosis.
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2.6.1.a. Brace Treatment

Spinal bracing was first attempted during the Middle Ages when the wealthy
social groups instructed armorers to mold metal corsets in an attempt to halt scoliosis
progression. At that time, braces were merely passive devices and did not incorporate
any active corrective principle. In 1954 Blount and Schmidt developed the Milwaukee
brace to treat progressive scoliosis. Figure 2-16a shows the back view of a Milwaukee
brace. The Milwaukee brace incorporated active correction by encouraging the brace
wearer to pull away from the thoracic pad. By 1976, the Milwaukee brace was the most
frequently used brace in the United States for non-operative treatment of IS [72]. The
design and construction of the Milwaukee brace has evolved away from the initial
concept of mandibular and occipital distraction. [t emphasized passive correction as well
as active derotation with a medially directed force. The shoulder slings, thoracic pads,
and the lumbar pads of the brace can apply forces of different magnitudes, in different
directions, and at different points to correct single, double, and triple curves. The
conventional Milwaukee brace has undergone many modifications {73]. In 1971 Hall
and Miller modified the Milwaukee brace design to develop the Boston brace. The most
dramatic change was the removal of the metal uprights.

The Boston brace is constructed from a prefabricated polypropylene pelvic
module. No individual plaster mold is required. The module is trimmed into a "girdle"
and shaped to the needs of an individual patient. The prefabricated module has a hard
polypropylene plastic shell with a soft foam polyethylene lining providing a close fit to
the pelvis and a "grip" which is used as a foundation for applying forces to the spine.

Figure 2-16b shows the back view of a Boston brace. The symmetry of the inner surface
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of the orthosis is altered only by the placement of pads which make contact with chosen
areas of the patient's torso. These pads provide mechanical support for the spine, and
their positions depend on the severity of rib cage rotation and the location of the curve.
The biomechanical concept of the bracing system is to provide three-dimensional
dynamic correction of the spine. This is achieved by using a prefabricated polypropylene

module lined with polyethylene foam. The anatomic configuration of the module

provides 159 of lumbar flexion, increased anterior abdominal force, fixation at the waist,
and lateral torso containment [74].

Both the Milwaukee and Boston braces provide mechanical support for the spine
by means of pressure pads. The type of brace chosen depends on the location of the
curve. The Boston brace is most effective in controlling curves in the lumbar and
thoracolumbar regions whereas the Milwaukee brace is favored for the thoracic curves.
Today, the Boston brace is favored because their low profile permits them to be hidden
from view with appropriate clothing.

The primary purpose of brace treatment is to prevent further increase of the spinal
deviation during the high risk period of the adolescent growth spurt. The average length
of time a patient wears a brace is about three years, with the brace worn full time (23
hours per day) for about 18-months. In curve correction, the active brace action by
pulling the body away from pressure sites imposed by the brace is claimed to be more
important [75].

Although bracing is currently favored as a non-surgical treatment for scoliosis, the
actual effectiveness of the brace treatment is still uncertain [76, 77]). In 1992, Dansereau

et al. [78] indicated that Boston brace didn’t correct the three dimensional thoracic spinal
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) deformity, but it aggravated the deformity in the saggital plane. In 1997, Aubin et al.
[79] also reported that brace loads were not applied in an optimal way to correct the 3-D
deformities associated with thoracic scoliosis. Therefore, further investigations or

improvement in brace design must be done.

(@) (b)

Figure 2-16. Back view of a) a Milwaukee brace and b) a Boston brace.




2.6.1.b. The Physiotherapy Approach for the Treatment of Scoliosis

Brace treatment is thought to rely on either the mechanical support by a brace
(passive) or by pulling the body away from pressure sites imposed by the brace (active)
[75]. In the passive case, true forces imposed by the braces on the trunk are considered
the key to successful treatment. While in the active case, the brace simply provides a
reference used by the patient to react against; it is the self muscular control to treat
scoliosis. A technique described by Schroth er al. [80] called “rotational breathing”
attempts to correct actively body shape. This technique is mainly to remind the baticnt to
create the opposite appearance to what the scoliotic body looks like. For example. if one
side of the ribs have sunk inwards and downward, patients will try to move the ribs
outside and upwards when they breathe in. Wesis er al. [81] suggested that Schroth’s
method is suitable for preventation and treatment of secondary functional impairment as
well as for treatment of scoliosis related pain. Another group of researchers, Dworkin er
al. [82], suggested that behavioral principles and therapeutic theory help scoliotic
children correct their spinal deformities as well as cosmetic appearances. Dworkin’s
group used the apparatus called “Micro-Straight” to treat children with scoliosis. The
micro-straight detects the length of the trunk and compares it to a pre-set value. If the
length of the trunk is different from the preset value and lasts longer than 20 seconds, a
beep tone will alert the patient to correct the posture. The results presented by Dworkin
et al. showed that this approach was very successful.

Both treatments approach rely less on mechanical correction, and more on
providing appropriate feedback to the wearer. These studies suggest that patients are able

to transfer the learned corrected posture to a long-term improvement of trunk deformity.
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The mechanism for this may be that continuous muscle training results in a re-education
of the scoliotic posture into a corrected balance posture. Furthermore, El-Sayyad er al.

[83] also showed that exercise alone can decrease the curvature of the spine.

2.6.2. Surgical Treatment

There are three fundamental goals of spinal surgery: 1) to gain as much safe
correction of the deformity as possible, 2) to produce a solid spinal fusion of the curve
and 3) to bring the spine into a more balanced position. In spinal surgical treatment. three
distinct mechanisms are used for curve correction: distraction, segment fixation and
segment rotation. The traditional mechanism of achieving correction of scoliosis has
been to generate a corrective moment at the spinal segments involved in the curve. All
the instrumentation systems, such as the Allan Jack [84], the Harrington system [85], the
Luque system [86, 87] and the Dwyer et al. system [88] generate a corrective moment
across the scoliosis curve. The term “instrumentation” refers to a variety of devices such
as rods, hooks, wires and screws (Figure 2-17), which are used to hold the correction of
the spine in as normal an alignment as possible while the bone fusion heals. For
example, the Harrington system consists of a distraction rod placed on the concave side
of the curve, and a compression device applied to the convex side for the dynamic
correction of scoliosis during surgery. However, the improvements due to the Harrington
system are restricted to the frontal plane only. Techniques which attempts to ‘derotate’
the spine were put forth by Cotrel and Dubousset. The mechanism of action by which the
Cotrel-Dubousset (C-D) system corrects a curve is distinctly different from that of the

Harrington or the Luque systems. The major correcting mechanism in the Cotrel-




14

Dubousset (C-D) system [89] is the rotation of the rod which deliberately links frontal
and sagittal plane correction. The C-D system or similar derotational systems are now

the standard treatment in many centers for treating adolescent idiopathic scoliosis.
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Figure 2-17. The surgical implant instrumentation.
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2.6.3. Summary

In general there are some guidelines that can be used to decide which treatment
method is suitable for people who have idiopathic scoliosis. The guidelines are based on
age, type of curve, location of curve, severity, and skeleton maturity. However,
orthopaedic specialists usually like to set the criteria and based on their experience to
make recommendations to patients. The final treatment method is still chosen by the

families and the scoliotic children.
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2.7. Literature Review of Three-Dimensional Posture Measurement Systems and

Transducers

Many methods for human posture measurement have been developed, including
goniometry, photogrammetry, optoelectric analysis, video analysis, sonic analysis etc.
The principles of these methods have been summarized in Hsiao and Keyserling [92].
These methods have been widely used in the fields of orthopaedics and biomechanics and
most of them have the following disadvantages:

1) a laboratory environment is required,

i) technicians are necessary to record data,
iii) analysis time is long, and

iv) set up charge is expensive.

Furthermore, many techniques have been used to measure three-dimensional
surfaces. Gyroscope and magnetic sensors, both are commercially available [93], are the
two well-known devices to measure tilt angle. They are small and light, but they are very
sensitive to mechanical vibration and thus are not suitable for measuring human posture
during daily activities. Kato et al. [94] developed a photoelectric inclination sensor.
which consists of a LED, a hemispherical spirit level, and a photodiode array, to measure
the shape of any 3-D object. This sensor uses the LED to project light on the bubble in
the spirit level. The shadow is then projected onto the surface of the array composed of
four equivalent p-n junction diodes, isolated by a cross on a wafer. By using a circular
model for the shadow, the tilt angle and the direction in a two-dimensional plane can be

obtained. However, this sensor is large (SOmm x 50mm x 50mm) and accurate only
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when the tilt angle is less than 10 degrees. The error increases when the tilt angle
increases because the shadow on the photodiode array is no longer circular, but elliptical.

Tanaka er al. [95] developed a portable instrument for long-term ambulatory
monitoring of posture change using miniature electro-magnetic inclinometers. The size
of the inclinometer is small (length=30mm, radius=13mm), and the dimensions of the
computer unit are 33mm x 68mm x 110mm. The weight of the whole system is only
200g, and it is battery-powered. However, the angular resolution of this system is 12
degrees and it can only obtain two-dimensional information. Therefrore, this system is
only good for monitoring human posture in these four states: standing, walking. sitting
and lying.

In addition, there are some commercially available products that have been
designed mainly for three-dimensional measurements, for example, the 6 degrees-of-
freedom tracker systems from Ascension Technology Corporation and the 3Space Motion
Tracking Systems from Polhemus. All those systems consist of one transmitter and
number of receivers. To do a measurement, the transmitter is fixed in one position and
the receiver is moved to a desired location. Then, the position and orientation of the
receiver relative to the transmitter can be determined. The distance and orientation
parameters are determined by using the field strength of the received signals. The highest
accuracy of these systems is 0.03 inch RMS in distance and 0.15° RMS in angle, and the
resolution is 0.0002inch/inch range and 0.025°, respectively. However, these products
are designed to take measurements in laboratory environments and they are not easily
portable due to their size, weight and dependency on AC power. Figure 2-18 is a

photograph of one of the systems that was developed by Ascension Technology
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Corporation. These commercial systems are also not designed to provide feedback signals

to subjects. The size of the controller unit is about the same as that of a laptop computer.

and the weight of the transmitter is 1.5 kg.

The controller unit

BN Receiver B

Figure 2-18. A Flock of Bird system developed by Ascension Technology Corporation.
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2.8. Literature Review of Electromagnetic Systems

Low frequency quasi-static magnetic fields have been used for detecting position
and orientation for many years. Most EM techniques are based upon free-space field
geometry. In 1962, Kalmus [99] used phase-quadrature excitation techniques to
determine position and orientation in two dimensions. Kalmus's system was designed to
assist vehicles in following one another. The dimensions of the transmitter and receivers
were the same, 12cm x 12cm x 2.5cm, and the power consumption of the system was
24W (12V x 2A). In 1979, Raab et al. [100] presented the principles and theory on how
to calculate the position and orientation of a three-axis transmitter-receiver magnetic
system. Also, Raab et al. developed a system to help aircraft on landing and take-off.
The size, weight and power consumption of the system was huge. The weight of the
transmitter was 4.5kg and the power consumption of the system was 400W. To
determine the position of the receiver, the first position of the receiver had to be known.
Then, the system tracked the position and orientation of a receiver by continuously
determining small changes in positions. Therefore, motion on the receivers was
necessary. In 1988, An et al. [101] used a three-axis transmitter and a three-axis receiver
system to determine both the position and orientation of a transmitter relative to
receivers. The system consisted of three components: a system electronic unit, a source,
and a sensor. The dimensions of the source and sensor were 10cm x 10cm x 10cm and
3em x 3em x 2cm, respectively. The power consumption of the system was 20W
(5Vx4A). AC power was required to operate the system. Furthermore, there are
commercially available systems that use a three-axis transmitter and three-axis receivers

systems for kinesiologic studies: such as human back movement [102], respiratory
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measurement [103], and wrist kinematic measurement [104]. However, all these
measurements are restricted to laboratory conditions because those available systems are
not portable due to their size, weight and large power consumption. Also, to do a
measurement, those commercial systems must be connected to personal computers and
operated by technicians. In addition, other electromagnetic systems have been used in
mining [107] or underground services [108], but they all required high-power.
Consequently, portable electromagnetic measurement systems require significant

research to attain the low-power requirements.
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3. TRUNK DISTORTION IN ADOLESCENT IDIOPATHIC

SCOLIOSIS!

This chapter reports a literature review of measurement methods to assess trunk
deformities. From this review seven topographical features that contribute to the trunk
deformity are identified. A video imaging method has been developed to measure those
seven topographical features. Also, a study to determine the reliability and repeatability

of measuring the cosmetic features is reported.

3.1. Introduction

Scoliosis causes deformities of the spine and rib cage that present as postural
distortions of the trunk. To diagnosis and assess of scoliosis, either the internal alignment
or the cosmetic appearance can be used as the base to evaluate the distortion. To exam
the internal alignment, a radiograph is taken and the Cobb angle is measured. However,
the Cobb angle itself only represents a single plane measurement of the internal spinal
alignment, it does not truly represent the three-dimensional trunk distortion. To assess
cosmetic appearance, clinicians have had to rely on subjective measures such as patients
or families satisfaction. Although researchers know that an objective method is
important to evaluate the treatment outcome, very little work has been done to develop
tools for assessing trunk distortion in children with spinal deformities. To develop an

objective method to assess trunk deformities, topographical features that significantly

' The material in this chapter has been published in : V. J. Raso, E. Lou, D. L. Hill, J. K. Mahood, M. J.
Moreau, and N. G. Durdle, “Trunk Distortion in Adolescent Idiopathic Scoliosis™, Journal of Pediatric
Orthopaedics, vol. 18, no. 3, 1998, and in : E. Lou, D. L. Hill, V. J. Raso, N. G. Durdle and J. K. Mahood,
“An objective Measurement of Trunk Deformity”, the Transactions of the 2™ combined meeting of the
Orthopaedic Research Societies of U.S.A., Janpan, Canada and Europe, p.242, 1995.
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contribute to the overall impression must be defined. A study from Mahood er al. (82]
reported that seven topographical features contribute 85% of the overall impression of
trunk deformity. A further study [109] on the perception of trunk deformities reported
that among those seven topographical features, three are significant predicators of
cosmetic impression. Furthermore, if these significant topographical features can be
reliably and repeatably measured, it would permit the objective assessment of changes to
trunk deformity and possibly a basis for the treatment of trunk deformity. Therefore, a
study [110] was done to determine the reliability and repeatability of the measurement

method.

3.2. Literature Review of Methods for Trunk Assessments

Moiré (meaning watered silk) fringe technique was applied to measure contour
changes on the backs of patients with scoliosis in 1970s. At that time researchers started
to develop and enhance that technique and hoped that it might be a supplement or a
substitute of radiographs. However, in the 1980’s moiré techniques had proven to be
unreliable and sensitive to patient position [96]. A new method developed by Turner-
Smith er al. [96] called Integrated Shape Imaging System (ISIS) had met with limited
clinical success. But the reliability of the ISIS method still depended on how well the
operator could locate reference marks over the anatomical landmarks. Very little work
has been done to develop research tools for assessing trunk distortion in children with
spinal deformities. In the absence of such research, clinicians have had to rely on
personal recollections and the impressions from patients and their families. These

approaches do not provide objective measures of trunk deformities.
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To develop an objective method to assess trunk deformity, topographical features
that contribute to trunk deformity must be identified first. In 1993, Theologis er al. [97]
developed a cosmetic spinal score based upon parameters from the ISIS scan to assess
trunk deformities. From their study they reported that the most important feature that
contribute to trunk deformities was the rib prominence. However, in 1995 Mahood et al.
[82] reported that 85% of the overall impression of trunk deformity were account on
seven topographical features: shoulder height and shoulder angle differences. pelvis
asymmetry, decompensation, waist crease, scapular height difference and waist
asymmetry. A video measurement method [110] was then developed to measure the
seven topographical features. Hill er al. [98] used the seven topographical features to
develop a cosmetic score method to represent the surface deformity due to scoliosis. The
cosmetic score was then used as an objective method to assess trunk distortion. A further
study [109] to determine the perception of trunk deformities was carried out again and the
results showed that among these seven cosmetic features, scapular asymmetry. shoulder
angle asymmetry and waist asymmetry were the most significant predicators of cosmetic

impression.

3.3. Seven Topographical Features

The details of the seven cosmetic features are described in the following with

reference to Figure 3-1.




Cosmetic features:

1. Shoulder height difference
2. Shoulder angle difference
3. Waist asymmetry

4. Decompensation

5. Waist crease

6. Scapula asymmetry

7. Pelvis asymmetry

Figure 3-1. Cosmetic features of a scoliotic trunk.
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3.3.1. Shoulder Height Difference

Shoulder height difference is the difference between the height of the right
shoulder and left shoulder. Referring to Figure 3-1, a horizontal line is drawn at the
height of the right shoulder as well as at the height of the left shoulder. The vertical

distance between these two lines is the difference in shoulder height.

3.3.2. Shoulder Angle Difference

Shoulder angle difference is the difference between the angle of the right shoulder
and left shoulder. Generally the slope of the right shoulder will be less than the left

shoulder because right thoracic curve is more common than the left thoracic.

3.3.3. Waist Asymmetry

Waist asymmetry is an index to measure how much the waist is shifted. In a
severe case of scoliosis, the waist region may be noticeably “swept”, either to the right or
to the left. This sweeping is primarily due to the scoliotic curve in the lower part of the
trunk. The waist asymmetry scores ranges from 0 to 2 with 1 being perfect asymmetry.
A value less than 1 reflects sweeping to the right whereas a value greater than |
represents sweeping to the left.

Waist asymmetry (W.A) is made up of six parameters Uy, U, Ry, Ry, Ly and L, and

RUU,

its expression is W.A =
R L L

To determine these six parameters, a reference vertical line is drawn from the

center of the pelvis. A horizontal line is drawn at the waist - the minimum horizontal
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distance in the waist region. The horizontal distances from the reference to the body
edges are R; (Reference left) and R, (Reference right). Horizontal lines drawn at 10% of
the trunk length above and below the waist are referred as Upper (Ui, U, for left and
right) and Lower (L;, L, for left and right) respectively. Trunk length is the vertical

distance from the pelvis to the shoulder.

3.3.4. Decompensation

Decompensation is a measure of balance - how far the head is shifted away from
the center of the pelvis. To measure decompensation, a vertical line is drawn from the
center of the neck and another vertical line is drawn from the center of the pelvis. The

horizontal distance between these two lines is the decompensation.

3.3.5. Waist Crease

Waist crease is a marked folding of the skin which occurs in the severe forms of
scoliosis. The skin can either be on the left or right side. The crease or fold starts from
the edge of the body just below the rib cage and radiates upward towards the center of the

back.

3.3.6. Scapular Asymmetry

One shoulder blade or scapular may be more prominent with increased scoliosis.
As well, the shoulder blades may be at different heights due to the curve in the upper part
of the back. The high points on the right and left scapula are marked off. The scapula

angle is the angle made with these points and the horizontal.
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3.3.7. Pelvis Asymmetry

Pelvis asymmetry is measured much like the shoulder height - mark horizontal
lines from the right and left pelvis. The height difference between the left and right
pelvis is the pelvis asymmetry. When clothing covers the pelvis, the pelvis height cannot
be measured. Clothing may give you an indication of the pelvis height difference in that
the subjects are standing with both feet at the same height and thus their pants should be

level.

3.4. Reliability and Repeatability of Trunk Measurements

In order to use the cosmetic scores to determine the treatment outcomes on
scoliosis, a study to determine the reliability and repeatability of trunk measurements on

the seven topographical features were done.

3.4.1. Objective

The objective of this study was to determine the reliability and repeatability of the

video image method that used to measure the seven topographical features.

3.4.2. Materials and Methods

Twenty-five females, age 13.1 + 1.6 years, with scoliosis major in right thoracic
curves (Cobb angle: 48.8° + 18.8° range: 11° to 80°) were examined. None of the
subjects had had previous spinal surgery. Subjects wore a hospital gown which opened at
the back were arranged to take the photograph in a relaxed standing position. Subjects

were instructed to remove their shoes and to stand in front of a2 JVC SK310U video




wn
on

camera. Figure 3-2 shows the set up for taking the images. The camera was positioned
so that the image of 640 by 480 mm was centered about the midpoint of the back. Just
before the picture was taken, subjects were instructed to inhale and hold their breath.
Some of the subjects were free standing, but some of them used a chariot to guide the
position. A Scion Image Capture II frame grabber on a Macintosh was used to acquire a
single 8 bit grey scale image of 640 by 480 picture elements. All the cosmetic
parameters were measured from the images by using the program IMAGE 1.59 (National
Institutes of Health. USA).

Two examiners measured the images of twenty-five subjects twice to get two sets of
data. To blind the examiners, subjects were labeled as 1-25. The examiners waited a
week between repetitions to minimize bias. The first set of data from each examiner
were compared with each other. Also, the first set of data for both examiners were

compared to their second set of data.




Camera to
capture
images

Figure 3-2. The set up at the Glenrose hospital for taking images.
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3.4.3. Results and Discussion

All the cosmetic parameters, such as the waist asymmetry index, the
decompensation, the pelvis asymmetry, the shoulder height difference, the right shoulder
angle, the left shoulder angle, the scapular asymmetry and the waist crease, were
measured from the twenty five images. Table 3-1 shows the summary of the results on
the repeatability and the reliability of the measurements made by both examiners. There
was no significant effect due to examiners or to repetitions, but the effect due to posture
control was very significant. Critical differences were considered to be +5° for the
shoulder angles, +3° scapular asymmetry, +0.1 for the waist asymmetry index and 5mm
for the distance measurements. The worst result was for scapular asymmetry for which
only 59% of the measurements were within £3°. Also, the repeatability on measuring
scapular asymmetry by judge 1 and judge 2 was 72% and 67%, respectively. Judges
measured this feature with the least confidence. In addition, by comparing examiner |
with examiner 2, 76% of the total measurements were within the critical differences.
Therefore, it was believed that most of the topographical features were able to measure

reliably and repeatably.
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Table 3-1. Summary of the Reproducibility of Trunk Measurements.

Judge 1 Judge 1 (Trial 1) Judge 2
Trial 1 vs. Trial 2 Vs. Trial 1 vs. Trial 2
Judge 2 (Trial 1)

Wai (£0.1) 84% 88% 88%

Decom. (5mm) 80% 68% 92%

Pelvis Asy. (£5mm) 84% 60% 84%

Shoulder Height 84% 80% 88%

diff. (£5mm)

R. Shoulder Ang. 76% 80% 96%
(£5°)

L. Shoulder Ang. 96% 84% 96%
(£5%)

Scapular Asy. (£3°) 12% 59% 67%

Waist Crease 88% 88% 88%

3.5. Summary

From the Iliterature review of trunk measurements of scoliosis, seven

topographical features that contribute to trunk deformities were identified. A study by

using a video image method to measure those topographical features was done. The

results of that study showed that most of the topographical features of the trunk that

contribute to the perception of deformity can be measured reliably and objectively.

Consequently, the reproducible measurements would permit the objective assessment of

changes to trunk deformity.
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4. ELECTROMAGNETIC THEORY AND MEASUREMENT OF THE

MAGNETIC FIELD DUE TO A MULTITURN SQUARE LOOP>

This chapter provides the theoretical basis and experimental validation for the
development of electromagnetic system to measure changes in topographical features.
The designed EM system consists of one transmitter and two receivers. Experiments
have been carried out to investigate the effect of ferrite cores inside the transmitter and a
receiver. Also, due to the cube-shaded of both the transmitter and receivers, an equation
has been derived to show that an electromagnetic field generated by a square loop is the
same as that from a circular loop as long as the ratio between the size of the square loop
and the distance between the transmitter and the receiver is 1 to 7.5. Theoretical and
experimental analyses to verify the derived equations have been done. An algorithm has
been developed to calculate position and orientation of a receiver relative to the

transmitter.

4.1. Introduction

Low frequency quasi-static magnetic fields have been used for detecting position
and orientation for many years. Electromagnetic systems based on this technique usually
consists of one transmitter and number of receivers. Position and orientation of a
receiver relative to the transmitter is determined by the field strength of received signals.

Electromagnetic receivers and transmitters are usually formed by winding magnetic wires

? Material in this chapter has been accepted to be published - E. Lou, N. G. Durdle, V. J. Raso, and D. L.
Hill, “Measurement of the Magnetic Field in the Near-Field Region and Self-inductance in Free Space Due
to a Multiturn Square-Loop”, IEE Proceedings — Science Measurement and Technology, vol. 144, no.6, pp.
252-256, 1997.
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around ferrite rods or by winding three orthogonal multiturn circular loops concentrically
in free space. For those systems with ferrite rods, the power consumption is moderate
(~20W), but the size is quite large. For those systems with air core, the size is smaller,
but the power consumption is significant (> 40W). Therefore, an innovative approach
using 3-axis coil transmitter and receivers has been developed. The size of the
transmitter and receivers also depends upon the size of wire, the type of ferrite cores, the

shape, and the number of turns of wire along each axis.

4.2. Design Procedures

To design small-size 3-axis coil transmitter and receiver units, ferrite cores were
used to increase the sensitivity [105] for both the transmitter and the receiver units. First
of all, both the transmitter and receiver units were designed to be cube-shaded because a
cube-shaded holder was easy to hold. Plastic cube holders, with two different dimensions
- one is 9mm on each size and the other is 13mm - were designed to allow magnetic wires
to be wound in each direction. A ferrite cube (each side 7mm) cut from a ferrite rod
(Amidon, California) (diameter 9mm) was inserted into the center of the smaller plastic
holder (assumed to be a receiver). Ferrite discs cut from the ferrite rod with thickness,
Smm, were inserted into the six faces of the bigger holder (assumed to be a transmitter).
Figure 4-1 shows the outline of the smaller plastic holder and a ferrite cube. Figure 4-2

shows the outline of the larger plastic holder and a ferrite disc.



Ferrite cube

Plastic holder

Figure 4-1. The outline of the smaller plastic holder with ferrite cube.

Figure 4-2. The outline of the larger plastic holder with ferrite disc.




4.3. Determination of Gain Factor due to Ferrite Cores

The purpose of placing ferrite cube or discs in the center of the plastic holder was
to increase the permeability of the transmitter and receiver coils and this resulted in
amplifying the transmitted and received signals. The amplification of the signals
depended on the properties of the ferrite core. According to the data sheet of the ferrite
rod from the manufacturer, the permeability of the ferrite core area depended on the
number of turns wound around the ferrite, the length of the ferrite, and the size of the
winding wire. To determine the actual gain factor due to the ferrite cube or the ferrite
discs, an experiment was carried out. The measured gain factor would be used in the
theoretical analysis.

To investigate the gain factors due to the ferrite cube and ferrite discs, four
sensory units were built. The four sensory units were divided into two sets: each set
contained one large and one small holder. The first set had ferrite cores inside both of the
holders while the second set had no ferrite cores. Eight hundred turns of 36 AWG wire
(p= 1.36€2/m) were wound on the larger holders, while five hundred turns of 38 AWG
wire (p= 2.13Q/m) were wound on the smaller holders. Since, the inductance of a
multiturn coil is directly proportional to the permeability of the free space or the material
that is wound around by the magnetic wires, gain factors due to the ferrite cores inside
the cube holders can be determined from their inductances. For the larger holders, the
coil was unwound 30 turns at a time and the inductance was measured using the
DM27XT series multimeter (Wavetek, San Diego). With 500 turns of wire remaining on
the larger holder, the coil was unwound 50 turns at a time. Table 4-1 shows the

measurements of the inductance with different number of turns of wire on both larger




66

holders. The average gain factor due to the ferrite discs was 1.62. A similar procedure
was done on the smaller holders except only 20 turns were unwound each time. With
300 turns of wire remaining, 50 turns of wire were unwound from the smaller holders
each time. Table 4-2 shows the measurements of the inductance as a function of the
number of turns of wire on both smaller holders. The average gain factor due to the
ferrite cube was 1.63. Hence, the gain factor due to the ferrite discs was approximately

the same as that due to ferrite cube.
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Table 4-1. The inductance of the larger holders with different number of turns of coil.

Number of turns L1 (mH) L2 (mH) Gain Factor(L1/L2)
800 18.17 10.58 [.71
770 15.15 9.80 1.65
740 14.68 9.01 1.63
710 13.64 8.27 1.65
680 12.00 7.50 1.60
650 11.15 5.80 1.64
620 9.80 5.09 1.61
590 8.66 5.47 1.58
560 7.82 4.87 1.61
530 7.11 435 1.63
500 5.14 3.77 1.63
450 5.67 3.5 1.62
400 3.90 2.38 1.64
350 2.87 1.73 1.66
300 1.98 1.23 1.61
250 1.30 0.79 1.64
200 0.79 0.49 1.61
150 0.40 0.25 1.60
100 0.18 0.11 1.64
50 0.022 0.014 1.57

L1 represents the inductance of the larger holder that has ferrite discs.

L2 represents the inductance of the larger holder that only has the plastic holder.




Table 4-2. The inductance of the smaller holder with different number of turns of coil.

6%

Number of turns L1 (mH) L2 (mH) Gain Factor
500 4.36 2.79 1.56
480 4.00 2.55 1.57
460 3.74 2.33 1.61
440 3.37 2.12 1.59
420 3.10 1.92 1.61
400 2.67 1.67 1.60
380 2.45 1.48 1.66
360 2.18 1.3] 1.66
340 1.89 1.16 1.62
320 1.68 1.02 1.65
300 1.40 0.87 1.61
250 0.91 0.55 1.65
200 0.55 0.33 1.69
150 0.30 0.18 1.67
100 0.10 0.06 1.67
50 0.02 0.01 1.64

L1 represents the inductance of the smaller holder that has ferrite cube.

L2 represents the inductance of the smalier holder that only has the plastic holder.
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4.4. Theoretical Development and Experimental Results of Self-Inductance and

Magnetic Field due to A Multiturn Square-Loop Coil

The equation to calculate the magnetic flux density generated from a circular
current loop can be found in any electromagnetic textbooks. However. in this case. both
the transmitter and receivers are cube-shaped. An equation that calculates a magnetic
flux density generated from a multiturn square current loop must be derived. To derive
the equation, some properties of the multiturn coils must be measured. Experiments have
been carried out to arrive at the correct equation.

To measure the properties of two different sizes of 3-axis multiturn coils, the
smaller holder was used for a receiver while the larger holder was used for a transmitter.
Both the receiver and transmitter had either a ferrite cube or the ferrite discs in the center,
respectively. Both of them had three orthogonal coils wound around. Coil-X was the
most inner layer of the loops while Coil-Z was the outer layer of the loops. The average
loop diameters of the transmitter in coil-X, -Y, -Z are 16.7. 18.0 and 18.7 mm,
respectively. The average loop diameters of the receiver in coil-X, -Y, -Z are 10.8, 11.5
and 11.9 mm, respectively. The resistances of the transmitter in coil-X, -Y, -Z are 71.1,
74.7 and 78.7 ohms, and the inductances are 18.2, 19.1 and 19.0mH, respectively. The
resistances of the receiver in coil-X, -Y, -Z are 46.5, 50.0 and 53.6 ohms, and the
inductances are 4.43, 4.86 and 5.06mH, respectively. Each loop of the transmitter is in
turn excited with a 10Vp-p driving signal identical in frequency and phase. A twelve-
kilohertz sine wave signal was chosen because that particular frequency has minimum
interference from other EM signals. The transmitter acts as a fixed magnetic-dipole

transmitting antenna which produces a far-field component and a near-field component.
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The near-field or quasi-static field component is dominant when the distance between the
transmitter and the receiver is less than A/2r (where the wavelength A = 25 km). The
near-field component is frequency independent and decreases by the inverse cube of
distance. For the transmitter, a series LC circuitry was used in which the quality factors
Qx, Qy, and Qz are 10.06, 10.13 and 10.19; for the receiver, a parallel LC circuit was

used in which Qx, Qy, and Qz are 7.18, 7.33 and 7.12.

4.4.1. Theoretical Analysis

To calculate the magnetic field generated by a square loop abcd (Figure 4-3) to a
point P(R,6.¢) (spherical coordinates), the vector magnetic potential A is first calculated
from:

A=‘;—°1 %’; (1)
TC c

where |1, is the permeability of free space, I is the current flowing in the loop.

Z PO =R

P (RO,0) PK = R,
PL =R,
PM =R,

PN =R,
//dZ/ . ‘ <POL =,

ZPOM =B,
2w N /) >y ZZOP =8

O
S L
> b 2w is the length of one size of

a > )
/ K the square transmitter loop

Figure 4-3. The position of the point P relative to the square loop of abcd.
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Therefore, the vector magnetic potential A from the square loop abcd is:

A =“—°’j“[¢{i— ‘ )a,+dy(i—i]a,J, @)
47 o R, R, R, R,
where a, and ay are the unit vectors in x and y directions, respectively.
Using the law of cosines, the distances are derived as
R’ = R® +w* + 2Rwcos(B, ) (3)
R} = R +w? —2Rwcos(B,) 4)
R} = R* +w — 2Rwcos(B,) (5)
R} = R* +w? + 2Rwcos(B,) (6)

where R1, R2, R3, R4, w, B1 and B2 are distances and angles which are defined in Figure
4-3. The angles B, and [3, are related to the spherical coordinates as followings:
cos(B,) = sin(B)sin(9) (7)
cos(B,) = —sin(0) cos(d) (8)
In our implementation R = 30cm and w = 0.5cm.
If it can assume R >> w, apply the Taylor’s series expansion and substituting equations

(3) - (6) into (2) gives

—ol
A= 4:;‘;2 (4w2)[cos(B,)ax +cos(B, )a,] (9)

Substituting (7) and (8) into (9) gives

A= %(4‘# )[sin(G)[sin('b)a‘ —cos(9)a, ]]

A= 4‘:&’2 (4w?)[sin(0)a, |, (10)

a 1s the unit vector of a polar coordinate (R,8,9).




Therefore, the magnetic flux density B is:

1

d ) 0
B =VxA = Rs[n(e) %[AQS"‘(G)]aR —Ea—R‘[RAO]ae
m )
B= 5121?3 [2<:os(€))aR + sm(e)ae], (1)

where m is the magnetic dipole moment and B is the magnetic flux density at the point P
due to the current loop abcd. Also, ag, a, and agr are the unit vectors in the spherical
coordinates.

Therefore, the magnetic flux density generated by a square current loop is the same as
that from a circular current loop (with the same magnetic dipole moment m) when the
coil size is much less than the distance between the loop and the measurement point.

If Sy is the cross sectional area of the transmitter loop, and @ is the resonant frequency of

both transmitter and receiver circuitry, then

m= osin(x)toS1 (12)

The magnetic flux (&) linkage from a square loop transmitter to a small square loop

receiver with center at P is:

q>=js§-dsz, (13)

where S, is the cross sectional area of the receiver.
With N number of turns in the transmitter and N, number of turns in the receiver, the
voltage generated on the receiver is:

do
v=NN, -2 14
NV, ( dz) (14)

To reduce the measurement error of the magnetic field (<1.0%), the ratio between R

and the size of the receiver must be greater than 7.5 [105]. To simplify the calculation,
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only coaxial orientation and coplanar orientation between the transmitter and receiver

was investigated (Figure 4-4).

z

Coaxial 1

Orientation =~ <

S~

Transmitter

Receiver

Coplanar
Orientation

v A

X

H7Y

Figure 4-4. The coaxial orientation and the coplanar orientation of the receiver relative to
the transmitter.

For coaxial orientation, 8 = 0°,

B = Mo

a
mr3 "

V1= e O.GN,N,S,5, 1,0
2R

For coplanar orientation, 8 = 90°,

B_ lJ'Om

IV 1=—E2 0. GN,N,S,S5, L0
? 4R

(15)

(16)

(17

(18)

where G is the gain factor due to the ferrite core inside the transmitter and the receiver,

and Q; is the quality factor of coil-i of the receiver.

To calculate the self-inductance of a single square loop abcd, magnetic flux density B, at

the center O of the square loop abcd (refer to Figure 4-3) is first calculated. By applying

the Biot-Savart law on the wire ad:
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Mol r2v wdx
B ={dB=a — 19
j ' 4r '[0 (x? +w)¥? (19)

where a, is the unit vector in z-direction.

Kol
B =a
[ zzﬁnw

Therefore. the total magnetic flux density due to the current loop abcd is:

o=az-—ix4=al£2u—°1 (20)
22w Tw
Therefore, the magnetic flux & due to N-turns of square loop is:
<D=LNBOOds. (21)

where S is the cross sectional area of the square loop.

The direction of the B field is the same as the direction of the normal to the square loop,
and the area of the square loop is 4w®. The B field at the center of the coil is greater than
the B field at the ends of the coil. An average correction factor of 0.9 is used in the
equation (21), because the B field at the end is 0.8 of the B field at the center [106].

Therefore, the total magnetic flux ® due to N turns of coil is:

_ 42NpgIw*09
T

o (22)

The flux linkage A equals N®, and the self-inductance L equals to the flux linkage A per

unit current. Therefore, L is:

2 *
. 42N gw*09 23)
/4
Also, w can be calculated from the following equation:
- (24)

w=
2(4pN)
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where r is the resistance of the coil and p is the resistivity of the wire.

4.4.2. Numerical Analysis and Results

Given G=1.62 (gain factor of the transmitter) x 1.63 (gain factor of the receiver) =
2.64, N;=800 (no. of turns of transmitter), N,=500 (no. of turns of receiver) and
@=240007 rads™* (the frequency for the transmitter and receiver)

The voltage generated by the coil-X of the transmitter in coil-X of the receiver can be
calculated from equations (16) and (18). For L, = 23.6 mA RMS(measured), S, =

278.89 mm?, Sa, = 116.64 mm’and Q, = 7.18:

-5
V. (rms)i= 2220 25)
-5
IVrp,_, (rms)l= % (26)

Likewise to calculate the signal in coil-Y of the receiver caused by coil-Y of the

transmitter for which Iy = 22.8 mA RMS(measured), Siy =324 mm?, Say = 132.25 mm°

and Q, = 7.33:
11.40x1073
IVM."_)‘ (rms)l= T 27
-5
|ch‘._“ (rms)l= ﬂOI;l_O (28)

Similarly for the signal caused by the coil-Z of the transmitter in coil-Z of the receiver,

Io = 19.9 mA RMS(measured), S, = 349.69 mm?, S,, = 141.61 mm?and Q, = 7.12,

-5
WV, (rms)l= M (29)

-2 R3
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. -5
1\ __(nns)l:w (30)

P R’

Since the size of coil-X (10.8 mm) of the receiver is the minimum of the three coils,
the minimum distance between the transmitter and receiver is required to be
7.5x10.8mm=81 mm so that the measurement error of the magnetic field is less than 1%
[105].

Figures 4-5, 4-6 and 4-7 show the experimental and theoretical results of coaxial and
coplanar orientation on coil-X to -X, coil-Y to -Y, and coil-Z to -Z. respectively. The
voltage V. ...(RMS) is smaller than Veuy-(RMS) and V... (RMS) because the cross
sectional area of coil-X is the smallest of the three. The value of Veuii(RMS) is about
twice the value of V.. (RMS), where i can be x or y or z. Also, the errors between
theoretical and the experimental values are less than 1%. The theoretical values are
always larger than the experimental value suggesting a systematic error.

Figures 4-8 and 4-9 show the experimental results and theoretical results of the
inductance on the transmitter and receiver with only 1 layer of coil, respectively. Figure
4-10 shows the percentage error on the calculated inductance versus the number of turns

of the coil on both transmitter and receiver.

4.4.3. Discussion and Conclusions

The output voltage of the receiver was measured by a Wavetek DM27XT digital
multimeter and the accuracy on the AC measurement was +1.5%. The range of the
distances between the transmitter and receiver is smaller in the coplanar position than the
coaxial position because the voltage from the coplanar position is only half the voltage

from the coaxial position. The differences of the experimental and theoretical results for
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Vcax-x. Vepx-x, Vcay-y, Vcpy-y, Vcaz-z, and Vcpz-z are less than 1 % (within the
accuracy of the test equipment). The theory that was applied to derive the magnetic flux
density and the voltage received on the receiver was based on the Biot-Savart law.
However, in this case the Biot-Savart law can be applied only when both the transmitter
and the receiver are considered as two points. The larger the ratio of the size of the loop
to the measured distance. the better the assumption. From Figures 4-8 and 4-9, more
turns of the coil or smaller wire size produce less relative error on the calculated
inductance. The measured inductance of the coil is proportional to the square of the
number of turns that agrees with equation (23). The maximum error is about 2% on the
receiver when the number of turns is more than 400. However, for both the transmitter
and the receiver with the number of turns less than 300, the error is more than 10%. The
error increases as the inductance value decreases. Also, the discontinuities on both
figures 4-8 and 4-9 are due to the different errors in the multimeter at different scale
range. From Figure 4-10. the error is greater than 50% when the number of turns are less
than or equal to 100. The large errors associated with few turns occur because the wire
does not cover the whole cross sectional area and thus equations (22) to (24) are not
valid.

This study showed that the theoretical analysis of the magnetic field and the self-
inductance due to a multiturn square-loop transmitter-receiver system matched the

experimental measurements.
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Figure 4-5. The experimental and theoretical results on the coaxial and coplanar

arrangement of coil-X to X.
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Figure 4-6. The experimental and theoretical results on the coaxial and coplanar

arrangement of coil-Y to Y.
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Figure 4-7. The experimental and theoretical results on the coaxial and coplanar
arrangement of coil-Z to Z
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Figure 4-8. The experimental and theoretical results of the inductance on the transmitter
with varying the number of turns of coil.
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Figure 4-9. The experimental and theoretical results of the inductance on the receiver
with varying the number of turns of coil.
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Figure 4-10. The absolute error on the calculating inductance versus the number of turns
of the coil on two different thickness of wires.
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4.5. Algorithm to Calculate Position and Orientation>

To determine the position and orientation of a receiver relative to the transmitter,
the strength of the received signal was used. Referring to Figure 4-11 and from equation
(11), the magnetic flux density B, generated from the square loop abcd (with normal

parallel to the z axis) to a point P is:

= Ho™m [?_cos(ez)aR +sin(62)a9'] 3D

I 4nR}

and the magnitude of the magnetic flux density IB,! is:

IBZI=%\/[3COSZ(6:)+I] (32)

where m is the magnetic dipole moment from the loop abcd, U is the permeability of the

free space.

B P (R.6,,0,)
9 06, = £xOP
: 6, = £yOP
0, = £zOP
d c
/ 9

/ >y
/ 4 /
a > b [ is the current
/ flowing on the coil

X

Figure 4-11. The position of the point p relative to the position of the square loop abcd.

2 Material in this section has been submitted to IEEE Instrumentation and Measurements Journal on
February, 1997, authors: E. Lou, N. G. Durdle, V. J. Raso, and D. L. Hill, title: A Low Power Posture
Measurement System for the Treatment of Scoliosis.




82

Similarly, for a coil with a normal parallel to the x-axis or y-axis, the magnetic

flux densities By, and By and their magnitudes IB,l and IByl will be equal to the followings:

B, =dfl—"ﬂ:;:?[Zcos(e,‘)aR +sin(6‘)aex] (33)
Hom 2

B _|I= 3cos“ (0. )+1 34

=2 I3cos’ (@) + 1] (34)
B, = 4”121:13 [2(:05(6),)aR +sin(9y)ae‘_] (35)
IB,I= :;:1:13 \/[3cosz(6‘ )+ 1] (36)

Since

cos’(B,) +cos*(8,) +cos?(8,) =1, 37)

the resultant magnitude IBg! of the magnetic flux density due to the three transmitter coils

is a constant at a fixed location.

IBgl= /B, +B I +IB,I = constant. (38)

If S, is the cross sectional area of the transmitter loop abcd, the direction vector of Sy is
the vector perpendicular to the cross section. The @ is the resonant frequency (12 kHz in
this case) for both the transmitter and receiver. The magnetic dipole moment m can be
calculated from equation (12). Then the magnetic flux linkages (®) can be calculated
from equation (13). With N| number of turns in the transmitter and N, number of turns in
the receiver, the voltage generated on the receiver is calculated from equation (14). If G
is the total gain that includes the quality factor, the gain factors from ferrite cores and the

circuit gain from an amplifier, then equation (14) can be rewritten as:

V=N N,G(-22) (39)
- de




Therefore, for a signal that transmits from a coil-z of the transmitter to a coil-z of the

receiver, the voltage V,, is:

=] HoGN\ N, 1,05, S,[2cos(8, )ag +sin(B, )ag]ea, l

Ve 3
= 4R
K[2cos(6,)a, +sin(B.)a Jea,
V. =l “R3 2 ! (40)
where K is a constant.
Since
a, =agsin(8,)cos(a,) +a, cos(8, )cos(at, ) —a, sin(cx,) (41)
a, =agsin(8,)sin(a,) +a, cos(8, )sin(a, ) —a, cos(ct,) (42)
a, =agcos(0,)—a,sin8,), (43)
by substituting (43) into (40), gives
2 2 e einl 2 _
v, =lK[ cos (61__3)3 sin (6:)]‘:|K[3cosR(39:) l]l (44)
Similarly
3 .
v, = K[ COS(G:)S;(G:)COS(Q:)]I 45)
v, =lK[3cos(6:)511i’r;(62)sm(onz)]l (46)
Therefore, the resultant voltage due to the coil-z of the transmitter is:
3 K+/[3cos*(8,)+1
Ve =+VVia+ V2 +V2, = \/[ 00;3( D+ (47)
Likewise, the Vg and Vg are equal to :
; : — _ Ky[3cos’(8,)+1
Vg =yVi+ Vig + Vi, = ViBeos’®,) +1] (48)

R3
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- - - K[3cos?*(8,)+1]
Vir ='\/V-Y" +Viy+Vi, = \/ R’ '

(49)

Distance R can be determined by using the total sum of the square of the voltage. To
calculate the location of point P, the following relations between 8, and 8, to the angles
0, and o, are used.

cos(8,)=sin(8,)cos(ax, ) (50)

cos(6, ) =sin(8,)sin(a, ) (51)
Summing the square of equation (50) and (51), gives

cos*(0,) +cos*(8,) =sin?(8,) (52)
From equation (52), the sum of the squares for the voltage V. g and V,r is a function of
sinz(ez). A look-up table that relates the function of the ratio ViR, Vyr and Vi at
different locations can be generated. Table 4-3 shows a part of the look-up table. Note
that for a>+b*=5.0; 8, is 90° although o, may vary from 0° to 90°. The specific value for
8, can be determined by interpolation, e.g. a%+b? = 4.90, 6, = 86.2°. The particular o, can
be determined from further interpolation (Table 4-4). For example, with a’+b? = 4.90
and ¢=1.973; o, = 4.00°.
Hence, the location of P (R,8,,0,) is identified. Since, the look up table uses S°
increments, the maximum error on the angle calculations due to the linear interpolation

method is 2.5°.




Table 4-3. The ratio between V,g, V,g and Vg at different o, with 6, equal to 90°.
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0. (deg.) | 0,(deg.) | a=Vir/Vg b=Vr/V.r c=Vyr/Vyr a’+b?
0.0 90.0 2.00 1.00 2.00 5.00
5.0 90.0 1.99 1.01 1.97 5.00
10.0 90.0 1.98 1.04 1.89 5.00
15.0 90.0 1.95 1.10 1.78 5.00
20.0 90.0 1.91 1.16 1.64 5.00
25.0 90.0 1.86 1.24 1.50 5.00
30.0 90.0 1.80 1.32 1.36 5.00
35.0 90.0 1.74 1.41 1.23 5.00

40.0 90.0 1.66 1.50 1.11 5.00
45.0 90.0 1.58 1.58 1.00 5.00
50.0 90.0 1.50 1.66 0.90 5.00
55.0 90.0 1.41 1.74 0.81 5.00
60.0 90.0 1.32 1.80 0.74 5.00
65.0 90.0 1.24 1.86 0.66 5.00
70.0 90.0 1.16 1.91 0.61 5.00
75.0 90.0 1.10 1.95 0.56 5.00
80.0 90.0 1.04 1.98 0.53 5.00
85.0 90.0 1.01 1.99 0.51 5.00
90.0 90.0 1.00 2.00 0.50 5.00
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Table 4-4. The values of a®+b? and ¢ at different 8, and c,.

o, (deg.) | 6, (deg.) | c=V r/V,r a’+b?
0.0 90.0 2.000 5.00
5.0 90.0 1.972 5.00
0.0 85.0 1.994 4.87
5.0 85.0 1.966 4.87

4.6. Summary

Both the transmitter and receivers are cubed-shaped. The gain factor due to the
selected ferrite core was investigated. The increased permeability of the coil with the
ferrite core was about 1.62 times of the free space. Also, from the self-inductance
experiments, it was shown that the larger the ratio of the size of the loop to the measured
distance, the more accurate on regarding the transmitter and receiver as two points. The
magnetic flux density from a square loop was the same as that from a circular loop when
the size of loop was much smaller than the distance between the loop to the desired point.
Finally, an algorithm was developed to determine the positions and orientations of
receivers relative to the transmitter so that the designed system can calculate the

parameters automatically.
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5. ERROR ANALYSIS

Errors are a concern in any measurement system. To preclude a false sense of
accuracy, one must investigate the nature of the error, the sources, types, and magnitude
of errors made at various stages of the measurement operation, and the interrelationship
of errors. There are two types of errors, systematic and random. A systematic error is
one which will invariably have the same magnitude and the same sign under the same
given conditions. Such error can be estimated after a certain time of measurements.
However, a random error is unpredictable. In this chapter, systematic errors related to

different factors are examined.

5.1. Systematic Errors

In any measurement system, two types of error may exist, either systematic or
random errors. Systematic errors are attributable to known conditions and vary with
these conditions. Such errors can be evaluated and applied, with sign reversed, as
corrections to measured quantities. Three types of systematic errors are natural errors,
instrumental errors and personal errors. Natural errors arise from natural phenomena and
they are really the effects of certain influences that operate to prevent the observer seeing
or reading directly the quantity he is seeking. For example, an instrument that measures
distance between two points by using the traveling time of a radio wave may give an
erroneous distance if an adjustment is not made for the effect of atmospheric pressure and
the moisture content in the air. Instrumental errors are the effects of imperfections in the
construction or adjustment of the instruments used in making measurements. Personal

errors depend on the physical limitations and on the habits of the observer. For example,
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the observer may have poor ability in noting time at the beginning and end of an interval
when using a stop-watch.

In this thesis, the instrumental errors that introduce systematic errors to the
measurement device are evaluated. The instrumental errors exist because of the
imperfect components and measurement instrument. In chapter 4, the ratio V,, : Vi Vg,
: Vyx I ...0 V; was assumed equal to 1. The perfect ratio 1 occurs only when the system
is ideal. Also, the ratio of Vg : Vir:Vapgis1:1: 1 when the first assumption is valid.
The system is an ideal system under the following conditions:

I) the effective surface areas in the transmitter of coil-X, -Y and -Z are the same.

2) the effective surface areas in the receiver of coil-X, -Y and -Z are the same,

3) the resonance frequencies in the transmitter of coil-X, -Y, and -Z are the same.
4) the resonance frequencies in the receiver of coil-X, - Y, and -Z are the same

5) the current flowing through coil-X, -Y, and -Z on the transmitter is the same. and
6) the quality factors of coil-X. -Y and -Z are the same.

These six factors affect the K value of the equation (40) in chapter 4. Any one of
the above could alter the K value and change the final results. The variations due to these
six factors can be divided into four groups. The first one is the effective surface area
factor, the second one is the resonant frequency factor, the third one is the current
flowing factor and the last one is the quality factor. Instead of calculating errors from
each of the coils in those four groups, only errors from coil-Y will be calculated and used
to demonstrate the calculation process. An analysis of individual factors is presented on

each subsequent section.
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5.2. Systematic Error Related to Effective Surface Area

In a perfect situation. the effective surface areas of coil-X, -Y and -Z must be the
same. However, if the coil-X, -Y and -Z have different coil sizes, the K values for coil-
X, coil-Y and coil-Z are different. Hence, it affects the ratio Vi i Vi i Vit Voo 0V,
as well as the ratio V3 : Vg V.

To determine the error due to the effective surface area, the ratio between the
actual effective area and an assumed surface area was calculated. The configuration and
size of the transmitter is the same as the receiver that described in chapter 4.
Consequently, both of the transmitter and receivers have 500 turns of coils wound around
on each direction. To determine the range of the surface area of coil-Y, the range of coil
size for mutilturn coil Y was measured to be 11.2 to 11.8mm. If the average coil size was
used to represent the dimension of multiturn coil Y, the average effective area was
132.25mm? (=11.5x11.5). Figure 5-1 shows the ratio of the actual area to the average
effective area versus the dimension of a coil. For example at the point (11.2, 11.2. 0.95).
each size of a coil is 11.2mm and the ratio of the actual area to the average effective area

is 0.95. Therefore. the minimum and the maximum error factors are 0.95 and 1.05.

respectively.
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(11.8, 11.8, 1.05)

.

Figure 5-1. The ratio of the actual area to the theoretical area at different dimensions of
the coil.

5.3. Systematic Error Related to Resonant Frequency

In any LC circuit, resonance frequency of a LC circuit is usually calculated from
the actual values of the capacitance and the inductance. A multimeter can measure these
two values.  Specifications and accuracy of multimeters are provided by the
manufactures. The multimeter that was chosen for measuring the designed circuit had
5% error in inductance and capacitance, and 1% error in resistance. Therefore, the actual
values of L and C may vary from 95% to 105% of the measured values. Since the error

of the resistance was only 1%, the error due to resistance was ignored when comparing to
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inductance and capacitance. Table 5-1 shows the properties and characteristics of a coil

with resonance circuit.

Table 5-1. The properties and characteristics of a coil with resonance circuit.

Resistance R (Q2) Inductance L Capacitance | Quality Factor
(mH) (nF) (wL/R)
Coil-X 48.28 4.79 36.7 7.48
Coil-Y 51.24 4.83 36.4 7.11
Coil-Z 55.63 5.03 350 =~ 6.82

For coil-Y the range of inductance was 4.83+0.2415mH and capacitance was
36.4£1.85nF. On a series LC circuit, the theoretical resonant frequency wy was

calculated by the following equation:

Wy = l (D

JLoCo
where Ly = 4.83mH and Cy = 36.4nF.

However, the actual frequency w was calculated from the actual L and C values.

1
w = , 2)
J(Lo +8L)(C4 +8C) (

where 8L and 8C were the errors of the inductance and capacitance from the multimeter.
Figure 5-2 shows the values of w/ay versus the actual values of L and C. The minimum

and maximum values of w/ay are 0.952 and 1.053, respectively.

On a parallel LC circuit, the theoretical resonant frequency «y was calculated by

2
0, = é‘('ﬁ) 3)
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Since the value (1/LC) is much greater than (R/L)?, the resonant frequency ay from a
parallel LC circuit is approximately equal to that from a series LC circuit. Therefore, the
error from the parallel LC circuit was assumed to be the same as that from a series LC

circuit.

Figure 5-2. The ratio of the actual frequency to the theoretical frequency at different

inductance and capacitance values.
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5.4. Systematic Error Related to the Current in the Transmitter Coils

Current flowing through a series LC circuit depends on the admittance Y of the
circuit. Y was calculated from the following equation:

1

Y = 4

R +j(wL—wa) “)
The magnitude of the admittance is:
1

1Y = (5)

JRE L=
The magnitude of the current [ was then calculated from the following equation:
It = [VIIY!. (6)
where VI is the magnitude of the voltage supply to the circuit and is a constant.
Therefore, as the frequency varies, the magnitude of Y varies and is maximum when
wL=1/0C. Since the inductance and capacitance for the coil-X, -Y and -Z were
different, the current flowing in each coil was slightly different. If Yo, is designated the

maximum magnitude of Y and +5% of the variation of the inductance and capacitance is

added, then Y/Y, is:

YLz la) w, 7
"1+ jQp(—~—2)
Wy

where Q, =-113 ’Cﬁ ,» @and g were calculated from equations (1) and (2).
0

Figure 5-3 plots the values of IYI/IYyl versus the inductance and capacitance of coil Y.

From equation (6), the magnitude of I was proportional to the magnitude of Y therefore,
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/Ml would be equal to IY/1Yyl. The minimum and maximum values of IYINY,l are

0.8078 and 1.0, respectively.

IYINY ol

Figure 5-3. The ratio of the actual current I to the maximum of current I versus
inductance and capacitance.

5.5. Systematic Error Related to Quality Factor

From the table 5-1, the quality factor of coil-X, -Y and -Z are 7.48, 7.11 and 6.82,
respectively. For the coil-Y, the average quality factor was 7.11 and equal to /R, the
error of the quality factor can be calculated from the product of the error from ® and L.

Therefore, the minimum and maximum errors from the quality factors are 0.9996 and

1.004.
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5.6. Minimum and Maximum Errors

From equation (40) in chapter 4. K is equal to
K=CS§S,0/,0, (8)
where C is a constant. By combining the error scale factor due to each of the above
factors, the total minimum and maximum scale factors due to the above three factors can
be calculated to be:
minimum error scale factor = 0.95*%0.95*0.952*0.8078*0.9996 = 0.693. and

maximum error scale factor = 1.05%1.05*1.053*1.0*%1.004 = 1.166.

5.7. Discussion

In the pervious calculations. errors in coil-Y were calculated. The results only
show the intra-error in one coil, but the inter-errors between coil-X and coil-Z relative to
coil-Y exist. The inter-error occurs because in theoretical calculations properties and
characteristics of coil-Y are assumed to be the average values for all three coils.
Therefore, the maximum and minimum errors of the system based on theoretical
calculations will be greater than the calculated values. Therefore, instead of using a
theoretical approach, calibration of the system to obtain the actual ratios between the nine
collected data will be done in chapter 7. These data will be implemented into the system

to calculate the required parameters.
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6. A NOVEL LOW POWER PORTABLE EM MEASUREMENT

SYSTEM

To measure postural changes of topographical features, a low power portable EM
measurement system was investigated. In this research, the term “low power svstem”
means a system with a power supply less than 9V and the average current consumption
per hour is less than 5 mA. The hardware of the EM system can be divided into three
sections: a transmitter circuit. a receiver circuit and a microcomputer system. To
establish the best approach for the development. studies of each section were done. In
addition. power supply requirements is one of greatest concern for portable electronic
devices. A literature review of different types of batteries was done to facilitate the
choice of a power supply. Furthermore. the software was designed to make the system
completely automatic. Three programs, the control program for the microcomputer
system, the interface program for calibration, and the conversion program to convert a S-

record file into machine code will be described.

6.1. Introduction

A biofeedack approach to help adolescents who have idiopathic scoliosis has been
proposed. This approach is based on the proprioceptive concept of monitoring patients
posture during their daily activities. A system to measure topographical features and to
provide feedback to patients was envisioned. Since the system will be carried by patients
during their daily activities, small size, light weight, low-power and robustness are
necessary. The size and weight of the system was based on discussions with patients.

Most patients expect the size and weight of the system to be similar to a “Walkmen”
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(dimensions: 12cmx 9cm x3cm, weigh: 50g). The smaller and lighter the system, the
more favor by patients.

A selection of a power supply usually depends on the power consumption of a
system. Also, since the size and weight of a battery pack is usually proportional to its
power capacity, the type of battery selected depends on the run-time of the battery. To
establish a miniature low power system. the number and type of ICs that provided all the
required functions were carefully selected. Also, power consumption can be reduced by
turning off the power to any ICs that is not in use. Apart from the hardware design, a

custom software design also provides challenges.

6.2. Transmitter Circuit

In the first prototype. the larger cube with three orthogonal coils described in
chapter 4 was used to generate a relatively strong signal. To generate a transmitted
signal, a Wein bridge oscillator with a 12 kHz sine wave signal was first built and
connected to the transmitter through 3 cables (about 40cm long). Each cable had a pair
of wires connected to either end of the multiturn coil. The 12 kHz signal was selected
because that frequency had minimum interference [100] from the environment. To save
energy, the oscillator was switched in turn so that only one coil was in resonance at a
time. Each coil was connected as a series LC resonant circuit. Maximum current drawn
from the source to coil-X, -Y or -Z was measured to be 23.6 mA RMS. The crosstalk
signal from the active channel to the other two channels was -45dB (resonant voltage:
70V p-p, crosstalk signal: 400 mV). Crosstalk signals not only waste power but also

corrupt the transmitted signals by adding erroneous results to the received signals. Also,
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the long wires added extra inductances. capacitances and resistances to the three LC
circuits in the transmitter, which made the resonant signals very unstable due to the
unstable impedance on the wires. Touching or bending could change the impedance of
the wires, which resulted in changing the resonant voltages. Therefore, a refinement of
the transmitter circuit was necessary. In the new approach the problems due to the long
lead wires were solved and the size of the transmitter and the crosstalk signals were
reduced.

A new transmitter which was similar in size to the receiver was built. The new
transmitter was expected to have either the same or higher transmitted signal level.
Instead of using the sine wave signal. two twelve-kilohertz square waves were connected
to each of the LC circuits. These two square waves were 180 degrees out of phase. An
Op-amp was used to generate a square wave signal, and an inverted square wave was then
obtained by using an inverter circuit. The square wave signal was used because a
stronger transmitted signal were obtained. Figure 6-1 shows the schematic diagram that
used two op-amps to generate a non-inverted and an inverted square waves. Two power
amplifiers with maximum output current of 100mA were used as buffers to drive the
transmitter. Maximum current drawn from the source to coil-X, -Y or -Z was measured
to be 170 RMS mA. Figure 6-2 shows the schematic diagram that connects the two
square wave signals to the transmitter. Each coil was still switched in turn so that only
one coil was in resonance at a time. Since a new transmitter coil was built, the properties

and characteristics of the new transmitter coil are reported in table 6-1.
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Figure 6-1. Schematic diagram of the inverted and non-inverted square wave signals
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Figure 6-2. The schematic diagram of the series LC transmitter circuits.

Table 6-1. Properties and characteristics of the transmitter coil with resonance circuit.

Resistance (Q) Inductance Capacitance' | Quality Factor
(mH) (nF) (0L/R)’
Coil-X 48.99 4.94 35.6 7.60
Coil-Y 50.98 4.85 36.3 7.17
Coil-Z 52.78 4.82 36.5 6.88

' The capacitor value that used to build the resonance circuit in the transmitter.
? @ (=2nf) is the resonance frequency in radian/sec.
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To eliminate the voltage drop, noise pick up and the unstable impedances due to
the long lead wires, circuits that generate the square and inverted square waves, and the
switching circuits were placed adjacent to the transmitter coils. The crosstalk signal was
measured again. Figure 6-3 shows the crosstalk and resonant voltages on two channels in
the new transmitter. The crosstalk signal was reduced from —45dB (from the previous
version) to -62dB. The final dimensions of the transmitter unit became 1.5cm x 1.5¢m x
3.5cm. Although the size of the transmitter unit was bigger than a three-axis coils unit
(1.5cm x 1.5cm x 1.5cm), a more stable signal with less crosstalk was obtained. Figure

6-4 shows the new transmitter unit.

11850.07 21820.0v i—0.00S S50.0¢/ QW T TT¥2 ST0P

A AT A

Yp-p(1)=45.31nvy vR-p(2)=53.75 Vv

Figure 6-3. The crosstalk voltage (1) and the resonant voltage (2) on two channels in
transmitter.
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Figure 6-4. The actual view of the transmitter unit.

6.3. Receiver Circuit

In initial prototyping, one more receiver which was the same as that described in
chapter 4 was built. Table 6-2 a) and b) shows the properties and characteristics of the
receiver coils 1 and 2, respectively. Each three-axis coil unit was connected to the main
circuit board through 3 long cables (about 50 cm). Each cable had a pair of wires
connected to either end of one-axis multiturn coil. A parallel LC circuit was used to
receive the signals. The long cables picked up environmental noises and changed the
received signals due to the change of impedance in the wires. Problems due to the long
cables were similar to that from the first transmitter. Also, the signal-to-noise ratio of the

received signals was only 45dB when the received signal was 1V p-p. To improve the
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performance of the receiver circuit and to eliminate the problems due to the long cables, a

modified receiver circuit was built.

Table 6-2 a). The properties and characteristics of the receiver 1 with resonance circuit.

Resistance R (Q2) Inductance L Capacitance’ Quality Factor
(mH) (nF) (oL/R)*
Coil-X 48.28 4.79 36.7 7.48
Coil-Y 51.24 4.83 36.4 7.11
Coil-Z 55.63 5.03 35.0 6.82
Table 6-2 b). The properties and characteristics of the receiver 2 with resonance circuit.
Resistance R (Q) Inductance L Capacitance® Quality Factor
(mH) (nF) (oL/R)?
Coil-X 49.30 4.82 36.5 7.37
Coil-Y 52.21 4.87 36.1 7.03
Coil-Z 56.43 5.15 34.1 6.88

“The capacitor value that used to build the resonance circuit in the transmitter.
* o is the resonance frequency in rad/sec (=2xf).

To eliminate the problems due to the long cables the amplifier and all the required

circuits were placed close to the receiver coils. Figure 6-5 shows the schematic diagram
of the new receiver circuit. The receiver circuit still used parallel LC circuit to receive
signals. When coil-X was closed, coil-Y and coil-Z were opened. The multiplexer wés
used to select the required channel, and its output was connected to an amplifier so that a
pre-gain signal was sent to the main circuit board. Also, to increase the signal-to-noise
ratio on the received signal, either the size of the receiver must be increased or the noise
picked up from environment must be reduced. However, since small size was one of the

aims of the system, noise reduction was the favored way to increase the signal-to-noise
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ratio. Noise reduction was achieved by amplifying the received signal before sending it
to the computer unit. The resonance and the amplification circuits placed adjacent to
receiver coils also achieved this purpose. Surface mount ICs were used for the required
circuit to keep the size of the whole unit as small as possible. Also, this arrangement
increased the portability of the receiver unit so that it might be used for other applications
without requiring any other external circuit. The signal-to-noise ratio of the received
signal was 65dB when the received signal was 1 V p-p- Therefore, the new receiver unit
combined with circuit proved to be a better approach for the receiver. The final

dimensions of the receiver units were 1.5cm x 1.5cm x 3.0cm (Figure 6-6).

Coil-X
| ]
|
Coil-Y To main
~—— Mux. board

Amplifier

Coil-Z
—m_'\—

Figure 6-5. The schematic diagram of the receiver circuitry.
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Figure 6-6. The actual view of the receiver unit.

To minimize power consumption of both the transmitter and the receiver circuits,
the power for both units was turned on only when the data were acquired. An experiment
was done to measure the time required by the receiver to obtain a maximum signal after
the transmitted signal was turned on. A sine wave signal was first connected to one of
the transmitter coils. The signal was set and turned on for 1.5ms. The signal received on
the receiver was measured with an oscilloscope [HP-54600A] and is shown on Figure 6-
7. Referring to Figure 6-7, signal | is the transmitted sine wave signal with a magnitude
of +5Vp-p, while signal 2 shows the time required by the receiver to obtain the full scale
signal after the transmitted signal was turned on. The time required was measured at
820us. When the transmitted signal was turned off, another 820us was required to allow
the received signal to attenuate. Therefore, 2ms was adequate for one measurement.
Since nine measurements were required for 1 receiver, a minimum 18ms was the time

required to sample both units.
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Figure 6-7. The time required for the receiver to receive a full scale signal after the
transmitted signal was turned on.

6.4. Microcomputer System

As mentioned before, the power consumption of the system can be minimized by
turning off any ICs or circuits that are not in use. Therefore, using a controller to control
the power for both the transmitter and the receiver units was investigated. Also, a
powerful controller is necessary to do the data manipulation. To select a controller, either
a microprocessor or a microcontroller or a digital signal processor was considered. The
choice of the controller mainly depended on its power consumption and physical size.
Table 6-3 shows the characteristic of these three controllers. Among these three, a
microcontroller was chosen because it consumed the least power and required the

minimum number of external components. Among all the commercially available
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microcontrollers, the Motorola product - MC68HC16Z1 microcontroller was chosen.
This microcontroller was selected mainly because of its low power consumption, ease of
programming and built-in analog-to-digital (A/D) converter. Even though a
microcontroller already contains many special functions, some other components and
circuits were still required to complete the microcomputer system.

The block diagram of the microcomputer system is shown in Figure 6-8. The
microcontroller, MC68HC16, is the major component of this system. This system
consists of three sections. The first section is the digital data acquisition section which
consists of two 128 Kbytes RAMs, two 8 Kbytes ROMs and a programmable real time
clock (RTC). The second section is the received signal section which consists of a
multiplexer, a bandpass filter (BPF), a RMS-to-DC integrated circuit, a low pass filter
and a phase detection circuit. The third section is the transmitted signal section which
was described in one of the previous sections.

Table 6-3. Comparison of the microprocessor, microcontroller and DSP.

Microprocessor Microcontroller DSP
Power High Low High
consumption
Required external Yes No Yes
A/D converter
Required external Yes No No
UART!
Physical size Large Small Large
Price/unit High Low High

!, UART-Universal Asynchronous Receiver Transmitter
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Figure 6-8. The block diagram of the microcomputer systermn.

6.4.1. The MC68HC16 Microcontroller

The MC68HC16Z1 microcontroller is a high speed 16-bit control unit as well as a

member of the M68300/68HC16 Family of modular microcontrollers. In a normal

operation, the maximum supply current to this controller is 110mA, but during a low-

power stop (LPSTOP) mode, the maximum supply current is only 350uA. Power

consumption is minimized when the microcontroller is programmed into the LPSTOP

mode. An external interrupt is required to awaken the microcontroller from the LPSTOP

mode. The maximum speed of the system clock is 16.78 MHz. In addition, this

microcontroller consists of a 16-bit CPU (CPU16), a system integration module (SIM),
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an 8/10-bit analog-to-digital (A/D) converter, a queued serial module (QSM). a general-
purpose timer (GPT), and a 1024-byte standby SRAM. Figure 6-9 shows the internal
block diagram of the microcontroller. All these modules are interconnected by the

intermodule bus (IMB) and their functions will be explained in the appendix A.

6.4.2. Digital Data Acquisition Section

There are three components connected to the microcontroller:1) two 8-Kbytes

ROMs, 2) two 128-Kbytes RAM and the programmable real time clock (RTC).

6.4.2.a. Read Only Memory (ROM)

The type of ROM (27C64) in this system is an 8-Kbytes, ultraviolet erasable
programmable read-only memory. This type of ROM was chosen because of its low
power consumption and sufficient memory space available. The data in the ROM can be
erased by exposure to an ultraviolet light source with a minimum dosage 15
Wseconds/cm®. Two ROM s are used in this system so that 8-Kwords of program or data
can be stored. The memory address of the ROMs is mapped from $000000 to SO0 IFFF.
The ROMs hold both the control program and look-up tables. The control program,
written in MC6816 assembly language, oversees the operation of the system under
interrupt control while the look-up tables store the information that is used to calculate
the position and orientation of the receiver relative to the transmitter. The block diagram

of the connection between the ROMs and the MCU is shown in Figure 6-10.
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Select
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Figure 6-9. The block diagram of the internal module of the MC68HC16Z1
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D8-D15 & +Ds-DI5s ROM

Figure 6-10. The block diagram of the connection between ROMs and MCU.

6.4.2.b. Read Access Memory (RAM)

A high speed low-power 128-Kbyte static RAM (KM681000LP) is used in this
system. This IC is fabricated using CMOS process and is particularly well suited for
battery back-up non-violate memory applications. To expand the memory size for the
system, two RAMs were used. The total memory size of the system became 128 Kwords
and the address of the RAMs was mapped from $040000 to SO7FFFF. The RAM stores
all the acquired data that will be downloaded to a host computer. The block diagram of

the connection between the RAMs and the MCU is shown in Figure 6-11.
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Figure 6-11. The block diagram of the connection between RAMs and MCU.

6.4.2.c. Programmable Real Time Clock (RTC)

The programmable RTC with a built in static RAM (MC68HC68T1) is a
Motorola product. This device was chosen because of the ease of interfacing with the
MCU and its low power consumption. The RTC and the MCU communicates through
the serial communication port of the MCU. Four special features contained in this device
are: 1) a real time clock/calendar, 2) a programmable interrupt for alarm and timing
function, 3) a square wave generation circuit, and 4) a 32-Kbytes static RAM. However,

the main function of this IC is to provide an interrupt signal to awaken the MCU from the
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LPSTOP mode. The block diagram of the connection between the RTC and MCU is

shown in Figure 6-12.

MISOJ¢ MISO

MOSI MOSI
MCU @ RQ7 RTC

PCSO »SS

SCK »SCK

RESET IRESET

Figure 6-12. The block diagram of the connection between RTC and MCU.

6.4.3. Received Signal Section

The received signal section consists of five components: a multiplexer, a bandpass
filter, a RMS-to-DC integrated circuit, an active low pass filter and phase detection

circuit.

6.4.3.a. The Multiplexer (MUX)

The multiplexer, MAX399, is a dual 4-channel CMOS analog device. It has low
on-resistance (<100Q) and the on-resistance is matched to within 4Q between the 4
channels. The switching speed of the analog switch is very fast (transition time less than

250ns). The power consumption of this IC is very low (<300uW). One multiplexer can
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be used for two receivers. The /O lines PD4 and PDS5 from the microcontroller select the
channel-X, -Y, and —Z in a receiver. Also, the I/O lines PF1-3 are used to activate the
receiver channel X-Z, respectively. Table 6-4 shows the truth table for PD4-5, PF1-3 and
the received channel X-Z.

Table 6-4. The truth table between PD4-5, PFI-3 and the receiver channels.

PD4 PD5 PF1 PF2 PE3 CH.-X CH.-Y CH.-Z
0 0 1 0 0 ON OFF OFF
0 1 0 1 0 OFF ON OFF
I 0 0 0 1 OFF OFF ON

6.4.3.b. The Bandpass Filter (BPF)

The bandpass filter, MAX275, is a continuous-time active filter consisting of two
independent 2nd-order sections. Cascading two sections can form a 4th-order bandpass
filter. In each section, four external resistors are required. The center frequency can be
designed within the range from 100Hz to 300kHz, and is accurate to within +0.9% over
the full operating temperature range (0°C to 70°C). The total harmonic distortion is better
than -86dB. Figure 6-13 shows the internal circuitry of one section of the 2nd-order
filter. To design a fourth-order BPF with center frequency 12kHz, specific values of

resistors are chosen based on the manufacture’s data sheet.
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Figure 6-13. The internal circuitry of one section of the 2-nd order filter.
From the data sheet,
(2x10°)

Ry, = _F“ ,where Fj is the desired center frequency.
0

By choosing R; to be 165K€2, sets Fp = 12.12kHz,

R4 = R2 -SKQ = 160KQ

9
Ry = 0(2x10 )x(lj
Fy 5
By choosing R to be 330KQ ; sets Q = 10, where Q is the quality factor of the complex

pole pair.

Rs
Hopp

Ry = ,where Hogp is the gain of the BPF at Fy

In the first section, R; was a 33KQ resistor; therefore, the gain in the first section
became 10.

In the 2nd-section, a 50K potentiometer was chosen for R;. The gain of this
section could be adjusted so that the maximum signal was obtained when the distance
between the transmitter and receiver was at the minimum desired value. The resistors R,

R3 and R, were chosen as the same values used in section 1.
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By cascading these two 2nd-order sections with identical Fys and Qs. the resulting

Q of the 4th-order filter is:

0 -2

The overall gain of the 4th-order BPF is ﬁﬂxlo and the overall quality factor is 24.
1

6.4.3.c. RMS to DC Converter

The RMS value of a voltage is defined as: Vrms =y Avg.(V?). This involves

squaring the signal, taking the average, and then obtaining the square root. A RMS-to-
DC converter circuit converts an ac signal to a dc signal in which the power or heating
value of the ac voltage is the same as the power that produced by the dc signal. For
example, if an input signal is a sine wave with its peak voltage equals to 1V, the dc
output voltage is then 0.707V.

To select a RMS-to-DC converter, power consumption and external component
requirements for the IC were first considered. Among all the commercially available
RMS-to-DC converters, the AD736 from Analog Devices was chosen. This IC requires
only 200pA in supply current and two external components. The disadvantage of this IC
was the long settling time requirement (minimum 36ms) when a small averaging error
(typically 1%) is required. The longer the settling time, the less the averaging error. A
low pass filter (LPF) with the gain greater than 1 amplifies the output signal from the
RMS-to-DC converter and the result inputs into the A/D converter. In this application.

the averaging error was set to be 0.5%, the corresponding settling time required 50ms.
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6.4.3.d. Low Pass Filter

The function of the low pass filter is to remove all undesired high frequency
components from the input signal. An active low pass filter usually consists of an op-
amp with RC circuit. The gain of the filter can be set either greater than or equal to 1.
Figure 6-14 shows the schematic diagram of the active low pass filter with a gain of 1.3.
The cutoff frequency of this filter is 15Hz. The gain of the filter multiplies the maximum

output voltage (3.8V) from the RMS-to-DC to a 5V value.

10K 39K

Figure 6-14. The schematic diagram of the active low pass filter.

6.4.3.e. Phase Detection Circuit

The phase detection circuit in this application functions as a zero-crossing
detector with hysteresis. Figure 6-15 shows the schematic diagram of the phase detection
circuit. When (+) input pin 2 is greater than the (-) input pin 3, the Vout is +5V.
However, when the (+) input is less than the (-) input, the Vout is zero. The 100K and

RS55 in Figure 6-16 maintain hystersis of approximately 50mV so that the false output
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crossing is minimized. The output signal of the comparator is then input to an /O pin of
the microcontroller. There are three zero-crossing detector circuits in this system. one for
the driving signal and two for the received signals. When the microcontroller detects the
rising edge from the driving signal. the phase signals of the receivers are recorded. The

phase signals can be used to determine the location of the receivers.

RSS 100K

REGYSV
1K
¥
~
3 |u21
INIU I; M311
T —

‘ REG-5V

Figure 6-15. The schematic diagram of the phase detection circuit.

6.5. Test of the Received signal sections

To test the received signal section, a small sine wave signal generated from a
signal generator, range from 1.28mVp-p to 105mVp-p, was input into the bandpass filter.
The input signal emulated a received signal. The 1.28mVp-p signal was the smallest
signal that could be generated and the 105mVp-p was the largest signal that could input
into the bandpass filter such that the output signal did not saturate. The frequency of the
sine wave signal was set to 12.1KHz, which was the center frequency of the designed

bandpass filter. The receiver sections for channels 1 and 2 were tested separately.
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Output signal from the low pass filter was measured by an oscilloscope. Figures 6-16 and
6-17 show the plotted results on received channels 1 and 2. respectively.

In channel I, when an input signal was less than 25mV p-p. the gain of the
channel | varied. However, when the input signal was greater than 25mV p-p. the
average gain of channel | was 89. Channel 2 had the same characteristics as channel I,
except its average gain was 92. Difference in gain between channels 1 and 2 was due to
tolerance of the passive components. Also. the output signals from both channels were
linearly proportional to the input signal when the input was greater than 25mVp-p. All
the input and output measurements were done by a HP oscilloscope. The gain from
channels 1 and 2 varied on small input signals because the reading of small signals from

the measurement instrument (HP-oscilloscope) was inaccurate. There was 4% error in

measuring small input signals from the oscilloscope.

5000 - y =45.444x - 53.836
4500 + R* =0.9998

W W o
-
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0.00 20.00 40.00 60.00 80.00 100.00 120.00

Input voltage (mV p-p)

Figure 6-16. The output voltage from the low pass filter versus the input voltage on the
bandpass filter of the channel 1.
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Figure 6-17. The output voltage from the low pass filter versus the input voltage on the
bandpass filter of the channel 2.

6.6. Power Consumption

Power consumption is one of the major concerns in the system design. To
minimize the power consumption, the number of ICs which provided all the requirements
to the system was chosen carefully. Also, any circuit that was not in use was turned off
to save power. There are three operating modes in this system: setup mode, sample mode
and sleep mode. Since the supply voltage only requires a constant voltage range between
7 to 9V, the supply current can be used to represent power consumption. To determine
the current required by the system, the three operating modes are investigated. Setup
mode allows users to input all the required parameters. Both the transmitter and the
receiver circuits are turned off, but the microcomputer system is turned on. Sample mode
is the stage that the designed system acquires samples. All the ICs and circuits are turned

on. Sleep mode is the power saving mode; only the RTC IC is on. The system waits for
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an interrupt from the RTC to awaken the microcontroller and to collect sample. Power
consumption at this stage is the minimum. Current consumption at each stage is reported
in Table 6-5. Also. the average current consumption required by the system over a day is

calculated. This calculation was based on a sample every |5 minute interval.

Table 6-5. The current consumption of the system at each stage.
Stage Current consumption (mA)
Setup mode 80.5
Sample mode 200.0
Sleep mode 3.0

The average current consumption over a day, is based on the time required for
setting up the parameters (setup mode). and taking a sample with 2 channels (sample
mode), and the time period between each sample mode (sleep mode), is 82.56 mA. Since
the setup mode only occurs once during the whole measurement period, the current

consumption at that stage may be ignored when compared to one day period.

6.7. Justification Different Types of Batteries

Battery power is normally used with portable electronic devices such as cellular
phones, video cameras, “Walkman”, “Dicsman”, pagers and etc. Batteries may be
broadly divided into two categories chargeable and non-chargeable batteries. Within
these two categories, there are many different types of batteries and their prices can range
from a few dollars to a few hundred dollars. In this research, the system is intended to be
used over a long period of time and so a rechargeable battery is most appropriate. On
selecting the type of rechargeable battery, the charge and discharge characteristics, the

weight of the battery, and the cost are the major considerations. The types of batteries
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most commonly used are Nickel Cadmium (NiCd). Nickel metal hydride (NiMH) and
solid-state Lithium-ion (Li-ion). Table 6-6 shows the characteristics among these three
types of batteries. Figure 6-18 shows the discharge curves of these three types of battery.
The NiCd type battery has the largest discharge capacitv with the highest discharge rate
of the three, while the Li-ion has the smallest discharge capacity. Also, the flat discharge
profile on both NiCd and NiMH implies that both types of battery have small voltage
drop before they require recharging. Among the three. the Li-ion is the most expensive
type of battery and the NiCd is the least. One more advantage of both the NiMH and the
Li-ion is they have memory free charging characteristic. patients can recharge the system
every night after they use the system for a day. Therefore, by comparing the charging
and discharging characteristics. the weight and the cost of these three types of battery, the

NiMH type battery was chosen for this application.




Table 6-6. The characteristics of the NiCd. NiMH and Li-ion types battery.

NiCd NiMH Li-ion
Energy density 40 60 90
(Whr/kg)
Energy density 100 140 210
(Whr/I)
Self-discharge 15% of capacity 25% of capacity 5% of capacity
rate/month
No. of recharge 1000 800 1000
cycles'
Price level Lowest Moderate Highest
Charging Need completely Memory free - no Memory free - no
Characteristic discharge need to completely | need to completely
(before recharge) discharge discharge
Operating cell 1.2 1.2 3.6 (average)
voltage (V)
Internal resistance Lowest Moderate Highest
Discharge rate (C)2 <10 <3 <2
Discharge profile Flat Flat Sloping

I Defined as the battery’s achieving 80% of its initial charge capacity on recharge.

2. C =nominal capacity.
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Figure 6-18. The discharge curves of the NiCd, NiMH and Li-ion batteries at 0.2C rate.




6.8. Software Development

The designed system requires three programs to operate the system. The main
program controls the hardware to collect. store and analysis data, which was written in
assembly language. Interface program allows communication with a PC. Only simple
input is required to initialize the system. The S-record conversion program is to simplify
the step to store the main program into ROM. The interface program and the S-record
conversion program are written in C++ language and both of them are window-based
executable programs. The S-record program was only for development and will be

described in appendix B. The first two programs have been described in the following.

6.8.1. Main Control Program

After a hardware reset of the system, the main control program starts with the
INIT routine. The flowchart of the INIT routine is shown in Figure 6-19 and the routine
initializes the stack pointer, the exception vector, external ROM and RAM addresses, the
system clock, the RTC and the serial communication. The A/D converter is enabled and
selected with 10-bit resolution. The GPT is configured as I/O control lines. Also, the
pulse width modulation A in the GPT module is enabled to drive a buzzer. Variable
registers are reset in this stage. Following device initialization, the program checks the
low battery indicator signal. If the low battery signal is on, the system turns to a low
power stop mode (LPSTOP) and a message is displayed on the monitor. A low power
red indicator LED is also turned on to alert patients either to change or tc recharge the

battery. However, if the power is ready, the MAIN routine executes.




Initialize the stack pointer

v

[nitialize the interrupt vector

v

Initialize the ROM address

v

Initialize the external RAM address

v

Initialize the system clock and COP

v

Initialize the Port E. Port F, QSPI, and internal RAM

v

Set Baud Rate equal to 9600

v

Initialize the A/D converter

v

Initialize the GPT module

v

Clear buffer memory

[s the power ready?

Display the low
power signal

v

Figure 6-19. The flowchart of the INIT routine.

MAIN Gnd at LPSTOP modD
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6.8.2. MAIN routine

This MAIN routine allows users to choose three operation modes: case | - INPUT
mode, case 2 - Calibration mode. and case 3 - Qutput mode. Figure 6-20 shows the
flowchart of the MAIN routine. Each case is an independent subroutine so that any
modification in one subroutine does not affect the other two. The input at this stage must
match the pre-defined characters. hence any improper inputs result in re-entering the

characters.

Case I:
Input mode

Case 2:
Calibration
mode

Case 3:
Output mode

Input character
=37

Figure 6-20. The flowchart of the MAIN routine.




6.8.3. INPUT mode

The flowchart for the INPUT mode is shown in Figure 6-21. The routine is
executed when the key 1" is pressed in the MAIN routine. The program jumps to the
IN_CONYV subroutine (Figure 6-22) to convert ASCII numbers (the sample interval
input) into hex numbers. The hex numbers are stored and used for the real time clock set
up. The sample interval (acceptable input, from 2 seconds to 59 minutes and 59 seconds)
is entered at this stage. There is no definite sample interval defined yet. The sample
interval will depend on the frequency that the patients feel comfortable with in
responding to the feedback signal. Therefore. the sample interval will be defined after
clinical trials. At the first trial. the sample interval will be set to a |5 minute- interval.
After these parameters are stored, the interrupt configuration is activated. Then. the 232-
serial driver is turned off to save power. The initialization of the RCT is executed. The
RTC and the MCU communicate via the QSPI of the QSM module. The alarm time is
set. All the submodules are turned off to save power. The system then enters a low-
power stop (LPSTOP) mode and waits for an external interrupt to awaken the
microcontroller. The IRQ routine executes when an interrupt occurs due to the alarm

time matching the current time.
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Prompt the interval input

!

IN_CONYV subroutine

N

Store the alarm time

v

Turn off the 232-serial port

I

RTC initialization

v

Turn off all the submodules

C LPSTOP mode )

Figure 6-21. The flowchart of the INPUT mode routine.
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Read the input character

v

Convert the character from ASCII to HEX

Display error
Store the number message

44— Set INFLAG=SFF

Figure 6-22. The flowchart of the IN_CONYV subroutine.

6.8.4. IRQ routine

When the interrupt service routine is executed, all submodules of the
microcontroller will be turned on again. Power level and its stability are checked before
taking any samples. Figure 6-23 shows the flowchart of this interrupt subroutine. When
the power is ready. the channel-X of the transmitter is turned on. Then channel-X of the
receiver is activated to receive the signal. A time delay of 50ms is added before data is
collected by the A/D converter so that settling time for the RMS-to-DC converter is

sufficient. Then the channel-X of the receiver is turned off and simultaneously the
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channel-Y of the receiver is turned on. Similarly, another 50ms time delay is added
before data is collected. Then the program proceeds to channel-Z of the receiver. After
the acquisition of these three samples, the channel-X of the transmitter is turned off and
the channel-Y of the transmitter is turned on. The procedures repeat until the channel-Z
of the transmitter is turned off. In total nine measurements are obtained from one
receiver. Data is stored in the external static RAM for later analysis.  If more than |
receiver is used. the sample procedures repeat until another 9 measurements are collected
for each receiver. The position and orientation of all the receivers relatine to the
transmitter are calculated by using look-up-tables (LUT) and interpolations. An audio
feedback will alert patients to adjust his/her posture if required. Then the system goes

back to sleep mode again until the next interrupt.




Turn on all the submodules and analog circuitry
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Is the power ready?
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if posture adjustment required

l
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Figure 6-23. The flowchart of the IRQ routine.
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6.8.5. CALIBRATION mode

The system executes the calibration mode when the Key "2" is pressed in the
MAIN routine. Figure 6-24 shows the flowchart of the CASE 2 subroutine. [n this mode
the 232-serial communication is on all the time. A flag is set to indicate the system is in
CASE 2. The system then waits for any key to be pressed to trigger a sample. When a
sample is acquired. the system collects the data using the same procedures as that in
INPUT mode (CASE 1). But this time the data is stored in the internal static RAM of the
microcontroller. After the data is stored. the program returns to the CASE 2 routine and
then jumps to the OUTDATA subroutine. The OUTDATA subroutine is also used in the
OUTPUT mode (CASE 3) and it will be explained in section 6.8.6. The output data
routine with the interface program displays the results — the distance and orientation of all
the receivers relative to the transmitter. on the screen. After displaying all the results, the

program returns to CASE 2 and waits for another key to be pressed.




Start

Set FLAG2=SFFFF to indicate it is in
calibration mode

Turn off the power for the analog circuit but
on the 232-serial driver

'

Send out 9 data for each of the
receiver

Is there any
key pressed?

Figure 6-24. The flowchart of the CALIBRATION mode subroutine.




6.8.6. OUTPUT mode

After the key "3" is pressed in the MAIN routine. the OUTDATA subroutine
executes. The data in the external static RAMs is retrieved and converted from binary to
ASCIIL. All the data will be downloaded to a host computer and saved into a file. After
downloading the data. the system is turned back to the low-power stop (LPSTOP) mode.
The data saved in a file will be analyzed and reviewed to investigate how well the
patients respond to the system and how their posture changes during their daily activities.
If this routine is called from the CASE 2 subroutine, the data will be retrieved from the
internal static RAM of the microcontroller and converted into ASCII. An interface
program described in section 6.8 will use the data to calculate the position of receivers
relative to the transmitter. After the results are displayed on the monitor. the system

returns to CASE 2 subroutine.

6.8.7. Interface Program

The interface program, written in the C++ language. is a Windows-based
program. This program allows users to select the serial communication port (either port 1
or port 2) on the host computer. Also, the data transferred from the microcomputer
system is used to calculate the distance and orientation of receivers relative to the
transmitter. The format of the results is: r, 8,, a, for each of the receivers. The r is the
distance between the center of the transmitter to the center of the receiver, 8, and o, are
the angles in polar coordinates system. The angle 8, is the angle made between the z-axis
and the line is drawn from the center of the transmitter to the center of the receiver. The

angle 0 is the angle made between the x-axis and the line drawn from the center of the
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transmitter to the center of the receiver. The results are stored as a text file for later

analysis.

6.9. Summary

A low-power portable EM system was developed after a number of innovative
improvements.  The system consists of one transmitter. two receivers and a
microcomputer unit. The dimensions of the microcomputer unit was 4cm x [0cm x ldcm
and the weight of this unit was 50g (included the battery pack). The power consumption
of the system was 550mW/day. The NiMH battery with 900mAh capacity was chosen so
that patients was able to recharge the battery every 10 days if the system was set to be
sampled every 15 minutes. Also, the intelligent software allowed the system to start

executing automatically after the simple input routine.




7. CALIBRATION PROCEDURES AND RESULTS

This chapter is comprised of four sections. Section 7.1 provides information to
establish the distance detection range for the system.  Section 7.2 describes the
calibration procedures of the system. Section 7.3 presents the implementation of the
calibration results into the system. Section 7.4 demonstrates how to calculate a distance

and orientation from a set of data.

7.1. The Distance Range

Before starting the calibration, the range of the measured distance must be
established. The range of the measured distance depends on which topographical
features (refer to chapter 3) are going to be monitored. In a previous study [109], the
shoulder height and angles. the scapular asymmetry and the waist asymmetry were the
three most significant features that contributed to 75% of the trunk deformity. Among
these three features, the shoulder height and angles were chosen as the first features to be
monitored. Figure 7-1 shows the position of both the transmitter and receivers on the
back surface of a patient. The range of the measured distance was approximately the
distance between the midpoint of the pelvis to both shoulders. To investigate the average
distance, ninety-three scoliotic images were measured using the video image method
described in chapter 3. The images were provided from the scoliosis clinic at Glenrose
Rehabilitation Hospital, Edmonton. The ages of the patients were between 10 to 16 years
(13.5%2.0), and their Cobb angles were 42.3 + 6.2 degrees. No one had had spinal
surgery. The average distance and the standard deviation between the mid-point of the

pelvis to the right shoulder and left shoulder were 345 + 43mm and 347 * 44mm,




respectively. Even though the average distance was about 345 mm, the distribution of the
93 subjects is not in a normal distribution. The histogram of the distribution is shown on
Figure 7.2. Both left and right shoulders have similar distribution. Approximateily 85%
of subjects had a distance over 300 mm. Therefore, the optimal distance range for the

system was set between 300mm to 480mm.

Receiver

Transmitter

Figure 7-1. The position of the transmitter and receivers at the back of the surface to
measure the shoulder asymmetry feature.
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Figure 7-2. The distribution of the distance between the left shoulder and the pelvis.



7.2. Calibration Procedures

A grid map was used to calibrate the system. Figure 7-3 shows the prototype
system (inside the black box) with one transmitter and two receivers lying over the map.
To calibrate the receiver 1. receiver 2 was fixed at one location and the center of the
receiver | was placed at the position 30cm away from the center of the transmitter.
Figure 7-4 shows the first orientation of the receiver relative to the transmitter. The
system was then turned on. The hyper-terminal program in Windows935 was configured
to communicate with the prototype system. The system was set in the calibration mode
(CASE 2). A key was then pressed on the host computer keyboard to trigger a sample.
Nine measurements for receiver | and nine measurements for receiver 2 were obtained.
The nine measurements are Tx-x (Transmit from x-channel and receives on x-channel),
Tx-y, Tx-z, Ty-x, Ty-y Ty-z, Tz-x, Tz-y and Tz-z. Then, receiver | was rotated about the
y-axis by 90 degrees. A sample was taken again. After that, receiver | was rotated in z-
axis by 90 degrees, and then rotated about x-axis by 90 degrees again. After each of the
rotations, a sample was taken. Four sets of data were obtained at one position. The
distance between the center of the transmitter and the center of the receiver was then
incremented by 2cm until it reached 48cm. At each of the positions, the same procedures
were repeated. After finishing the calibration for receiver I, the procedures were
repeated on receiver 2. At this time receiver | was fixed in one position, while receiver 2
was free to move. Four samples each with nine measures were collected at each point.
Figure 7-5 shows four sets of data of receiver 1 and 2 at a distance of 32cm. The
numbers in each row are in the sequence that defined the nine measurements. Each

number is directly output from the 10-bit A/D converter. The first number. 417, on the
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first row is the Tx-Rx signal with magnitude equal to 2.07V. The data on the second row
is from receiver 2. Since receiver 2 is fixed in a position, the data are almost the same for
all four measurements. The processing of the calibration data will be explained in section

7.3 and the calculation of the actual distance and angles will be shown in section 7.4.

b~
Microcomputer
unit

Receiver | & 2 /v

Transmitter

Figure 7-3. The prototype system with one transmitter and two receivers lying over the
grid map.
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Coil-Z
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k / ot ‘..: pidl B _./ >
Coil-Y / Coil-Y
X Coil-X X
Transmitter Receiver

Figure 7-4. The first orientation of the receiver relative to the transmitter.

r=32cm
Tx-x Tx-y Tx-z Ty-x Ty-y Ty-z Tz-x Tz-y Tz-z
R1 0417 0052 0064 0053 0794 0131 0035 0071 0412
R2 (0785 0845 0108 0522 0270 0050 0085 01 14 0550

R1 0062 0439 0055 0765 0099 0032 0026 0043 0413
R2 0782 0848 0103 0522 0266 0048 0085 0112 0546

R1 0048 0055 0464 0057 0781 0114 0358 0047 0048
R2 0781 0847 0106 0523 0268 0052 0086 0112 0548

R1 0420 0009 0036 0038 0094 0846 0009 0378 0052
R2 0783 0849 0109 0522 0267 0051 0084 0111 0550

Figure 7-5. Four sets of data of receiver 1 and 2 at distance 32 cm.

7.3. The Implementation of the Calibration Results for the System

The results from section 7.2 were used to calculate the actual ratio between V,, :
Viy : Viz i ... 1 Vg5 and the ratio between ViR i Vyr 1 Vig. According to the EM theory, at
each of the positions the resultants V,g, Vyr, and Vg were constants. Therefore by using

three of four sets of the data at one position, the ratios between Vix : Viy 1 Vg, Ve 1 Ve
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Vynand V,, 1 V,, 1 V,, could be solved. For example. at distance r=32cm of the receiver

L. assuming the ratio between V., : Vi : V; was l:a:b, then

4177 +(52a) + (64b)” = V g = constant | (1
62% + (439a)? + (55b)* = Vg = constant | (2)
48 + (55a)* + (464b)? = V ¢ = constant | (3)

Solving the equations (1) to (3). a = 0.9484 and b = 0.9006.

Similarly. the ratio between Vi : V,, : V,, and V, : Vu © V,, were solved to be
1.0442:1.0:0.9444. and 1.1603:1.1059:1.0. respectively.

Substituting the values a and b into equation (1), the Vg = 424.0. Similarly. V g and V
were 805.1 and 421.1, respectively. Therefore, the ratio of V,g : Vr 1 Vr = 1:1.90:0.99,
which was slightly different from the theoretical ratio 1:2:1. Also, during calibration the
distance between the receiver and the transmitter was incremented in 2cm steps from
30cm to 48cm, the ratios of Vg : V,r : Vr at each of the distances were calculated by
the same procedures. Tables 7-1 and 7-2 show the ratios Vix t Vg 0 Vi, Ve 1 V0 Vyz
Vax © Vo 0 Vg, and Vg Vi © Vg of receivers | and 2 at each of the calibration
distances. Also, the resultant values Vg = (szR + szR + V2,2)"? is shown on the tables
at each of the distances. Look-up-tables were then built based on tables 7-1 and 7-2 and

stored in ROMs.
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Table 7-1. The ratios between (V. : Vi 1 Vi), (Vg Ve i Vi) (Vo V, oV, and
(Ve : Vir 1 V) on receiver | at calibration distances.

Vi Vit Vy,

VyiVyiVy,

Vi ViV,

VxR . V_\R . Vzg

1.0:0.949:0.903

1.038:1.0:0.947

1.160:1.104:1.0

1.0:1.054:1.008

1.0:0.948:0.901

1.044:1.0:0.944

1.160:1.106:1.0

1.0:1.90:0.99

1.0:0.952:0.899

1.051:1.0:0.951

1.168:1.121:1.0

1.0:1.053:1.008

1.0:0.953:0.895

1.059:1.0:0.948

1.168:1.120:1.0

1.0:1.047:1.007

1.0:0.951:0.892

1.060:1.0:0.951

1.177:1.136:1.0

[.0:1.055:1.004

1.0:0.945:0.888

1.088:1.0:0.947

1.180:1.138:1.0

1.0:1.045:0.991 1

1.0:0.947:0.884

1.058:1.0:0.940

1.174:1.129:1.0

1.0:1.069:0.985 ]

1.0:0.938:0.882

1.063:1.0:0.938

1.178:1.125:1.0

1.0:1.063:0.982 |

1.0:0.940:0.878

1.063:1.0:0.939

1.186:1.149:1.0

1.0:1.064:0.974

1.0:0.924:0.864

1.065:1.0:0.930

1.188:1.148:1.0

1.0:1.061:0.949

Table

7-2) The ratios between (V,y : Vi i Via), (Vg Vi 1 V) (Vo Vo 1 V). and
(Vir : Vyr 1 Vr) on receiver 2 at calibration distances.

Vr

Vi Viyi Vi

Vix:VytVy,

Vi ViV,

VxR . V}-R . VzR

1345

1.0:0.980:0.929

1.077:1.0:0.982

1.152:1.090:1.0

1.0:1.066:1.052

1107

1.0:0.979:0.928

1.076:1.0:0.980

1.144:1.083:1.0

1.0:1.061:1.046

921

1.0:0.965:0.918

1.061:1.0:0.970

1.130:1.076:1.0

1.0:1.065:1.039

784

1.0:0.965:0.924

1.057:1.0:0.970

1.100:1.052:1.0

1.0:1.072:1.067

666

1.0:0.961:0.920

1.082:1.0:0.990

1.097:1.048:1.0

1.0:1.050:1.062

571

1.0:0.954:0.919

1.067:1.0:0.978

1.078:1.029:1.0

1.0:1.059:1.073

507

1.0:0.955:0.938

1.075:1.0:0.984

1.108:1.039:1.0

1.0:1.084:1.067

1.0:0.950:0.939

1.078:1.0:0.993

1.098:1.019:1.0

1.0:1.062:1.059

394

1.0:0.978:0.965

1.074:1.0:0.991

1.074:1.007:1.0

1.0:1.088:1.100

343

1.0:0.926:0.938

1.090:1.0:1.013

1.070:0.973:1.0

1.0:1.061:1.077
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7.4. Calculation Demonstration

Calculations of distance and angles from one set of data (nine measurements)
depend on the operating mode. For example. if the data set from the receiver | is 0295
0043 0049 0048 0564 0096 G028 0052 0295. and the system is in the sample mode: the
following calculations will be done by the microcontroller. First. the system will assume
the ratios of the nine data values are all 1. The resultant Vg is then calculated by

summing the square of the nine data.

Ve = V2052 + 432 +492 4182 45642 +962 + 282 + 52
Then. from the table 7-1, the distance was estimated to be between 36 and 38 cm. Using
the ratio of those nine data at the smaller distance (36cm in this case). the values Vg. V.r
and Vg are calculated, and the value Vg is computed also. Distance is then calculated by

the interpolation method based on the Vg value.

Vop= V2952 + (0.9529*43)2 +(0.895* 49)2 = 301

VR = (48+1.059)2 + 5642 + (0.948%96)2 = 573

YR = (28%1.168)% + (1.12*52)2 + (295)2 = 302

V _ =1.047*573 =600
YR

V . =302*1.007 =304
ZR

Ve ~3012 + 6002 +3042 =737

o 155-7317

= *(38-36)+36=36.3
755 - 644
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To determine angles of a receiver relative to the transmitter. tables 4-3 and 4-4 in chapter

4 are used. The values a. b and ¢ in table 4-3 must be calculated first.

a= 301 =0.990
304

b=29_ 1974
304

c=ﬂ =0.5017
600

Therefore, by using those two tables,

6. =85.3"

. =90.0°
Then the final result is (36.3, 85.3°, 90°).
The actual measurement of the position is (36.5, 88°, 90°).
If the system is in the calibration mode, the nine data will be sent to a host computer.
The interface program calculates the distance and angles based on the EM theory and
table 7-1. Since the strength of the received signal is inversely proportional to the cube

of distance, R can be calculated from the following:

R= 13/755 *36=364
737

Angle 6, can be calculated from the equation (47) in chapter 4.

3cos?0. +1 _304
) 301

6, =85.3°
Similarly, by using the same method from the equations (48) and (49) in chapter 4, 6, and

Oy are calculated to be:
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6, =90.0"

Then by substituting 6y, 8, and 8, into equations (50) and (51) in chapter 4.
., =90.0" from equation (50)
., =87.3" from equation (51)
a. =05, +a,,)=88.7"

Therefore. the calculated result is (36.4, 85.3°, 88.7°).

7.5. Summary

Topographical trunk features affected by spinal deformity were used to determine
the detection range of the system. Shoulder asymmetry was chosen due to the significant
contribution to the trunk deformity. The detection range was then defined to be 30cm to
48cm.  Calibration procedures were described. Results of the calibration were
implemented in the system. A working demonstration in calculating distance and angles
from a set of data (nine measurements) were presented. Also, from the ratios V,, : ('
Vi, Ve 1 Vyy Viz, Vix 1V, 0 Vo, and Vg : Vyr : Vg, the inter-and intra- error factors
are within the predicted values. The accuracy of the calculated distance and angle are

greater than 97%.
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8. LABORATORY MEASUREMENTS AND CLINICAL TRIALS!

This chapter consists of four sections. Section 8.1 describes the procedures and
reports the test results from laboratory experiments. Section 8.2 discusses the test results
from section 8.1. Section 8.3 describes the procedures and reports the test results from

clinical trials with four subjects. A brief discussion of the clinical test results is presented

in section 8.4.

8.1. Laboratory Test procedures and Results

To validate the system, the prototype system was first tested in a laboratory
environment. In this test, the receivers | and 2 were moved randomly over the grid map
while the transmitter was fixed at one position. When the receiver was placed at one
location, three measurements were collected at that point in the calibration mode. Polar
coordinates (r, 8,. ) of the center of the receivers | and 2 were recorded. A ruler and a
protractor were then used to measure the actual position of the receivers relative to the
transmitter. Receivers | and 2 were then moved to other locations and measurements
were taken again. Tables 8-1 and 8-2 show the 10 position measurements of both
receivers | and 2 in which three readings were collected at one position. The actual
measurements at each of positions were compared to the three measurements. Tables 8-3

and 8-4 show the comparison between the average distance and angle o to the actual

measured values on receivers | and 2, respectively.

! Material in this chapter has been submitted to the International Research Society of Spinal Deformitics.
Vermont, June 1998 - E. Lou. N. G. Durdle. V. J. Raso and D.L. Hill, “*A Posture Measurement Svstem tor

AIS™.
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Table 8-1. The comparison of 10 position measurements on receiver | with the actual
measurement.

Position
number

Measurement 1

Measurement 2

Measurement 3

Actual
measurement

1

(36.39, 90.0. 74.2)

(36.35.90.0, 74.3)

(36.42, 90.0, 73.9)

(36.1, 90.0. 75.6)

8]

(47.29,90.0, 76.5)

(47.76. 90.0, 80.0)

(47.48, 90.0, 76.8)

(47.0,90.0. 81.2)

(45.30,90.0. 29.4)

(45.30, 90.0, 29.8)

(45.28, 90.0, 29.9)

(44.8, 90.0. 27.0)

(35.84,90.0, 85.7)

(35.88, 90.0, 86.0)

(35.76, 90.0, 86.0)

(35.6.90.0. 82.0)

(36.23, 90.0, 66.3)

(36.31, 90.0, 66.4)

(36.28, 90.0, 66.4)

(36.0, 90.0. 65.0)

(40.04, 90.0, 61.2)

(39.80, 90.0, 61.3)

(39.77, 90.0, 61.5)

(39.5, 90.0, 63.0)

(31.26, 90.0, 66.4)

(31.29, 90.0, 66.3)

(31.25,90.0, 66.3)

(31.2,90.0. 65.0)

(42.68, 90.0, 68.6)

(42.66, 90.0, 68.5)

(42.53,90.0, 68.5)

(42.2, 90.0. 70.0)

OIiolujan]jwmlb]w

(42.30, 90.0, 58.6)

(42.36, 90.0, 59.0)

(42.34,90.0. 58.8)

(42.0, 90.0.57.5)

(36.52,90.0. 6.0)

(36.60, 90.0, 7.9)

(36.57.90.0, 8.4)

(36.3.90.0. 3.0)

Table 8-2. The comparison of 10 position measurements on receiver 2 with the actual
measurement.

Position
number

Measurement 1

Measurement 2

Measurement 3

Actual
measurement

—

(37.80, 90.0, 8.1)

(37.82,90.0, 7.8)

(37.88,90.0, 7.9)

(37.5,90.0. 4.0)

(44.64, 90.0, 79.3)

(44.76, 90.0, 80.0)

(44.48, 90.0, 76.8)

(44.2,90.0, 82.0)

(38.68, 90.0, 64.5)

(38.70, 90.0, 64.3)

(38.62, 90.0, 64.7)

(38.3,90.0. 66.0)

(40.56, 90.0, 69.3)

(40.49, 90.0, 69.1)

(40.42, 90.0, 69.5)

(40.1, 90.0, 72.0)

(49.12, 90.0, 90.0)

(49.64, 90.0, 90.0)

(49.33,90.0, 90.0)

(48.8, 90.0, 90.0)

(45.69, 90.0, 69.4)

(45.72, 90.0, 69.6)

(45.68, 90.0, 69.2)

(45.2, 90.0, 67.0)

(34.48, 90.0, 59.7)

(34.49, 90.0, 59.9)

(34.41,90.0, 59.8)

(34.3, 90.0, 60.5)

(30.22, 90.0, 49.5)

(30.21, 90.0, 49.6)

(30.17, 90.0, 49.6)

(30.1, 90.0, 48.5)

Wl |  N|lan|wv]lbs]lw]vo

(36.46, 90.0, 88.7)

(36.57, 90.0, 88.4)

(36.32, 90.0, 86.0)

(36.2,90.0. 83.0)

o

(47.31, 90.0, 36.5)

(47.37, 90.0, 36.4)

(47.35.90.0, 36.6)

(46.8, 90.0, 35.0)
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Table 8-3. The comparison between the average values of the distance r, and angle o, to
the actual measured values r, and o, on the receiver 1.

Averager, | Measured rp, ;- (Cm) Average o, | Measured Oy -Oly
(cm) (cm) (degrees) (degrees) (degrees)
36.39 36.1 0.29 74.1 75.6 2.2
47.51 47.0 0.51 77.8 81.2 -3.4
45.29 44 .8 0.49 29.7 27.0 2.7
35.83 35.6 0.23 85.9 82.0 39
36.27 36 0.27 66.4 65.0 1.4
39.87 39.5 0.37 61.3 63.0 -1.9
31.27 31.2 0.07 66.3 65.0 1.3
42.62 422 0.42 68.5 70.0 -1.5
42.33 41.9 0.43 58.8 57.5 1.3
36.56 36.3 0.26 7.4 3.0 4.4

Table 8-4. The comparison between the average values of the distance r, and angle o, to
the actual measured values r, and o, on the receiver 2.

Averager, Measured ra-rm(cm) | Average o, | Measured O -0l
(cm) rm(cm) (degrees) | o (degrees) | (degrees)
37.83 37.5 0.33 7.9 4.0 39
44.63 44.2 0.43 78.7 82.0 -3.3
38.67 38.3 0.37 64.5 66.0 -1.5
40.49 40.1 0.39 69.3 72.0 -2.7
49.36 48.8 0.56 90.0 90.0 0.0
45.69 45.5 0.49 69.4 67.0 1.4
34.46 34.3 0.16 59.8 60.5 -0.7
30.20 30.1 0.10 49.6 48.5 1.1
36.45 36.2 0.25 87.7 83.0 4.7
47.34 46.8 0.54 36.5 35.0 1.5
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8.2. Discussion

From tables 8-1 to 8-4. the results showed that the variations in the distance
between the actual and the measured values were increased when the distance between
the transmitter and receivers were bigger. This phenomenon occurred because the
received signals were decreased when the distance was increased, which implied the
signal-to-noise ratio decreased. Also, the variations of the angles between the actual and
the measured values were greater when the angles were close to 90 and 0 degrees. This
phenomenon occurred because the sine and cosine functions were involved in the
calculations. The change in these two functions was very small when the angle was close
to 90 or 0 degrees.

The laboratory test only obtained the accuracy in two-dimensional measurements.
Figures 8-1, 8-2, 8-3 and 8-4 summarized all the information of the distance and angle
errors in channels 1 and 2. The absolute distance error on both channels increased from
0.07 to 0.51cm when the distance between the transmitter and receiver was increased
from 30 to 47cm. Also, the relative percentage error increased from 0.03% to 1.1% at the
same distance range. The error on the angle measurements depended on the actual
position of the receiver relative to the transmitter. If the angle o was close to 0 or 90

degrees, the absolute error was approximately 5 degrees. If the angle o0 was close to 45

degrees, the error was approximately 1.2 degrees.
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Figure 8-1. The absolute and percentage error of the measured distance at different
distances on channel 1.
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Figure 8-2. The absolute error of the measured angle o at different angles on channel 1.
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Figure 8-3. The absolute and percentage errors of the measured distance at different
distances on channe] 2.
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Figure 8-4. The absolute error of the measured angle o at different angles on channel 2.
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8.3. Clinical Test Procedures and Results

The objective of this test was to confirm that the system was able to detect
postural changes of a subject. During the clinical test, four subjects wore the system and
stood in front of the camera with the same set up described in chapter 3. Back images
and measurements were taken at the same time to check the accuracy of the system for
the three-dimensional measurements. The first feature to be tested was the shoulder
asymmetry. Two receivers and one transmitter were placed on each side of the shoulders
and the middle of the pelvis, respectively, by using adhesive pads and surgical tape.
Before the test. a normal standing image was captured. Then. the subject was requested
to perform some movements during the test.

Those movements involved
a) bending the body to the left and right hand side,
b) raising and lowering the shoulders (shrugging) on the left and right separately.

All these movements were captured onto a series of images. Figure 8-5 shows
one set of images from one subject. The positions of the receivers relative to the
transmitter for each movement were measured from the images by the method described
in chapter 3. Also, the positions from the posture control system were compared. Four
subjects were tested and the results were reported in Table 8-5 to Table 8-8. Table 8-9
summarized the results into three categories: normal standing, shrugging shoulders, and

bending body to the side.
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Normal Bend to left Bend to right

!

Raise right shoulder Lower right shoulder
Figure 8-5. One set of experimental test images from a subject.




Table 8-5. The test result of subject 1.

Left Rx. Right Rx.
Image Posture Image Posture
(Standard) Measurement (Standard) Measurement
System System
r(mm) | o (deg.) | r(mm) | & (deg.) | r(mm) o(deg.) | r(mm) | o(deg.)
B1 381 70 378 72 367 70 364 69
Ritsh | 412 74 414 73 358 68 354 69
Litsh 386 69 384 69 379 72 376 73
Rrtsh | 378 69 379 71 387 74 387 74
Lrtsh | 383 70 385 70 364 69 364 68
Blt 386 46 382 45 390 84 386 90
Brt 404 86 399 81 371 46 366 45
B2 391 70 391 68 364 70 365 73
) 76 78 76 77
Note:

Bl - Normal standing
Rltsh — Raise left shoulder

Lltsh — Lower le

ft shoulder

Rrtsh — Raise right shoulder
Lrtsh — Lower right shoulder

Blt — Bent to left

Brt — Bent to right
B2 — Normal standing

Angle 6 was measured from the normal standing image.



Table 8-6. The test result of subject 2.

Left Rx. Right Rx.
Image Posture Image Posture
(Standard) Measurement (Standard) Measurement
System System
r(mm) | ¢ (deg.) | r(mm) | o (deg.) | r(mm) | o(deg.) | r(mm) o(deg.)
B1 360 73 360 75 357 70 361 68
Rltsh | 396 80 392 83 348 66 351 63
Litsh | 372 77 368 82 348 66 352 64
Rrtsh | 350 71 346 75 397 75 400 72 |
Lrtsh | 344 77 346 74 360 66 362 70 |
Blt 356 44 351 42 409 77 406 80
Brt 409 73 404 79 331 37 326 4]
B2 365 74 362 75 356 71 355 | 69 |
0 81 84 84 82 |




Table 8-7. The test result of subject 3.

—
h

~J

Left Rx. Right Rx.
Image Posture Image Posture
(Standard) Measurement (Standard) Measurement
System System
r(mm) | o(deg.) | r(mm) | a(deg.) | r(mm) | o(deg.) | r(mm) o(deg.)
B1 400 71 398 72 394 76 395 75
Ritsh | 424 73 427 75 389 75 391 77
Litsh 390 70 388 72 410 78 413 81
Rrtsh | 394 71 396 73 400 78 403 80
Lrtsh | 410 71 414 69 389 74 392 76
Bit 393 40 390 39 430 73 435 76
Brt 417 83 422 86 383 49 377 50
B2 393 72 395 72 392 75 394 75
0 73 70 75 78 j




Table 8-8. The test result of subject 4.
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Left Rx. Right Rx.
Image Posture Image Posture
(Standard) Measurement (Standard) Measurement
System System
r(mm) | o(deg.) | r(mm) | o (deg.) | r(mm) | o(deg.) | r(mm) o(deg.)
Bl 364 72 364 74 369 72 365 74
Ritsh 381 75 385 73 370 70 365 74
Litsh 363 72 363 75 369 71 367 72
Rrtsh | 372 72 372 76 395 74 391 72
Lrtsh | 378 75 374 72 360 69 357 74
BIt 357 55 357 50 382 89 378 90
Brt 384 89 388 86 363 66 359 64
B2 368 72 368 74 369 73 366 74
6 77 79 76 75




Table 8-9. Summary of the test results.

Distance Measurements (mm) Angle Measurements (o)
(degrees)
Category | Mean value Mean % error + | Mean value Mean
+S.D. absolute S.D. +S.D. absolute
error = S.D. error +
S.D. !
Normai 374 £ 15 1.8t 14 0505 72+2 1.5£0.8
Standing
Shrugging 380£20 26%1.5 0.710.4 72+4 23+1.3
shoulders
Bending 385+ 26 42+14 1.1£04 65%19 29%1.38
Angle Measurements (0) (degrees)
Category Mean value + S.D. Mean absolute
error + S.D.
Normal Standing 77t 4 2.1+£0.38
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8.4. Discussion

From tables 8-5 to 8-8. the results showed that the measured values r. 6. and a
from the posture control system agreed with that from the images. Bl and B2 were the
images where the subjects were standing normally. Rltsh, Lltsh, Rrtsh and Lrtsh were the
images where the subjects raised or lowered their left and right shoulders. Blt and Brt
were the images where the subjects were bending to the left and right hand sides. From
table 8-9, the distance and angle errors were 1.8+1.4mm and 1.54+0.8 degrees when the
subjects were standing normally. When the subjects raised or lowered their shoulders.
the distance and angle errors were 2.6+1.5mm and 2.3+1.3 degrees. However. when the
subjects were bending to the left and right hand sides, the distance and angle errors were
4.2t1.4mm and 2.9£1.8 degrees, respectively. The distance error increased when the
measured distances increased. Also, the angle error increased when the measured angles
increased and especially when the angles were closed to 90 degrees.

According to chapter 3, the acceptable errors in shoulder measurements on
distance and angle were +5Smm and *5 degrees. Therefore, this system was able to
measure the shoulder asymmetry of a subject. Also, the system should be able to
measure the pelvis asymmetry, decompensation and waist asymmetry index because the

accuracy of the system is within the acceptable errors.
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8.5. A Comparison between a Commercial EM System to the Designed System

An experiment was carried out to compare the accuracy of the designed system to
a commercial EM system, the Flock of Birds system that developed by Ascension

Technology Corporation.

8.5.1. Procedures

Measurements using both systems were carried out on a wooden table with a grid
map laid on top. A point on the grid map was chosen as an origin and used as a reference
point. Measurements from the Flock of Birds system were carried out first. The
transmitter of the Flock of Birds system was placed at the origin. The receiver of the
Flock of Birds system was moved from 300 mm to 480mm with increments of 10 mm.
At each of the positions six measurements were taken. Figure 8-6 shows the results of
the average distance measurement with one standard deviation versus the actual distance
from the Flock of Birds system. Measurements from the designed system were then
carried out. The same procedures as before were done. Figure 8-7 shows the results of

the average distance measurement with one standard deviation versus the actual distance.

8.5.2. Results and Discussion

From the measurements using the Flock of Birds and the designed system, the
distance measurements at 300 and 480 mm are 300.1 + 0.6 and 483.0 + 1.05 mm and
300.6 £ 1.15 and 485.0 £ 2.05 mm, respectively. Although the commercial system has a
higher accuracy, the designed system is able to detect the distance measurements from

300 to 480 mm and measurement errors within Smm.
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Figure 8-6. The average distance measurement with one standard deviation versus the

actual distance from the Flock of Birds system

600 -

500 +

400

300

200

100 -

I Average (mm)

—

M Average Standard deviation (n=6) (mm)_ 21
—e—Std. Dev.

1.8,
1.5@
1.2

0.91

300 320 340 360 380 400 420 440 460 480
Actual distance (mm) !

Figure 8-7. The average distance measurement with one standard deviation versus the

actual distance from the designed system




163

8.6. Summary

Experimental tests and clinical trials were done to validate the system.
Experimental tests provided results to test the accuracy of two-dimensional
measurements, while the clinical trials tested the three-dimensional measurements. The
range of distance error from the experimental tests was 0.07cm to 0.54cm in the range of
30 to 48cm, while the range of the angle error was from maximum 4 degrees to minimum
1.1 degrees in the range of 0 to 90 degrees. Also, from the clinical trials, the distance and
angle errors are both in the same range as that from the experimental. A comparison
between a commercial EM system to the designed system was carried out. Although, the
commercial system had a higher accuracy, the accuracy of the designed system was
within the acceptable error. Therefore, the system was able to detect the changes of the

shoulder asymmetry.
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9. CONCLUSIONS AND FUTURE DEVELOPMENT

9.1. Conclusions

The intent of this research was to develop a new method help scoliotic patients to
correct their spinal deformities. This method requires a three-dimensional measurement
system to measure the topographical features of a scoliotic trunk and provide feedback to
patients during their daily activities. Trunk distortion and back shape studies were used
to determine the features that contribute to the deformity. An objective method was
shown that the topographical features could be reliably and repeatably measured.
Electromagnetic theory was applied to develop an algorithm so that the three dimensional
measurements could be determined automatically. The challenges in developing this
low-power portable EM system have been reported in this thesis. Also, because of the
innovative design of the system, a U.S. patent application has been submitted. This
measurement system consists of a controller unit, one transmitter and two receivers (a
maximum of eight receivers can be used simultaneously). The dimensions and the
weight of the controller unit are 4 cm x 10 cm x 14 ¢cm and 120 g, respectively. The
average power consumption per day of the system is 400 mW (5 V x 80 mA). The
dimensions and the weight of the transmitter and receivers are 4cm x 2cm x 2cm and 30g,
respectively. The transmitter and receiver units are easily hidden under clothes. The
system has been tested in both the laboratory and clinical environments. The results
show that the accuracy of the distance and angle measurements are within Smm and 5
degrees over the distance and angle ranges 30 to 48 cm and 0 to 90 degrees, respectively.

The system is able to detect the postural changes of a subject. Furthermore, this system is
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not limited to use in scoliosis studies but may be used for a variety of other portable

three-dimensional measurement studies.

9.2. Recommendations for Future Work

The designed system was shown to be able to detect reliably postural changes of
adolescent associated with idiopathic scoliosis. Further development of this system
should combine a biofeedback approach to offer a new way to help adolescents to
improve trunk asymmetry associated with mild scoliosis.

Also, more clinical trials should be arranged so that
(1) the range of acceptable and unacceptable postures can be defined,

(2) a feedback method can be explored,

(3) a more acceptable sample interval can be determined,

4) more suggestions and feedback from patients can be incorporated, and

(5) the feedback responses from subjects can be determined.

In addition, the system can be enhanced with improvements to the hardware that
reduce the size, the weight, the computation time and that improve the accuracy and the
resolution of the system. These hardware enhancements could include:

(1) Replacement of the existing MC68HC16Z1 microcontroller by a low power 32-
bit digital signal processor. For example, the Motorola DSP96000-family is the
low power DSP chip family which can be programmed into a low power mode in
which the current consumption is less than 1 mA. Most of the DSP chips have
higher clock speeds so that the computation time can be shorter. Also, the built-in

EEPROM and the Fast Fourier Transform (FFT) function of the DSP chips can




(3)
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eliminate the existing ROMs and the bandpass filter so that the size of the system
can be reduced. The 32-bit signal processor enhances the resolution of the whole
system so that more accurate results can be obtained. especially when the angle is
close to 0 or 90 degrees. The low power and high resolution A/D converter can
increase the resolution of the system.

Fabrication of the transmitting circuitry as an individual IC so that the reliability
can be increased and the noise generated from the circuitry can be decreased.
Fabrication of the receiver circuitry such as the regulator. the pre-amplifier and
the multiplexer as an individual IC so that the reliability can be increased and the

noise generated from the circuitry can be decreased.
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A.1. CPU16

The CPUI6 is a true 16-bit device, which supports 8-bit (byte), 16-bit (word) and
32-bit (long-word) load and store operations, as well as 16- and 32-bit signed fractional
operations. The CPU16 uses 16 data lines and 20 address lines to support | Mbyte
program space and | Mbyte data space. Twenty-bit addressing (ADDR[19:0]) and
transparent bank switching are used to implement extended memory. Therefore, the
accessible addresses are $000000-$07FFFF and $F80000-SFFFFFF. The internal
addressing map of the MC68HC 16Z1 is shown in Figure A-1 in which the internal 1K
RAM is positioned from $FFOO00 to $FFO3FF. Furthermore, the CPUI16 includes
instructions and hardware to implement control-orientated digital signal processing
functions with a minimum of interfacing. A multiply and accumulate unit provides the
capability to multiply signed 16-bit fractional numbers and store the resulting 32-bit fixed

point product in a 36-bit accumulator.




SFF0000
SRAM ARRAY

SFFO3FF

S$FFE700 DC
SFFE73F

SFFF900 -
SFFF93F

SFFFA00 ST
SFFFA7F

SFFFBOO SRAM (Control Registers)
SFFFBO7

SFFFCO0

QSM

SFFFDFF

Figure A-1. The internal addressing map of the MC68HC16Z1.

A.2. System Integration Module (SIM)

The SIM consists of five functional blocks (Figure A-2): 1) system configuration
and protection, 2) clock synthesizer, 3) chip selects, 4) external bus interface and 5)
factory test, which control system startup, initialization, configuration, and external bus

with a minimum external devices.
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The system configuration block controls the system startup. provides
configuration control for the entire microcontroller, and performs interrupt arbitration,
bus monitoring and system test functions. The protection block provides the system
protection that includes a bus monitor, a HALT monitor, a spurious interrupt monitor, a
software watchdog timer, and a periodic interrupt timer.

The clock synthesizer generates the system clock by using either an external
frequency source or an external clock signal. The system clock provides timing signals
for the IMB modules and for an external peripheral bus, and which can be changed by
software.

Twelve chip select lines can be used to provide fast access (two cycle only) to
external memory or peripherals without requiring any external circuitry. The maximum
block size for an external peripheral is 51 2-kbyte.

The external bus interface transfers information between the internal MCU bus
and external devices when the MC68HCI6Z]1 is operating in expanded modes. The
external bus has 16 data lines (DATA[15:0]) and 24 address lines (ADDR([23:0)).
However, the logic state of the address lines ADDR[23:20] is the same as that of
ADDR([19], that means the sign extension applies on ADDR[23:20]. Only twenty

addresses lines ADDR[19:0] can be assessed.
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SYSTEM CONFIGURATION
AND PROTECTION
—+CLKOU
CLOCK SYNTHEIZER ExTAL
MODCLK
UPPER
CHIP SELECTS ADDRESS
CHIP SELECT
EXTERNAL BUS g‘{gERANL
INTERFACE
»RESET
FACTORY TEST ISTME
-+ FREEZE/QUOT

Figure A-2. The block diagram of SIM module.

A.3. Analog-to-Digital Converter (ADC) Module

The ADC is an unipolar, successive-approximation converter with eight modes of
operation. Figure A-3 shows the block diagram of the ADC. Its resolution can be
selectable either 8 or 10-bit. Its accuracy is +1 count (I LSB) in 8-bit mode and +2.5
counts (2.5 LSB) in 10-bit mode. With the maximum clock frequency (16.78 MHz) of
the system, the ADC can perform an 8-bit single-conversion in 8 microseconds while a

10-bit single-conversion requires 9 microseconds. The input pins of the ADC are shared
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with Port A so that the user can program those pins as either analog inputs for the ADC

or digital inputs for the Port A. In this application, a 10-bit ADC was configured.

RC ARRAY M
AND VRL
COMPARATOR
«——ADA7/PA
ANALOG [———ADA6/PA
MUX AND [“ADAS5/PA
SAR < SAMPLE <+——ADA4/PA
BUFFER —ADA3/PA
AMPLIFIER [*——ADA2/PA
«——ADAI/PA
RESULT 0 «<——ADAO/PA
MODE
AND RESULT |
TIMING
CONTROL RESULT 2 PORT A
DATA
RESULT 3 fe REGISTER
RESULT 4
RESULT 5
RESULT 6 CLK SELECT/
PRESCALALER
RESULT 7
y 4

BUS INTERFACE UNIT

Figure A-3. The block diagram of ADC module.
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A.4. Queued Serial Module (QSM)

The QSM contains two serial interfaces : 1) the queued serial peripheral interface
(QSPI) and 2) the serial communication interface (SCI). The block diagram of this
module is shown in Figure A-4. The QSPI provides easy peripheral expansion or
interprocessor communication via a full-duplex, synchronous, three-line bus: data in, data
out, and a serial clock. A programmable RTC communicates with the microcontroller
through this serial interface. The SCI provides a standard non-return to zero mark/space
format. It operates either in full-duplex or half-duplex mode and communicates with a

PC so that data can upload from or download to a host computer.

A.5. General Purpose Timer (GPT) Module

The GPT is a simple and a flexible 12-channel timer module. Figure A-5 shows
the block diagram of the GPT module. It consists of two independent submodules: the
input capture/output compare unit (8 bidirectional IO, and 2 input pins: PAI and PCLK),
and the pulse-width modulator (2 output pins: PWMA and PWMB). The input capture
shares the same pins with the output compare so that those pins are bidirectional. In
addition, those pins can be configured as an 8-bit parallel port (Port D). Each pin is
configured to control the selection of transmitter or receiver channels. Table A-] shows
the configuration of each pin. The pulse-width modulator has two output pins. and each
output pin can output a periodic waveform that is under software control. The pulse-

width modulation A has been connected to a buzzer which uses to provide an audio

feedback to patients.
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—— > MISO/QS0

——MOS/QS1
QSPI ——SCK/QS2
SUBMODULE ¢ >PC0/SS/QS3
+—————PCS1/QS4
" PCS2/QSS
N —®PCS3/QS6
PORT
QS
INTERFACE
IMB LOGIC
SCI > TxD/QS7
SUBMODULE
RxD
Figure A-4. The block diagram of QSM module.
COMPARE/CAPATURE UNIT
<« OC1/PD3
IC1/PDO+—* INPUT CAPTAURE +—>0C2/0C1/PD4
[C2/PD | +—* OUTPUT COMPARE +«—*>0C3/0C1/PD5
IC3/PD2+—* +—>0C4/0C1/PD6
[ 1C4/0C5/0C1
/PD7
PCLK— PULSE ACCUMULATOR «——PAI
PRESCALER — PWMA
[—*>PWMB
PWM UNIT

BUS INTERFACE

V4

IMB

Figure A-5. The block diagram of GPT module.
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Table A-1. The configuration of PDO-PD7

PDO Logic control of the enable pin for +5V regulator, 0 = ON, 1 = OFF
PDI Logic control of the enable pin for -5V regulator, 0 = ON, 1 = OFF
PD2 Logic for selecting channel X or Y or Z on receiver

PD3 Logic for selecting channel X or Y or Z on receiver

PD4 +5V & -5V power for Rx.1,0 = OFF 1 = ON

PD5 +5V & -5V power for Rx.2,0 = OFF | = ON

PD6 Logic control of the enable pin for the RS232, 0 = OFF, | = ON
PD7 Input capture pin for the Tx. to detect the synchronize signal

A.6. Standby Ram (SRAM) Module

This module contains a | Kbyte array of fast access static RAM and usually uses
for system stacks and variable storage. The RAM can be mapped to any 1 Kbyte
boundary in the address map in condition that does not overlap the module control

registers.
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B.1. S-Record Conversion Program

The conversion program, written in C4++ language, was a Windows-based
executable program. This program was used only when the control program required to
be programmed into the ROMs. The S-19 format file was generated after the assembly
control program was compiled. Figure B-1 shows the format of a S-record file. The first
three rows of the S-19 file consist of the information about the file name. the reset
address and the interrupt service routine address. The characters “S1” are the standard
format that start from row 2 to the second last row. The two characters after S1, for
example *23” on the forth rows, mean there are 35 bytes (23 in hex = 35 in decimal) of
data on that row. The odd address data is then stored into the ODD ROM and the even
address data is then stored into the EVEN ROM. On the fourth row, the characters
“1000™ after S123, “10” is the even address data and “00” is the odd address data.
Executing the conversion program produces two machine code files from the ASCII S-
record file. An EPROM programmer is used to program the two machine code files into
the ROMs. Once the program is burnt into the ROMs, the two ROMs will be plugged
into the sockets on the main circuit board. When the power was turned on, the

microcomputer system executed automatically.



S0090000474F4F442E6F30
S10BQ000QOF0100003FEOO0OOF3

S105002E1800B4
51231000?5FF27FA379C37BSOFFF37FAFA4437BSO15537FAFA463785000137FAFA4837BS7C?83382BCBGOO7AOO12E6F832B6007A00112AF830D2
5123114082007A0010F027350004FA0013803788142DFA0013A227350030FA0011A217FA37
81231160002CFA0013AOFA00138CF83A86282735003OFAOO11A217FA002AFA0013AOFA009E
5123118013BCF8ODBS107581177AFA1F7530177AF907FA0012247A0012C4FA0013887A0046
512311A0114AFA0013AOFA0013BCF0301775003086lAl7330030?805378E0024F800378D92
512311C0001E371437143714371417FA001OBOCEF80937BEOOOAF8003780000417F100107A
5123112027F7FA0013887A00114AFA0013BOFAOO121A37BS000137FA003237BSFFFF37FA3F
5123120000347571177AF907FA001822FA00121AFA0012F8FA0013AOBODOF504379017FDB3
51231220000027?73785080037FAFC1C37BSOO3037FAFD2037FAFD2237FAFD2437FAFD26E9
3123124037BSOOA037FAFD2827F537FAFD2A37FAFD2C37FAFD2£37B500A837FAFDB017F580
Sl231260002A37FAFD3217F5002C37FAFD34371537FAFD3637BS003137FAFD3837BSOOB4F3
5123128037FAPD3A37B5001037FAFD3C37BSBlBl37FAFD4037FAFD4437FAFD4837FAFD4CSE
512312A037BSBI3137FAFD4237FAFD4637FAFD4A37FAFD4D37BS840437FAFC1A177SFC1F23
512312COBAF627F737BS808037FAF70037FAF90037FAFC00370537FDZ74C274C27F1274CFO
Sl2312EOFA0013BOBODAFAOO138037?5000437FA0032B6007A0013661735001A37850009AF
5123130037FA0010950037BC000A372AF13017FAOO1937CC37BC000A372AF13017FA00189F
5123132037CC37BC000A372AF13017FA001737CCF13017FA0016F5FF379£37BE0016FAOOEG
8123134013AE371537923D02F520FA0013BC27310010B7007A001304FA00138027310032C3
81231360B7007A0012FC37F5003487?827F7B7BEI4SCFA0013AE7530177AF9077A0012C451
512313SOFSODFAOO138CF50AFA0013BC27F7FA00138037881464FA0013AEFA00138027?738
812313A01775FCOD764OB7F417F5FCOF27F735008704FA00133C3EOIBOF027F71775FCOC04
312313C07601B7F4750037FAFCOE177SFCOD7680B7F427F731222053746F726520646174FE
512313E0612000322E2043616C6962726174696?68003322204?757470757420746865205D
5123140073746F72656420646174610043686F6F73652031202D203335206F746865727737
81231420697365205245534554203A20004942505554205448452053414D504C494E4720lE
51231440494E54455256414C20286D603A737329203A200052414D454E4420005448452066
512314604S4E44004552S24F522120005741495420464?5220494854455252555054200070
51231800?50?27FA3715379E37BSOO8037FAF70037FAF90037FAFC007531177AF907FA0062
51231820193417750020780187087802B7OCF50217F4F907BOOAF50617F4F9078002F50CC1
5123184017F4F90717FAF907F6CF17PAF90775F3177AFA19FA0018C0177SP9077110177A16
51231860F90775FS177AFA19FA0018C0177SF9077110177AF90775F9177AFA19FA0018C002
5123188017750020710178033704177A00207A001822273500202733000437F50034B7FE9C
512318A027F77530177AF90737BSOEO037FAFC1C37BS840437FAFC1A1775FC1FBAF62777DD
512318COFA00191C2735001037BSOO0537FA002637BSOOlO37FAF70C1775F70EBAF637BCBD
312318EOF710850037?1001037FA00103C02377CF720B62A27310026860237?5001037BCO2
512319000028372A37CC9A003D02FA00191027F737ADF80836007A00194627F737083718FE
512319203785600037FA002227310022B6F63719370927F73708177SFA19761086007A009C
511919401946370927F77530177AF9077501177AFA1F7A0012C42A

S9030000FC

Figure B-1. An example of a S-19 record file

191



1.6

I

.4

150mm

———
—
—_—
—_—
—_—

.25

I

IMAGE EVALUATION
TEST TARGET (QA—23)

NY 14609 USA
one: 716/482-0300
ax: 716/288-5989

~ow i




