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ABSTRACT

This thesis describes scanning acoustic microscopy and ultrasonic image processing
to characterize and evaluate materials of known properties, as well as novel materials. This
work describes the assembly and testing of a PC based device for nondestructive evaluation
of bone materials for usage in orthopaedics research. It includes the identification of some
hardware problems and their solution, and it also describes different image processing
techniques that have been developed and applied in this work. In a growing number of
disciplines it has been discovered that an acoustic microscope can provide new information,
especially about the elastic properties of specimens and how acoustic waves interact with
them. This work examines a PC based apparatus for scanning acoustic microscopy and the
testing of this device by investigating different materials. In this thesis ultrasound has been
used to evaluate the elastic or stiffness properties of human bone specimens, in particular
those from femurs. Dependent on the location within the bone, the data obtained is an
approximate value proportional to the local stiffness of bone on the surface of the
investigated specimen. Such data can be used for studies of mechanical remodelling of the
entire bone. In order to evaluate the physical/acoustic properties and to obtain detailed
representations, the data from the scanned object is subjected to conversions and further
ultrasonic image processing. Using different image processing techniques, it is also
possible to compare the extracted data to that from other specimens that differ in size and
shape. Further information about the physical properties of a material can be obtained by
analyzing either reflected or transmitted ultrasound. Scanning acoustic microscopy (SAM)
is a reflection technique where the amplitude of the reflected sound wave is measured.
Using the transmission technique, it is possible to determine the velocity of an acoustic
wave through the investigated material. In bone and only in bone materials, there exists a
strict connection between the transmitted velocity, acoustic impedance or reflected wave

amplitude and modulus of elasticity (Young's modulus).



1. INTRODUCTION

Acoustics, the science of sound, involves the production, control, and reception of
mechanical vibrations in solids and fluids. Sound can be reflected, refracted, and scattered at
a material interface. Acoustic microscopy has much in common with conventional optical
microscopy with the difference being the use of ultrasound waves rather than light waves. In
both approaches waves illuminate an object and the wave reflections are detected. In a light
microscope, electromagnetic light waves pass through the lens; in an acoustic microscope a
focused electroacoustic transducer is acoustically coupled to the sample through water or some
other fluid. For an optical microscope the detector is the eye, camera or a single detector
which is moved across the projection plane. Ultrasonic microscopy uses basically the latter
concept; a sample is moved over an acoustic transducer. In optical microscopes the contrast
of the examined object is due to changes in its optical properties, while in the acoustic
microscope the contrast is due to changes in elastic properties. Thus, with ultrasound
information about the material's physical properties can be obtained by analyzing either
reflected or transmitted waves.

The devices used with ultrasound have changed significantly since they were
introduced over 20 years ago. The first generation devices were very complex, highly
sophisticated and expensive apparatus, that could only be used in special laboratories for non
destructive evaluation (NDE) in investigations of metals. The data was presented in the form
of images that could not be further enhanced or analyzed given the technology available.
Using new microcomputer technology based on personal computer hardware and compatible
peripheral boards for data acquisition, together with improved sampling devices and new
imaging techniques, it is now possible to obtain and evaluate ultrasound images of objects
according to defined aspects and criteria. These PC based devices can be built in smaller

laboratories and used for special applications. Such a device has been designed and



configured for use in our orthopaedic research laboratory to investigate the properties of bone
and the phenomenon of bone remodelling and characteristics of bone in different locations and

comparisons of different bone specimens.

1.1  General Introduction to Ultrasound Microscopy

The first practical Scanning Acoustic Microscope (SAM) was developed and built in
the early "70s by Lemons and Quate [1]. A few years later Jipson and Quate [2], obtained
resolutions beyond optical resolutions using the same technique. Since then scanning
acoustic microscopy has become a major non-destructive evaluation tool involving
imaging, characterizing, and detecting defects in structural materials [3, 4]. Different SAM
technique approaches can be also used for the evaluation of material properties. Besides
the advantage of being a non-destructive technique, SAM can yield micromechanical
information not attainable with other techniques. Further, acoustic waves can be used to
image features inside an optically opaque material. Therefore, it can be used for sub-
surface materials analysis, such as mineral content in bone tissues [5, 6], grain structure in
titanium [4, 7, 8], or elastic properties and velocity in bone materials [9-13] .

Depending on the technique, equipment, or data sampling methods, different
ultrasound methods can provide data representing different physical properties of the tested
materials. Using the reflective scanning method [3], an obtained signal is a function of
amplitude and phase of the reflected energy from the investigated object [14]. Using the
transmission technique, it is possible to obtain information about the velocity of sound
within the material[15] and knowing the density of the investigated material we can obtain
the acoustic impedance. With this information Yoon and Katz [24] and also other
investigators [22, 26] have shown, that for bone material there is a relationship between

the density of the material, the acoustic velocity, the acoustic impedance and the modulus of
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elasticity (Young's modulus or C33). Using different ultrasonic scanning techniques
[4,8,16], the signal of the reflected energy can modulate a laser beam or it can be
transformed into a voltage value. The voltage signal is then converted into a digital value,
transformed into a gray or false color scale and represented as an ultrasound image on the
CRT screen [14]. This image can be enhanced for further evaluations [17] by using
different image enhancement techniques.

In a growing number of disciplines it is being discovered that the acoustic
microscope can provide new information, specifically about the elastic properties of
material specimens and how acoustic waves interact with them [18,19,20]. The variations
in elastic properties are easily detected where there may be no corresponding changes in the
optical properties, like detection of individual grains in a titanium sample that are visible
acoustically but not optically [8]. This technique is routinely used in the aerospace industry
for the imaging of heavily stressed parts for subsurface cracks, voids, and delimitations in
materials where such features are undetectable optically or by any other means currently
available [15]. Another common usage for this technology is in microelectronic
components. It is possible to detect mechanical defects that are not detectable by electrical
testing but can affect the electrical reliability [4]. While in the past the most attention has
been paid to the investigation of solid materials, namely metals, application of ultrasonics in
the fields of biology and medicine, where soft materials are prevalent, is still in its infancy.
In a small number of preliminary experiments SAM has been used in the study of animal
cells and tissues [9], of bone remodelling about orthopaedic implants [12-13], in dental
research [5,21] and in the investigation of "old" and "new" materials like stones, minerals
or plastics[6]. For hard tissue analysis, this technique offers the advantage of non-
destructive testing of a sample which can then be processed, enhanced and further analyzed
with other techniques. Secondly, it provides an analysis of material properties on a scale

not possible with conventional mechanical testing techniques.



1.1.1 Methods of Ultrasonic Microscopy

There are three different microscopy techniques involving ultrasound: The scanning
acoustic microscopy (SAM), scanning laser acoustic microscopy (SLAM), and C-SAM.
Each of these three techniques has a specific utility and does not compete with the others in
regard to its application. The principle of these three different ultrasound scanning methods

are shown in Fig. 1.1
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Fig. 1.1: Three different Ultrasound Scanning methods

These different techniques only have in common that they use electroacoustic
impulses and have to follow the same physical limits. One of those limits is the resolution.
The higher the frequency, the shorter the wavelengths, and therefore correspondingly

higher resolution. Another factor that influences the resolution is the transport media
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topography, voids, vertical cracks, or delimitations create differences in the amount of
energy reflected (see images of coins presented in Fig. 3.1 to 3.4 ) and secondly, the
amplitude of the return signal depends on the acoustic impedance or the reflectivity of the

surface material.
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~~

Fig. 1.3: Structural features that cause ultrasonic echo variations

The specimen is scanned across the sample area in a raster fashion by movement of
the transducer or the specimen chamber with a mechanical stage moved by stepping
motors. According to the mechanical stage position in a virtual X-Y plane and the intensity
of the returned signal, an ultrasound image can be created and displayed on the CRT in
gray levels or color map. Most of the instruments need a special hardware device interface
or a computing algorithm to adjust the characteristic between the position of the mechanical
stage (such as acceleration and deceleration movement) and the exact position of data pixels
on the screen.

The transducers used in ultrasonic microscopy differ mainly in their frequency,
focal length, size, and the ratio of the focal length to aperture (known as F number). For
example, if a transducer has a focal length of 32 mm and diameter of 16mm, the
characteristic of this transducer would be described as F2. A second important

characteristic of a transducer is the acceptance angle, which is the maximum angle relative



to its axis at which acoustic waves are sent or received. The sine of the acceptance angle,

Ohax 1S one half the diameter divided by the radius of curvature or:

Sin(8me) =3F  where F is defined above. )

The maximal resolution, as mentioned before, depends on the operating frequency, coupler
medium used, and the transducer properties. Therefore the resolution of a transducer with
known characteristics depends mainly on the wavelengths in the transmitting coupler
medium. This wavelength arise from the frequency and acoustic velocity of this coupler
medium, leading to

f = frequency

where ¢ = velocity 2)
A = wavelength

lad kel

1.1.1.1 C - SAM

Acoustic C-SAM is a pulse-echo reflection type microscope. These systems can
investigate subsurface materials properties but cannot image within a few millimeters or
less of the surface because of interference with the reflection front. Using this technique,
near surface investigations could only be possible by receiving and investigating the
Rayleigh-waves [16-pp58, 8-pp97]. But in order to realize this a huge apparatus would be
necessary. This method is ideal for analyzing at a specific depth. The frequency operating
range is between 10 and 100 MHz and therefore it is not possible to obtain particularly high
resolutions. Ultrasound waves are transmitted by a coupling medium like water or other
inert fluids. The angle of the rays from the transducer lens is generally kept small so that

the incident ultrasound does not exceed the critical cutoff angle of refraction between the
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fluid coupling and the solid sample. The reflected echo contains amplitude and phase
information that provide information about the sub-structure of the investigated specimen.
As in SAM, the transducer or the specimen is mechanically translated in a raster form, and
the collected data is the V(z) function with respect to the x-y location. The transducer acts

as sender and receiver, being electronically switched between the transmit and receive

modes. Principles of C-SAM are illustrated in Figure 1.4.-
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Fig. 14: C-SAM principle
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The transducer used for this approach must generate waves that can penetrate deep
into a specimen that has much higher acoustic properties. The acoustic properties of a
material are defined with the acoustic impedance, reflection and the velocity. The wave
radiation angle must be small enough and far under the critical angle to avoid total reflection
and surface waves, called Pseudo-Rayleigh waves [16]. These waves are important in
another ultrasonic technique, SAM, which will be discussed later.

The different echos that are generated by using the C-SAM method are shown in
schematic in Figure 1.5. Depending on the area within the specimen in which we are
interested, it is possible to gate one of those interface echos and evaluate the acoustic

properties at this specific level.
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Fig. 15: A-B-C-scan modes of C-SAM

A very short pulse is sent from the transducer to the specimen. The ultrasonic wave
is partially reflected from the surface. The remaining portion penetrates the specimen and is
partially reflected again from some material features in the sub region of the specimen. The

return time is a function of the distance between the interface and wransducer. Ignoring the
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first echo from the specimen's surface, it is possible to gate a following echo and so, to
window a certain level within the evaluated specimen.

In "amplitude only" microscopy, this returned pulse is a function of the reflection;
the generated signal is a voltage value that can be converted into gray scale or false color
map.

In phase evaluation, which involves echo polarity encoding of the returned signal, it
is possible to obtain more information about the characteristics of detected voids and
delaminations. The phase is positive from higher impedance reflection and negative from
lower impedance reflection. For example, while the echo amplitude of a plastic - ceramic
boundary is very similar to a plastic - airgap boundary, the phase response between these
two signals is 180° out of phase. The biggest advantages of this approach is the ability to
image anomalies at a specific level. Connected with more complicated devices it is possible
to "look" inside an optically opaque material. This technique is not useful in regions
immediately below the surface and the maximum depth of penetration is determined and
limited by the attenuation losses and geometric refraction within the sample. Besides this,
denser materials require a transducer to have a longer focal length; therefore, a proper
transducer and lens are necessary for good results in this type of application. In
microelectronics, amplitude echo and phase investigations together give quite exact
information about the mechanical structure inside of electronic components like integrated
circuits or semiconductors. A highly reliable integrated circuit must, beside fulfilling
electrical tests, also prove that internal metal connections will not be damaged by maximum
current and temperature influence. For this requirement it must also be guaranteed that it is
hermetically sealed from ionic contamination and moisture in the atmosphere. This can be
proved by investigating the IC package by C-SAM - phase data. A C-SAM image of the

backside of a coin appears on the next side in Figure 1.6.
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normal mode of SAM has a broad spectrum of applications, especially in non-destructive
evaluation (NDE). For instance, high resolution images of titanium plate surfaces and
different composite materials provide information about the material structure. This
technique is widely used especially in microelectronics and aerospace industries. A micro-
subsurface evaluation of silicon wafers can provide information regarding electrical

reliability.

1.1.2 Amplitude and Phase Acoustic Microscope

The previously described acoustic microscopy techniques measure the amplitude of
the reflected signal [27]. By measuring the amplitude and phase it is possible to obtain
much more accurate data. Phase detection is very sensitive to variations in surface
topography and impedance reflection at the material interface. The differences in the
topography lead to changes in the time delay of the reflected signal, which changes the
measured phase. Using a 3 MHz transducer, the acoustic wavelength is 0.5 mm, which
gives a 360° phase for each 250 um change in the height of the specimen in a given
direction. If the angular resolution of the microscope is 0.1°, the detected height variation
will be 0.1 pm. Therefore, very accurate profile measurements of the sample can be made.
In most cases this precision is higher than the mechanical stage used for scanning
movement. Coincident measurement of phase with amplitude makes it possible to acquire
signals for images from subsurface defects by removing the effects from the surface
features. In general, most acoustic transducers are excited with a narrow band, quasi-
continuous burst (CW) consisting of just one frequency. For amplitude and phase
detection a gated wave over a finite time extent is used. This signal is between a short
pulse and a quasi-continuous tone burst. As it is easier to evaluate a signal for imaging at

just one frequency, it is more convenient to use a short tone burst rather than a pulse of
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length comparable to a half cycle of an RF signal. Further, it is easier to design narrow
band transducers and detectors that respond to tone bursts and it is possible to put more
energy into a tone burst rather than into a short pulse. The CW-signal can be specified by

its amplitude and phase, using the simple equation:

A = amplitude

o = frequency
t = time 3

¢ = phase

A cos(wt+0), where

The amplitude and phase of a tone burst are those of the Fourier transform of the tone burst
evaluated at the fundamental frequency. To a good approximation the phase is proportional

to the round trip time delay of the tone burst. It follows from the Fourier shift theorem that:
F {f(t+a1)) = F(w)e®A (4)

where F(co) is the Fourier transform of f(t). The time delay is approximately At = 2%,

where D is the distance from the transducer to the sample and c is the acoustic velocity of

the coupling medium. Since the wave number is k = 2%:— = % the phase ¢ is

1]

proportional to the distance from the sample to the transducer: ¢ =2 and each

>
o|Ee

change in the distance AD will cause a change in the phase A ;

therefore, Ad =2kAD. (&)
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1.2 Ultrasound, SAM and Orthopaedic Applications

As described before, most ultrasound microscopy applications are used in the
evaluation of solid materials, such as metals, composite materials, ceramics and plastics.
In recent years it has been shown that acoustic microscopy can also be used in
investigations of biomaterials, like animal and human cells [6,9], and hard tissues such as
fish scales, teeth, and bone. SAM has been successfully used in a study evaluating the
elastic properties of dental materials for dental treatments and further changes of elastic
properties of dental hard tissues associated with the progress of caries [5].

Ultrasonic techniques have been used in the recent past for the measurement of the
elastic constants of bone. In orthopaedic research, ultrasonic techniques have been used
extensively to measure the anisotropine elastic properties of calcified tissue. Abendschein
and Hyatt [22] demonstrated that there was a good correlation between the longitudinal
modulus (E3) measured by using ultrasound and mechanical techniques. Later, Yoon and
Katz [24] derived the equations relating the elastic constant with the experimentally
obtained modulus.

Different investigators have used the transmission ultrasound technique for
measuring the ultrasound velocity within the specimen. This was accomplished by placing
the specimen between two transducers, one a transmitter and the other a receiver.
Knowing the distance between these transducers, and the time for the ultrasound to travel
through the specimen, it was possible to determine the velocity. Given the geometrical
orientation of this specimen, it is possible to determine the elastic constants (Young's
modulus) in all three space orientations [23]. Yoon and Katz [24], Sidney [25], and Van
Buskirk and Ashman [26] have made significant contributions regarding the use of
ultrasound to measure material properties, and in determining the properties of bone. The

principles of transmission techniques are illustrated in Figure 1.10.
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Meunier [10,29] has also shown that there is a high correlation between the data obtained
using transmission and reflection techniques. Using the transmission technique, he
measured the elastic stiffness in 30 different femur specimens. He also measured the
acoustic reflection and impedance from the same specimens. He compared this obtained

data and found a correlation factor of 0.99 as illustrated in Figure 1.12.
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Fig. 1.12: Correlation between ultrasonic transmission and reflecting technique

The data obtained with these experiments show that there is a clear relationship
between the acoustic impedance, density, and velocity [29]. Using this data it is possible
to obtain the elastic stiffness properties, as Yoon and Katz [24] have already shown. From
this work we know the velocity, v, from the transmission experiment. Knowing the

material density, p, it is possible to obtain the

acoustic impedance: Z=pev | (6
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This acoustic impedance can also be obtained from the reflection factor r, and the

acoustic impedance from the transmitting medium .

using the relation

1. | D

Taking the same numbers we can also obtain the elastic stiffness (Young's modulus)

Cijri =P *©2| (8)

and knowing the geometrical directions we can describe the mechanical properties in form

of a matrix using:

o1
o2
o3
04
o5
. (56 el

Oij = Ciik1 * €kl )

Ci1Ci2C13 O 0 0 -~ £l
Cla2CxpC3 0 0 O €2
Ci3Cx3C33 0 0 O €3
0 0 0 Caa 0 0 |X|g (10)
0 0 0 0 Cs5 O
0 0 0 0 0 Cgsd |
...86_

11-1, 2252, 3353, 2354, 1355, 126,

In a number of preliminary experiments, scanning acoustic microscopy has been

used in the study of bone remodelling about orthopaedic implants [10-13]. For hard tissue

analysis, this technique offers the advantage of non-destructive testing of a sample which

can then be processed and further analyzed with other techniques. Secondly, it provides an

analysis of material properties on a scale not possible with conventional mechanical testing
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techniques. Using this technique it is also possible to investigate and determine the
different mechanical properties of pathological osteopetrotic and osteoporotic bone. Thus,
this new reflection ultrasonic technique that determines the acoustic impedance of material
can also be used to study bone remodelling. Subsequently, the acoustic maps produced
with the reflection system can be compared to the elastic stiffness results measured with the

transmission technique. -

1.3 Rationale for Study

The remodelling of different functioning bony elements consisting of solid,
nonhomogeneous structured materials becomes a very important issue in bone material
remodelling research. The most significant aspect is the ability to present structures in the
form of mathematical computer models (FEM) that can be simulated under different loading
conditions. In orthopaedic research this technique can be used for remodelling analysis of
entire bones. The geometrical shape of a bone is quite difficult to determine, as are the
physical properties. A bone consists of a material that is nonhomogeneous; that is, tile
physical properties like the elasticity change greatly with respect to location within the
structure. In order to find and determine these properties, which are required for an
analysis of remodelling parameters, it has been necessary to develoﬁ a technique that could
provide these parameters. The best method to realize this was by using different SAM
techniques, connected with an ultrasonic microscope designed especially for this purpose
and assembled in our lab. This device is a unique PC-based apparatus. The technical
realization of this device and implementation for orthopaedic research is the main subject of

this study.
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A few experiments have been attempted to improve this scanning technique, data
acquisition, processing and presentation of SAM images. A major portion of this thesis
deals with improvement of the scanning methods. This involves the correct control of
mechanical devices within dynamic limits, and data acquisition with optimized data
sampling speed and timing. Using this equipment, an experiment was conducted to
evaluate and analyze the acoustic properties of the cortical, diaphyseal bone of the human
femur and some known objects such as coins. The acoustic data is compared to images
taken with a normal optical microscope and an electron microscope used in the backscatter

mode.
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2.1 System Configuration & Improvements

The hardware can be divided into two major parts:

mechanica

Fig.22:

ultrasonic analyzing
unit

....................................................

scanning
system

N T vt A N T A A S D N A T T e et

System block diagram

1.) the mechanical scanning system with a stepping motor driving unit
controlling the X-Y table.

2.) The data acquisition, processing and presentation block with the
ultrasonic analyzing unit which includes a data acquisition board, screen for
image presentation, and an external hard disc for image files storage (see

Fig. 2.2 ).

The entire system consists of the following devices:

a 386 IBM-AT/PC as a system controller, with a VGA color screen
(resolution 640x480 screen pixels) and several peripheral boards installed
inside the computer, an X-Y table with a driving unit, an acoustic reflection
and impedance analysis system connected to a differential amplifier, a digital
oscilloscope, a DC voltage source, and a spherically focused transducer
operating at 30 MHz (a schematic configuration of this system is shown on

the following page in Fig. 2.3).
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2.1.1 The Mechanical Scanning System

A number of brackets and mounts were custom designed for various applications.
They included a bracket to secure the ultrasonic transducer attached to a vertical column
with an optical microscope. The transducer than can be moved in the Z-axis (vertical) and
adjusted in the focal plane. In order to obtain multiple measurements on the surface of the
specimen, the sample had to be mounted in a special bracket that was fixed in a small tank
of coupling fluid (H;O). This tank was attached to a stage on a dual X-Y table system that
consisted of two stages in the horizontal position, mounted perpendicular to each other and
moved by stepper motors. Each rotational step of the motor was converted into 10 pm of
translated motion on the X or Y stage. The entire raster area range that can be covered by
these two stages is 72 x 72 mm. The stepper motors are driven and controlled by a
Programmable Stepping Motor Controller CC 1,2 from Klinger® Corp. that can
~ommunicate with other devices through a GPIB-bus, RS-232 port or a non-standard
parallel communication port. This non-standard communications port provides important
signals and information about status of run, speed, actual position from the front display or
even the control pulses to the stepper motor. The stages can be moved in single steps or in
continuous movement with different speeds, accelerations, and decelerations. Depending
on the weight of the tank, its load, the image size to be obtained and the required kinematics
of the system, different movement characteristics have to be initialized and assigned to the

controller.
2.1.2 Data Acquisition
The ultrasonic transducer is spherically focused with an f number of F 1.2, a

frequency of 30 MHz, and a focal length of 25.4 mm with a maximum obtainable

resolution of 100um. The focal point is not truly a point, but an acoustic amplitude
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MODEL 5052UA ULTRASONIC ANALYSER

PEAK

SYNC IN ViEVEL

Fig.2.5: Block diagram for the Ultrasonic Analyzer

The amount of sound reflected is directly related to the acoustic impedance of the

material. There exists a relationship between the acoustic impedance, the velocity and

material density: | Z = v * p | (6), where Z = acoustic impedance, v = the velocity

and p = material's density. Further, it also has been shown [24] that for bone material
there is a strict correlation between these acoustic properties and the elastic stiffness, or
elastic constant (C33-the material axis is the same as the direction of sound propagation and
reflection) as a function of the acoustic impedance. The correlation between data obtained
using the reflection technique relative to the transmission technique has been also verified in
previous experiments [10]. The "steeples” gate feature inside the ultrasonic analyzer
provides the capability for selecting the part of the signal train to be analyzed. The gate
pulse position and width are easily controlled to cover a wide range of values. A special
digital oscilloscope (model 2430A from Tektronix) has the capability to present the A-scan
or time-domain presentation that is taken from the marked signal (at the marked output
connector), which is the RF output from the pulser-receiver signal with a superimposed
voltage to mark the selected part of the signal train to be analyzed. This selected part of the
signal can also be changed with respect to its duration and time delay after the sent pulse
(main bang) or an interface reference pulse. The reflection pulse and the selected part of

this signal is presented in Fig. 2.6.
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Fig.2.7: The Peak Level output from the ultrasonic analyzer

This output signal is sent to a differential amplifier (model TM502A from Tektronix)
which, using another DC-voltage reference, selects a window within the output voltage
value that corresponds to a certain acoustic impedance and amplifies this windowed signal.

The signal provided by the output can reach values between 0 and 10V. This analog
voltage value is connected to a 12-bit Analog to Digital (A/D) converter which is part of a
data acquisition board (model 5525MF from ADAC Corp.) installed in the motherboard of
the IBM-PC. This data acquisition board has 16 channels for A/D conversion, 2 digital 8-
bit I/O channels with additional handshake connectors, an internal programmable timer,
external trigger, interrupt connectors and two digital to analog converter outputs that can
generate voltages in the range -10 to +10 volts. The maximal speed of the data acquisition
of the A/D converter is 25kHz. This speed can only be reached by Direct Memory Access

(DMA). Using assembler routines for single sampling it is necessary to define the
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command registers and check the status registers of the acquisition board before each data
register acquisition. This technique is slow and can only sample each A/D channel at a
frequency of 14 kHz. This board gives the option of using four different techniques for
A/D conversion: software triggering, external event triggering, clock triggering, and scan
triggering. Our application has used mainly software triggering, and in a few experiments
for improving the scanning quality, external event and scan triggering.

In the Software Triggering mode, a scanning program moves the X-Y table and scans
the object in 256 lines, generating an image consisting of 256x256 points or pixels. Before
beginning real data acquisition, the program scans just one line and generates a motion
function to compute the displacements of each image point of the following raster lines.
The computer sends a start signal to the steppin—g; motor ctc:)ntroller and while the X-Y—;able
is in motion, an assembly subroutine polls the A/D channel with the Peak Detect output and
an End of Scan signal provided by the X-Y table controller. The output voltage data is
<ollected in 12 bit values into memory, and after finishing each line, another routine
samples the maximum values and interpolates them according to the previously generated
motion function, with respect to position. The 256 data values correspond to pixel
positions on the screen after the interpolation. They can be presented in the form of a false
color map or grayscale on the screen and stored on the external hard disk. An example of

gray scale distribution modification is showed in Figure 2.8 (or in color in Fig. 2.21a ,b).

The external event triggering technique executes an A/D conversion only aftér an
external trigger or interrupt impulse has been received by the data acquisition board. The
external trigger impulse is generated by an internal strobe signal that comes from the
ultrasonic analyzer and coincides with the highest peak detect value. The data is sampled in
a similar way as described before.

Scan Triggering provides the possibility of scanning more data channels by doing just

one initialization of control registers. This experimental approach has the advantage that it
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L(D) is a line which defines pixels to be evaluated. In order to define and compare the
geometric properties of different specimens, it is necessary to first find the geometric
midpoint and center of gravity. Next a pseudo line is created, which determines the values

(pixels on the screen) to be evaluated. This line begins at the center of gravity Xg, Yg and

ends on the image border. The coordinates of the center of gravity in screen pixels can be

obtained using the following equation:

Xg =&l g yg -t

= 1D
> i) > i)
where the index G represents the position in a 256 x 256 pixel image. The pseudo line is

calculated as follows: Starting at the center of gravity, the algorithm evaluates each pixel

close to the pseudo line. In the previous equation x; is the distance in pixels along the
line L(@) to x,; y; isthedistanceto y, and vj={1,0} representsthe pixel value
in [grayscale values in 1 to 256, after threshold at value 51] at position ij within the

investigated image array.

Vi. at (X ,Y5)

To define line L(@) with the appropriate pixels the following equations are used.
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Using this algorithm it is not possible to detect and evaluate all pixels, therefore it is
necessary to assign only the values that are close to this pseudo line L(@). Once the pixel
values are obtained and assigned to the pseudo line, the next procedure is applied. First,
the entire line is divided into points that belong and do not belong to the object [threshold].
All points belonging to the object create a region of n points. This region is divided into
three equal sections S1(@), S2(@), and S3(g); corresponding to the endosteal, middle, and
periosteal regions of the cross section. In each section the values are averaged as shown in

the following diagram.

ka ks k2 ki
S3|S2 |S1

X ¥y)  Xor¥)

- /Lo

(Xg:Yg)

where n= \/ (XB“XA)2 (YB‘YA)2 14)
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The image data is stored in the form of 12 bit values in large image data files. All
image files and the results from computations are stored on a 45 Mbyte removeable hard
drive that is connected to the computer through a Small Computer Standard Interface card
(SCSD).

The IBM PC is also equipped with TOPS-network support, which connects the
IBM PC with Macintosh IIx machines or mainframes. The Macintosh computers are
equipped with several graphics packages for further image processing and presentation.
Files with ultrasound images and computations results can be sent over the network to

Macintosh machines, enhanced, and converted into slides for presentations.

2.1.4 System Improvements

A number of problems had to be solved in order to enhance the function of the
system and improve the data accuracy. These problems involved coordination of data
sample locations at the specimen with pixel locations on the CRT screen, data conversion,
presentation, and storage. A problem existed of coordination between the sampling speed
and the timing of the A/D board with specimen movement on the X-Y table. The
conversion problem involved the A/D conversion speed and its timing with other devices.
The presentation problem involved the optimization of imaging techniques and the speed of
image presentation on a VGA screen. The data storage problem involved data format, the
size of the data files for each image, and the choice of media for storage. Also, the peak
level output of the Ultrasonic Analyzer is not constant over time, and provides the true
voltage value corresponding to the reflected energy only in a region between the 8th and
12th trigger impulse. To obtain the correct data it is important to find and to sample only

the largest values of this output signal. This is illustrated in Figure 2.11.
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Data sampling is random, and depending on the hardware, the programming
language used, and the program structure, it can show quite different results in speed and
accuracy (see Figure 2.13). In this diagram there are two examples of sampling data using
two different data acquisitions board. The upper one was using QuickBasic and showed a
very slow data acquisition. In order to obtain the resultant value of voltage this data had to
be averaged. The lower part shows data sampled with a faster data acquisition board using
assembler subroutines. The resultant voltage value was obtained in this case by directly
reading the peak voltage amplitude from the sampling plot and later extracting the maximum

values.
acquisision for 20000 points in 7.523 sec

Using data acquisition board DT 2821 from Data Translation Inc.

acquisision for 20000 points in 1.207 sec

Using data acqusition board 5525 from ADAC Corp.

Fig. 2.13: Computer sampling with two data acquisition boards

In this thesis three different approaches are used to solve these problems: 1) the
software solution through averaging, 2) the software solution through interpolation, and 3)

the hardware triggering solution.





















48

2.2 Data Acquisition and Triggering experiment

The described techniques for ultrasonic data acquisition provide improvement of
data sampling and approach the technical limits of the employed devices. In addition to the
software solution interpolation, which has been used for most of the experiments, the other
- techniques have been tested only experimentally. Therefore, the software solution
interpolation will be described in more detail. The scanning program SCAN2.BAS in
TurboBasic is presented in Appendix C. This program first defines the necessary data
arrays and variable names and also initializes the GPIB interface using predefined
functions. Since the data acquisition board from ADAC® Corp. has a very simple
hardware structure, it is not necessary to initialize this board. Next, the GPIB interface
must be reset and initialized. The X-Y table controller which is connected to the GPIB
interface over an IEEE-bus connector must be loaded with acceleration, deceleration, speed
and other interface and movement parameters. The digital oscilloscope is also connected to
the IEEE bus and can be initialized with parameters for voltage and time range. The
program asks for the image size to be scanned and the filename for data storage. With
these parameters the program opens a file on the external hard disk drive and assigns the
storage format for this data. Before the real scanning procedure begins, a subroutine
moves the X-axis about the scanning range. While this axis is moving, the position of the
X-stage is sampled in equal time intervals until the end-of-run position from the X-axis has
been reached. This signal for the end of run is an external output signal from the stepping
motor controller which has the value 5V while the table is running, and OV if the end
position has been reached. The obtained position values are used for creating a movement
characteristics function, which is used for data point movement displacement in the entire
scanning procedure. The tables with the motion and position parameters that are normally
used by the program are presented in Appendix A and Appendix B. The scanning

procedure is a loop that is repeated 256 times, one time for each line of the image. While
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the X-axis starts to move, an internal loop is polling data from two A/D converter channels.
One channel is connected to the peak output from the ultrasonic analyzer and the other is
connected to the external output status signal from the stepping motor controller. The peak
output value is stored in a large array and the status signal is checked for its value. Because
of the shift displacements of the mechanical system it is only possible to scan in one
direction. Therefore, while the stage is moving back, all necessary computations, data
conversions and data storage can be performed. The first procedure is the evaluation of the
randomly sampled peak output values for the highest values from peak output signal,
which correspond to the real acoustic reflections. Because this signal varies strongly in its
amplitude depending on the reflection, it is also very important to find the position at which
this maximal signal can occur. For instance, for one line of an image 3 cm x 3 cm the
board collects approximately 25,000 values and an algorithm determines approximately
1,500 maximum values. The maximum values have to be displaced according to the
movement function and fit into 256 data points that represent one line of the image. Once
these 256 data values have been computed and placed into an array, it is possible to store
them on the disk and present them in the form of different colors on the screen. Figure
2.21a and 2.21b presents such an image.

The next program SCAN3.BAS presented in Appendix C is an experimental
program designed to trigger the data acquisition from an external device. The program
itself is only different from the previous one in the scanning procedure. Instead of
randomly sampling a large number of data values and then extracting the maximum values
like described before, this program only samples the peak output values when the
ultrasonic analyzer triggers the data acquisition. The TTL - compatible trigger signal that is
provided internally by the ultrasonic analyzer occurs only when the peak output has reached
the maximum value. The high-level of this signal is connected to a NAND gate with open
collector. The output of this gate, which is connected to the trigger input with a pull up

resistor to +5V, pulls this trigger input to the logical ground and generates a trigger event.
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The obtained data has to be displaced according to the movement characteristics and stored
in the same way as described before. Because this program does not provide any
significant improvements it is still necessary to find another technique which can ensure
that the sampled data points are at the right position within the image without applying any
displacement algorithms.

Currently, this approach is being tested to trigger the X-Y table displacement. As
described in Chapter 4: conclusion, the stepper motor controller sends step pulses to an 8 -
bit counter. A comparator compares the two values and sends a trigger pulse when a
certain number of pulses (steps) has been reached. This trigger signal combined with the
peak detect signal gives the exact reference to calculate the exact time and location of the

next data point to be acquired.

2.3 Experiment in scanning of four pairs of femural specimens

The purpose of this experiment was to evaluate bone remodeling and resorption in
the human femur. Four pairs of human cadaveric femurs were harvested and frozen. Ata
later time, they were sectioned transversely with a low speed diamond saw such thata 1 cm
section was removed from the central diaphyseal region. The superior side of the section
was polished and scanned with the scanning acoustic microscope. Specimens from the
proximal, distal, and midshaft section of the human femur (see Fig. 2.23 at the end of this
chapter) were investigated with the SAM system. The midshaft region provided the best
specimen for this analysis. A specimen was also prepared and imbedded in
polymethylmethacrylate following standard histological protocol. Later, the superior side
of the plastic block including the specimen was milled parallel to the bottom side, polished

and prepared for ultrasonic scanning. The purpose of the embedding was to compare fresh
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specimen properties to the properties measured when the bone is embedded in plastic.
Figure 2.22 shows SAM scans of prepared specimens.

Besides scanning the bone specimens, it was also possible to obtain color SAM
images of other objects (i.e. a NYC subway token, presented in Fig. 3.4 and 3.22). These

results are presented in Chapter 3: Results and Discussion.

2.4 Mechanical Testing of Human Cadaveric Bone

The purpose of this experiment was to compare the mechanical properties of human bone to
the material properties measured by the SAM system. One pair of HIV negative, fresh
human cadaveric femurs (#2366) were harvested and stripped of all soft tissue. The
diaphyseal shaft was then sectioned transversely using a slow speed diamond saw. The
femoral sections were approximately 10cm in length (2 sections/femur for a total of 4
sections). All the segments (Right and Left) were transversely cut with a diamond saw into
cross sections (bone rings) each approximately 1 cm in height. Six (6) "bone rings" were
obtained form the proximal sections and five (5) from the distal. One pair of bone rings was
non-destructively analyzed prior to mechanical testing with the SAM system (#2 rings,
proximal Left and Right). For mechanical testing, each bone ring was turned on edge and
tested in compression to failure with the application of force in the medial lateral direction.
An MTS servohydraulic mechanical test system was used. The failure force was measured

and a paired statistical analysis used to determine statistical differences.
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3. RESULTS AND DISCUSSION

Brief, preliminary descriptions of SAM images have been presented in Chapter 2:
Materials and Methodology. However, the present analysis deals primarily with the
aspects of resolution and physical limits of the scanning acoustic microscope, and these are

discussed in detail below.

3.1 Data Presentation and femoral section

The raw score data of SAM-scanned materials sampled using the experimental
conditions described are presented in Tables 2 to 12, Appendix A. The title of this tables
gives informations about the number of steps the table was moved [stp#], time difference
between each position data acquisition[TimeDif=] and the R, S, and F parameters (see
Appendix D.) The following numbers in these tables represent the actual XY-stage
position as the distance from a given starting point as a function of time, sampled using
uniform time intervals. Table 1 presents ranges of acoustic impedances for selected known
materials, including human bone specimens.

Figures D.1 to D.14 represent the velocity as a function of time (v/t) and distance
in steps as a function of time (s/t) extrapolated from data in Tables 2 to 8 (app. A). Here,
a single motion experiment was carried out in separate trials (seven cases) where speed,
acceleration, and deceleration parameters were changed. These parameter modifications
were tested in order to assess how the speed of the XY-stage changed during the constant
speed phase of the scan. These different device parameters gave information about the
movement characteristics of the system, and allowed certain predictions about the accuracy

and reliability of the scanning process.
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Tables 9 to 12 (app. A) show the results from computing the acoustic properties of
the sample with respect to the location within the femoral bone specimen sampled (circular
averaging). In these cases, the endosteal, middle, and periosteal regions were investigated
in 10° increments. Three data functions were obtained from these measurements; the fourth
was the computed average. The most left column represents the location in 10°
increments. The second left and the fourth from the right [av23?77] represent the arbitrary
averaged values from the left and right specimen, respectively. The abbreviations [endI-
m] represent the endosteum of the left specimen, [medl-m] the middle left, [perl-m] the
periosteum left, [endr-m] the endosteum right, [medr-m] the middle right and [perr-
m] the periosteum right. The numbers in the columns represent arbitrary values for the

reflection.

3.2 System configuration and Improvements

The experiments carried out were of two types. In one set of studies, the scanning
apparatus was improved by applying different scanning techniques. In the second,
ultrasonic images and data from human cadaver femurs and other known objects were
obtained. The apparatus as already described in Material and Methodology is an unique
combination of different devices driven and controlled by a Personal Computer. In order to
make this system function and to obtain images such as those shown in some of the
presented figures, unexpected problems had to be solved. In this work, only a number of
problems connected with improvement of the resolution and the scanning procedure have

been addressed and are described below.
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3.3 Triggering Experiment (improving accuracy of device)

The problems connected with correct data acquisition and image presentation have
been already described in the previous chapter. To obtain the highest image quality it is
important to know the physical limits of this technique and the mechanical restrictions of
the scanning device. The resolution of the system, the most important aspect in the data
and image presentation, is limited by the transducer characteristics and the mechanical
apparatus. The 30MHz transducer used for the imaging experiments had a resolution of
100 um. A single step of a steeper motor is translated into 20um displacement.

In other words, the smallest increments that could be applied are

5 steps = 100um (5 step * 20pum/step = 100pm) (19)

In these experiments, scanning different coins with minor topographic features have shown
that a displacement above 100um was still below the required resolution. Of course,
scanning coins is not the best method for determining the resolution. The maximum
scanning speed has been measured with the computer by acquiring the x-y axis locations
over the GPIB bus and computing the time differences (see Table 2 - 8). The greatest
speed measured was 1500 steps » sec-1. Utilizing this speed, and knowing that the
resolution was beyond 100pm and that the smallest displacement is at least 5 steps for each
data acquisition, we obtain a maximum sampling rate of 300 sec-] with the maximum
speed. These speed position increments have to be interfaced with the data acquisition
speed from the ultrasonic analyzer. This device operates at a repetition rate of 5KHz and
can provide a valid peak level output signal every 10 to 12 trigger repetitions (like shown in
Fig. 2.7), obtaining about 500 peak output values per sec. Therefore, the sampling
frequency from the ultrasonic analyzer can vary only slightly between 500 and 420 sec-1

The XY stage speed and the sampling rate can be changed to any value, depending on the
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adjusted speed, acceleration and decelerations parameters, and the image size to be
scanned. According to the operating manual for the stepper motor controller, there are four
parameters that can be set to describe the movement characteristics of the X'Y-table: the R,
S, F parameters and the number of steps N. These descriptions are provided in Appendix
D. According to the operating manual, the speed at any time can be calculated using the

given formula:

6
Steps per second = 10 (20)
(256-1) « (80) + z« (10) + 75 7.5

and some other formulas included in the operation manual (see Appendix D). The
kinematic characteristics are also different for the positive or negative direction. The results
obtained in an experiment designed to evaluate movement characteristics are presented in
the form of data in Tables 2 to 8 and Figures D.1 to D.14 relative to Velocity-Time
(V/T) and Position-Time (S/T) diagrams. In the constant speed phase, it appears on the
V/T diagram that the speed is severely fluctuating. In reality, the changes are zero or
negligibly small. The fluctuations that appear in the diagram are because the data was
collected as integer values and not fractions. These diagrams show unequal movement
characteristics especially in the acceleration and deceleration phases. The choppy shape of
the acceleration curve demonstrates that the load of the mechanical stage is too large to
accelerate smoothly as per the defined preset parameters. Another reason for the choppy
acceleration characteristic is that the motors are driven at two different speeds, the slow rate
speed and the maximum speed. If the distance is less or equal to the number of steps that
are necessary for acceleration and deceleration, the motor operates only at the slow rate and
will never switch to the maximum speed. If the distance is larger, then as the motors are
accelerating up to the slow rate speed, the system checks if the number of remaining steps

is still large enough to reach the maximum speed. If the number of remaining steps is large
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enough, it continues with the acceleration up to the maximum speed. For some of the V/T
diagrams, this switch to the maximum speed is clearly indicated by a sharp velocity
increase. In order to eliminate this velocity change distortion, which has a significant
influence on the image quality, it is necessary to develop a technique which can exactly
interface the position of the X-Y table with the appropriate pixel position on the screen.
There are two techniques that are now being experimentally tested. One is the software

method and the other one is the hardware solution.

In the software method, the data sampling is delayed, depending on the speed at a
certain position during the acceleration or deceleration period. The scanner accelerates and
the microscope starts taking data at some predefined locations. An acoustic measurement is
triggered as the transducer is eventually moved equal increments as a function of the
constant velocity of the X-Y table. Each position corresponds to one pixel of the image that
is displayed. These positions are determined by counting pulses from the stepper motor
with a divide-by-N counter, realized in the form of an array with different delay values. At
the beginning of the scan line a delay counter is loaded with the first value from the delay
array, which is the largest number. After each acquisition the next smaller number from
this array is taken and placed into the delay counter. This decreases the delay times between
the acquisitions according to the movement characteristic of the table. In the deceleration
phase the delay counter starts with small numbers at the beginning and increases until the
final position of the scanned line has been reached. The disadvantage of this approach is
that it is very difficult to define the accelerations and deceleration parameters for the delay
loops for each step. For each different scanning size, speed, and kinematic characteristics
there must exist a different array of parameters assigned especially for this movement. To
avoid this problem and configure this system for more flexibility, it was necessary to

search for another solution, based on hardware modifications.



61

The hardware approach requires additional electronic devices in order to recognize
the mechanical displacement and position of the X-Y table, and to interface it to the data
acquisition board inside the PC. The data acquisition and A/D conversion are only enabled
if a certain number of steps from the steeper motor has been completed' and the peak level
output has reached its maximum level. The stepping motor controller sends a pulse for
each step completed. This pulses are counted by an 8-bit counter and the result is
compared with a value that is preset through a digital I/O channel from the PC

(refer to Fig. 3.6 and Fig. 3.7).

The software solution averaging approach mentioned above has been used
previously with a slower data acquisition board. The results (images) have been taken
from the scans already done in the past. The other software solution approach of doing
interpolation between obtained values has been applied to this application using a faster data
acquisition board. In order to improve this method it was necessary to apply different
algorithms and change some of the parameters within them. That was necessary to avoid
the line shifting (Fig. 2.16), minimize the image distortions on the edges (Fig. 2.12) and
obtain geometrically correct image (Fig. 2.19 and 2.20).

In general the SAM images of coins show poorly-defined edges and almost no
small surface features. There are several reasons for this. Firstly, coins are not adequate
for determination of resolution and secondly, the transducer that has been used has a small
angle and is therefore more suitable for subsurface scans rather than investigations on the
surface. Poorly defined edges occur because when the acoustic beam hits the edge or a
surface which is not perpendicular to the transducer axis, the beam is scattered and not
reflected straight back to the receiver (it then detects a lower reflection factor). These
effects can be seen in Figure 3.1, where the very black area around Lincoln's head (U.S.
penny) is due to scatter or in the three dimensional presentation, the low attenuation is not

representative of lower acoustic impedance but rather due to different reflection angles.
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The last experiment is a continuation of the triggering experiment - the hardware approach
and involves implementation of additional hardware. This approach can improve the
scanning device, determining the location of the X-Y table, by counting the steps from the
stepper motor and sending a trigger signal to the computer. A block diagram of this

approach is shown in Fig. 3.6

Stepper motor controller
© stepping pulses
additional external trigger O end of run
connector IBM PC
data acquisition board
- O A/D input
Ultrasonic Analyzer e"l &) counter trigger input
L) ext. trigger input
peak output G © A/D input
Fig.3.6: Block diagram demonstrating interfacing of the external trigger and counter

The stepper motor controller is connected with a counter. The counter counts the motor
steps and compares the number with a value preset from the computer. Each time a certain
number corresponding to the scanning steps increments has been reached, this counter

triggers the PC which executes a single data acquisition.

The electronic blockdiagram of this counter and its interfacing to other devices is
shown in Fig. 3.7 on the next page. This circuit works according to the following
description. Each time the counter has reached the preset value, a comparator sends a
trigger signal which sets a RS-Flip-Flop and resets the counter. A trigger signal from the
peak level detector, ANDed with the Flip-Flop output, triggers the data acquisition and
resets the Flip-Flop again. This hardware solution acquires data only if the displacement

between points has a minimum distance of N points. Using this technique it is important
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that the speed of the stage be relatively slow with respect to the image size and displacement

distance N, so that the position triggering is not faster than the maximal peak level

triggering.
Stepper Motor Controller
Single step count
End of Run indicator (O™
IBM PC
&K—.> Ci+
CLR ! 1cT=0 _
I u
o I |
Zn. S|
o7 | coMPARATOR _ b7 g
Z=M Z>M | © External Triggerd—j‘
_J
Ultrasonic Analyzer
peak output
ims eak detect
fms ©p
555
I 1ms
P S C ' 55 5'
R GC

Fig. 3.7: Electronic circuit of counter trigger
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A number of other observations can be made with this analysis that are not possible
with conventional microscope techniques. The lower property endosteal and periosteal
regions (blue and green) are quite evident. These are areas of active bone growth or
remodeling and the presence of immature freshly remodeled bone is verified with this
technique.

Figures 3.10 and 3.11 are graphic presentations of the averaged data of the 3
regions and the overall average of the section properties. Left to right consistency of the
properties is evident. Lower endosteal properties are also evident for both sections, with
the posterior endosteal zone of the left femur being very low. As illustrated in Fig. 3.9
significant resorption is evident in this region given the color distribution chosen. Thisis a
consistent finding regarding femoral bone remodeling. Posterior resorption usually occurs
first, followed by anterior resorption, and finally lateral and medial resorption.

Figure 3.12 is a scan of left and right femoral sections taken from a 84 year old
male (#2329). This scan demonstrates how left and right geometry can be consistent,
while the properties can vary significantly. The SAM image shows the right femur with a
much larger percentage of low impedance bone than the left femur. Figures 3.13 and 3.14
present the data in graphic form, and one can quickly appreciate right to left differences.
Firstly, this analysis is very sensitive as evident by the decreased properties of the posterior
medial and anterior lateral endosteal zones. The two lowest values in Fig 3.13 are
evidenced and verified in the scan. Consistent periosteal and middle properties are
demonstrated, with an overall R value average of about 170. Figure 3.14 demonstrates a
much more erratic, inconsistent, set of properties over all zones. This result contrasts to
the previous pairs of sections analyzed. Again a qualitative light microscopic technique
would not have provided the materials information obtained with the acoustic system.

Left and right sections of #2326 (Fig. 3.15) show another remodeling
phenomenon. The scans are very similar with severe endosteal remodeling evident around

the entire sections with significant resorption occuring in all three zones of the anterior and
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posterior regions. Figures. 3.16 and 3.17 demonstrate the inconsistent properties through
all regions and zones when compared with Figs. 3.9 - 3.11 . Finally, if one assesses the
average properties (delta symbols) of both Figs 3.16 and 3.17 the peak values attained
approach 160, where the average values in Figs. 3.10 and 3.11 average about 165 with the
lowest values attained were approximately 160.

Finally, Figure 3.18 presents femoral cross-sections taken from a 68 years old
female (#2366), and Figures 3.19 and 3.20 present the averaged data in graphic form.
These sections provide good examples of how left and right femurs can have very different
form and material properties. The left femoral section has significantly lower acoustic
properties with a widely scattered distribution when compared to the right. This significant
resorption and reduction in endosteal properties was responsible for the left section shape
change relative to the right section. The remodeling of the left is so severe that it
demonstrates how, although most of the section has very low properties, a thin section of
periosteal bone with very high properties is evident. Figure 3.19 shows how periosteal
values were as high as 180 in the left medial specimen, and the right had lower albeit more
consistent values.

Figure 3.21 demonstrates the 3D capabilities of the software. Besides producing a
small 2D image for orientation, the 3D image provides an image of the real amplitude of the
peak signal measured.

The SAM system is very useful for very quickly ascertaining the properties of the
bone with unprocessed specimens. The system can determine interpair differences as
demonstrated by the four pairs of scans presented. Bone remodeling such as severe
endosteal resorption is also quite evident, as is the transition of the properties from
periosteal to endosteal bone.

All of these variations can be observed with conventional techniques such as light
or backscatter electron microscopy. However, there are two important differences between

this technique and conventional techniques. The quantitative acoustic data shows averaged
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values over 360° and three regions of every section. Second, and most importantly,
Meunier et. al. [29] have demonstrated that the acoustic impedance is directly related to
elastic modulus of bone. This is not true for all materials, but because of the composite
nature of bone, and the material properties of the constituent materials, a unique correlation
between the acoustic impedance and the elastic constant exists. Therefore, the acoustic

scans represent a mapping of the elastic properties of the bone on a microscopic scale.

3.5 Mechanical Testing of Human Cadaveric Bone

The mechanical test results for the human bone are provided in Table 13. The mean
force to failure for the left femur ring sections was 568.0 N and 594.0 N for the right.
There was no statistically significant difference at p<0.05 for the two groups of mechanical
test data. Structually the bones were very similar as evidenced by these results. This
particular specimen #2366, was also the specimen with the severe resorption and low
impedance properties as measured by the SAM. Although the material properties were very
low, the left femur remodelling that included, geometric as well as a reorganization of bone
with very high acoustic properties, resulted in a bone with structural properties similar to
the right femur. Thus, the patient had a structurally functional bone in spite of severe

resorption and remodelling.
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4. CONCLUSIONS

The software solution averaging approach was used in the primary testing of the
system with a relatively slow data acquisition board. The other software solution approach
which includes interpolation of the obtained values has been applied using a faster data
acquisition board. In order to improve this method it was necessary to apply different
algorithms and change some of the parameters within them. Some of the problems
included line shifting (Fig. 2.16), image distortion on the edges (Fig. 2.12), and
geometrically incorrect images (Fig. 2.19 and 2.20).

In general, the SAM images of coins show relatively unsharp edges and almost no
details regarding small surface features. There are a number of reasons for this. First,
coins are not ideal for the determination of resolution. Secondly, the transducer used in the
experiments had a small angle and was more suitable for subsurface analysis rather than
surface analysis. The edges are not sharp because when the acoustic beam hits the edge or
a surface which is not perpendicular to the transducer axis, the beam is reflected in other
directions and not straight back to the receiver.

Regarding the femoral section scanning, an experiment is presented demonstrating
the efficacy of scanning acoustic microscopy for the study of bone remodelling.
Differences between individual pairs as well as the transition of properties between the
periosteal and endosteal bone were observed. Circular averaging over the sections as well
as the generation of quantitative graphical data was presented. This technique provides a
very quick quantitative analysis of the material properties of an unprocessed section of

bone.
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Appendix A:

Tables of acoustic impedance data from human
femoral sections and regarding X-Y table
position

89



90

Material Acoustic impedence,
106 rayl
AL, VACUUIT .ot iiiiriiiiieeieeeieeeneorneenneeeneennnanns 0
Water ..ot 1.5
PlastiC coiiiniiiiiiii e 2.0-3.5
Bone (human)......c.cooeviviiiiiiiiiiiiiiiiiiiiannn.... 9-12
GlaSS vviiiniiiteeee et ere et e eanaeanaas 15
Aluminum.. oo 17
SHHCON . et 20
Beryllia...oceeiniiiii e 32
(610]5) 015 PP PRPUIN 42
Alumina.....ooiieiiiiiiiiciiiiiiieiiiieaiieaaans 21-45
Tungsten ....ooovviiiiiiiiiiiiiiiiiiiiiiiiiiiiiann. 104

Table 1. Ranges of acoustic impedence.
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Tab. 2:

X-Y table positions with: R =250; S = 2; F = 20; N = 1000
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Tab.4: stp# 1000 TimeDif=6.62 ms R=254 S=2 F=20

10

13

16

18

21

24

27

30

33

36

39

43

46

50

54

58

62

66

70

76

81

87

94

102

111

125

141

157

172

187

202

218

233

248

263

278

294

309

324

340

3556

370

386

401

416

431

446

462

477

492

507

523

538

553

569

584

599

614

630

645

660

675

690

706

721

736

752

767

782

798

813

828

843

858

874

889

898

906

913

919

925

930

934

939

943

947

950

954

958

961

964

967

970

974

977

979

982

985

987

990

993

995

998

999

999

Tab. 4:

X-Y table positions with: R =254; S = 2; F = 20; N = 1000

Tab. 5:

stp# 1000 TimeDif=6.59 ms R=254 S=1

F=20

10

13

15

18

20

23

25

28

30

33

36

38

41

44

47

50

53

56

58

62

65

68

71

74

77

81

84

87

91

94

98

102

105

109

113

117

121

126

130

134

139

144

149

154

159

165

171

177

184

191

198

207

217

228

242

258

273

288

304

319

334

350

365

380

395

410

426

441

456

472

487

502

517

533

548

563

578

594

609

624

639

655

670

685

701

716

731

746

762

776

786

796

804

812

819

825

831

837

843

848

853

858

863

867

872

876

880

884

889

892

896

900

904

907

911

914

918

921

924

927

930

934

937

940

943

946

949

952

954

957

960

963

966

968

971

974

976

979

981

984

986

989

991

994

996

999

999

Tab. 5:

X-Y table positions with: R =254; S =1; F = 20; N = 1000
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Tab. 6:

stp# 500 TimeDif=6.39 ms R=252 S=1

F=30

2

5| 7

10[ 12

14

17

19

22

24

26

29

31

34

37

39

42

44] 47| 50

53

55| 58

61

64

67

70

73

76

79

82

85

88

91

95

98

102

105/109(112

116

120{123

127131

136

140

144

149

154

158

163

168

174

179

186

192

198/206/{214

222

232(241

251

260

270

279

288

295

302

309

315

321

327

332

337

342

347|352{356

361

365/369

373(377

381

384

388

392

395

398

402

405

409

412

415

418

4211424/427

430

433|436

439]442

445

447

450

453

455

458

461

463

466

468

471

473

476/478/481

483

4861488

490/493

495

497

499

499

Tab. 6:

X-Y table positions with: R =252; S =1; F =30; N = 500

Tab. 7:

stp# 500 TimeDif=6.33 R=252 S=2 F=20

2

5| 8

10| 12

15

18

20

23

26

28

31

34

37

40

43

46

50| 53] 57

61

65| 69

73| 78

83

88

94

101

109

119

131

142

153

164

175

186

197/208|219

230

241|252

263|274

286

297

308

319

330

341

352

363

374

385

394

402

408{414(419

424

4291433

437]441

445

448

451

455

458

461

464

467

470

473

475

478

481|483/486

488

491(493

495/498

500

499

Tab. 7:

X-Y table positions with: R =252; S = 2; F = 20; N = 500

Tab. 7:

stp# 500 TimeDif=6.52 ms R=254 S=1

F=30

2

5, 8

10

13

15

18

20

23

25

28

30

33

36

39

41

44

47| 50| 53

56

59| 62

65

68

71

74

77

81

84

87

91

94

98102

106

109

113]117(122

1261130[134

139

1441149

154

159

165

171

177

184

191

199

207

217

228

2411253|266

278289298

306

313|320

327

333

338

344

349

354

359

364

369

373

377

381|386/390

393|397/401

405

408|412

415

418

422

425

428

431

434

438

441

444

446

449/452(455

4581461463

466

4691471

474

477

479

482

484

487

489

492

494

497

499

499

Tab. 8:

X-Y table positions with: R =254; S =1; F = 30; N = 500
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[Degrees |av2326 |endl-m |medi-m perl-m |av2326 jendr-m [medr-m |perr-m
10 134 140 124 138 138 117 147 143
20 134 142 123 138 144 130 153 143
30 150 144 154 153 146 136 148 150
40 157 150 162 158 144 122 151 153
50 156 149 160 160 147 132 152 155
60 161 158 163 161 148 127 157 157
70 159 154 161 162 153 139 161 156
80 159 152 162 163 156 150 162 155
90 161 155 165 163 157 154 162 154

100 162 150 170 166 157 153 161 157
110 164 155 168 167 156 147 164 157
120 161 143 169 169 153 132 164 159
130 166 154 171 171 155 138 165 159
140 161 138 170 172 155 141 163 161
150 161 135 170 172 153 135 163 160
160 164 152 168 170 138 120 142 148
170 164 158 166 169 134 119 135 147
180 133 133 120 140 131 111 131 145
190 131 145 114 131 140 127 139 152
200 134 141 113 139 143 137 142 150
210 138 122 132 160 149 143 155 147
220 151 143 150 162 152 137 158 160
230 154 151 151 162 158 145 163 166
240 161 151 165 164 160 153 163 165
250 155 122 168 170 160 153 163 164
260 159 136 168 170 161 157 162 163
270 163 148 170 168 159 154 161 161
280 162 145 169 170 157 151 161 159
280 161 145 167 168 154 145 159 157
300 163 154 167 168 157 153 159 158
310 160 149 164 167 157 150 162 157
320 155 136 165 163 154 148 158 155
330 155 148 157 160 152 144 155 155
340 152 141 155 161 146 132 153 152
350 143 140 137 152 141 138 139 144
360 142 118 149 157 140 144 133 145
Tab. 9: Results of circular averaging of femur #2326 - left and right
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Degree |av2329 |endl-m medl-m |perl-m jav2329 |endr-m [medr-m|perr-m
10 171 172 173 167 158 158 161 155
20 172 170 174 172 157 135 164 160
30 173 170 175 172 158 139 167 163
40 169 161 175 171 163 158 168 162
50 170 163 175 171 167 165 170 164
60 173 170 175 172 168 167 171 164
70 173 173 174 171 163 153 170 164
80 174 174 175 171 169 170 172 165
90 173 173 175 172 171 172 172 168

100 174 174 175 172 172 172 173 170
110 173 173 175 172 171 169 173 170
120 173 174 174 172 171 170 173 170
130 174 174 175 172 172 171 174 170
140 173 173 174 171 171 168 173 171
150 173 171 175 171 169 166 171 168
160 169 160 175 170 168 164 172 167
170 163 140 174 169 164 158 171 161
180 165 147 175 168 166 159 172 165
190 167 153 174 170 163 156 169 164
200 170 164 175 170 166 159 169 168
210 167 156 174 171 165 162 168 163
220 167 158 172 170 164 161 166 165
230 171 167 175 171 170 164 174 172
240 174 172 176 173 171 165 175 172
250 172 168 174 172 173 169 175 174
260 174 170 175 175 169 159 173 173
270 174 170 175 176 171 169 172 171
280 175 173 176 176 169 168 171 168
290 174 171 176 176 168 170 170 165
300 173 169 175 174 166 167 168 163
310 171 168 172 172 165 165 168 162
320 165 159 168 168 163 164 166 160
330 160 149 161 167 162 161 164 161
340 171 170 172 171 158 152 164 157
350 170 169 175 166 1566 158 164 147
360 169 169 174 162 151 157 149 146
Tab. 10: Results of circular averaging of femur #2329 - left and right



96

[Degree |av2363 |endl-m medi-m peri-m |av2363 |endr-m medr-m perr-m
10 160 160 160 159 162 164 164 159
20 161 162 163 158 164 165 166 161
30 163 159 167 162 166 168 165 163
40 160 145 169 163 167 166 168 167
50 157 133 165 167 163 149 169 168
60 167 162 171 168 156 150 165 1562
70 169 166 171 169 167 162 171 169
80 169 169 171 166 171 172 172 170
90 168 164 172 167 170 170 171 169

100 169 163 172 171 169 167 172 169
110 169 163 173 171 169 166 173 169
120 170 163 174 172 170 168 172 170
130 172 167 174 173 169 164 171 171
140 171 165 175 173 169 161 171 173
150 170 164 173 172 169 158 174 174
160 170 164 174 172 171 165 174 172
170 171 165 175 172 168 164 170 170
180 172 166 175 173 168 165 171 169
190 171 165 174 173 170 165 173 172
200 172 168 175 173 172 170 173 173
210 172 168 174 174 172 169 174 172
220 167 158 172 172 173 170 175 175
230 169 164 172 171 169 165 172 169
240 169 161 174 173 171 166 172 174
250 169 163 173 171 170 163 171 175
260 171 165 175 173 170 167 171 172
270 173 171 175 173 165 150 171 171
280 172 170 174 172 165 156 170 168
290 169 168 171 167 164 156 170 164
300 168 165 171 168 161 150 167 163
310 167 165 170 166 165 159 170 163
320 164 158 167 164 165 157 170 168
330 163 162 165 160 165 162 170 164
340 158 162 159 153 166 160 172 165
350 162 159 164 163 162 155 169 161
360 160 163 161 157 164 158 169 164
Tab. 11: Results of circular averaging of femur #2363 - left and right
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Degree |av2366 |endl-m |med!-m |perl-m |av2366 |endr-m medr-m perr-m
10 134 103 113 154 142 119 136 164
20 136 113 122 157 141 124 138 157
30 135 108 124 163 159 146 162 165
40 152 137 148 167 159 151 161 165
50 159 144 155 164 159 148 164 163
60 156 144 151 164 158 149 161 164
70 138 99 119 160 160 152 162 165
80 140 98 124 164 164 161 165 165
90 152 118 151 173 164 159 168 165

100 150 113 145 174 166 163 167 168
110 160 110 156 176 167 164 169 168
120 162 141 165 174 162 149 168 168
130 153 110 125 173 160 143 170 166
140 159 128 164 170 169 164 173 169
150 161 145 166 167 159 136 167 167
160 158 141 169 161 165 162 166 166
170 153 145 157 157 162 157 162 167
180 145 123 143 159 155 147 152 165
190 142 122 140 158 150 120 157 170
200 133 97 116 154 156 130 163 174
210 154 132 164 163 160 126 169 174
220 155 125 167 170 159 135 160 175
230 151 111 146 172 160 125 167 179
240 154 103 147 180 164 135 171 178
250 149 110 144 181 170 156 176 176
260 150 113 148 181 172 164 174 175
270 165 123 169 181 169 166 166 175
280 162 118 170 179 170 163 173 175
290 170 146 178 178 168 159 171 173
300 172 162 176 176 167 158 170 173
310 156 119 170 175 161 149 164 169
320 147 118 145 175 166 160 170 169
330 143 109 133 174 154 132 163 166
340 148 113 148 168 145 117 146 168
350 144 121 160 147 141 110 142 161
360 133 101 124 156 141 122 134 163

Tab. 12: Results of circular averaging of femur #2366 - left and right



#2366 FEMORAL CROSS SECTIONS

SAMPLE MAXIMUM STROKE AT
LOAD (N)  |MAX. LOAD (mm)
PROXIMAL RIGHT #2 550.00 0.75
RIGHT #3 525.00 0.80
RIGHT #4 850.00 0.88
RIGHT #5 750.00 0.59
RIGHT #6 875.00 0.60
MEAN 710.00 0.72
SD 164.51 0.13
PROXIMAL LEFT #2 600.00 0.98
LEFT #3 600.00 0.98
LEFT #4 600.00 1.19
LEFT #5 725.00 0.95
LEFT #6 813.00 1.28
MEAN 667.60 1.08
SD 97.65 0.15
DISTAL RIGHT #1 613.00 0.75
RIGHT #2 440.00 0.83
RIGHT #4 380.00 0.88
RIGHT #5 363.00 1.10
MEAN 449.00 0.89
SD 114.21 0.15
DISTAL LEFT #1 505.00 0.70
LEFT #2 470.00 0.83
LEFT #4 435.00 0.83
LEFT #5 365.00 1.23
MEAN 443.75 0.90
SD 59.77 0.23
RIGHT MEAN 594.00 0.80
RIGHT SD 193.25 0.16
LEFT MEAN 568.11 1.00
LEFT SD 141.52 0.20
Tab. 13. Maximum load (N) and stroke load (mm) prior to fracture for #2366

femoral cross section



Appendix B:

Graphic presentation of data regarding X-Y table
position
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stp# 1000 TimeDif=6.64 ms R=250 S=2 F=20

Speed in steps per 6.64

Data presented in Tab. 2

Fig.D1: Velocity-Time (V-T) diagram with parameters: R250,52;F20;N1000

stp# 1000 TimeDif=6.64 ms R=250 S=2 F=20

1000 -
900§E
aooéi
7004
6004
500 |
4ooé§
3004
200
1oo§§

0 1

Position in steps

Data presented in Tab. 2

Fig. D2: Position-Time (S-T) diagram with parameters: R250,52;F20;N1000



101

stp# 1000 TimeDif=6.66 ms R=252 S=2 F=20

N
o

181

P W —
N O
-

10d
gl
61
a4l
o]

Speed in steps per 6.66 ms

Data presented in Tab. 3

Fig. D3: Velocity-Time (V-T) diagram with parameters: R252;5S2;F20;N1000

stp# 1000 TimeDif=6.66 ms R=252 S=2 F=20

1000
900
8004
7004
600

5oo{§

4004

300§

2004

1004

ol

Position in steps

Data presented in Tab. 3

Fig. D4: Position-Time (S-T) diagram with parameters: R252,52;F20;N1000
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stp# 1000 TimeDif=6.62 ms R=254 S=2 F=20

Speed in steps per 6.62 ms

D&a presented in Tab. 4

Fig. D5: Velocity-Time (V-T) diagram with parameters: R254,52;F20,N1000

stp# 1000 TimeDif=6.62 ms R=254 S=2 F=20

1000
000
8004
7004
6004
500{%
4004
3oo§§
2oo§§
1004

od

Position in steps

Data presented in Tab. 4

Fig. D6: Position-Time (S-T) diagram with parameters: R254,;52;F20;N1000
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20 stp# 1000 TimeDif=6.59 ms R=254 S=1 F=20

18
164
14
12
104
gl
61

Speed in steps per 6.59 ms

o1

Data presented in Tab. 5

Fig. D7: Velocity-Time (V-T) diagram with parameters: R254,51,;F20;N1000

stp# 1000 TimeDif=6.59 ms R=254 S=1 F=20

1000
9004
004
7004
6004
sooié

400@%

3004

2004

1003

od

Position in steps

Data presented in Tab. 5

Fig. D&: Position-Time (S-T) diagram with parameters: R254;51;F20;N1000
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stp# 500 TimeDif=6.39 ms R=252 S=1 F=30

N
o

181

Speed in steps per 6.39 ms
] 11 1 | ] i l

Data presented in Tab. 6

Fig. D9: Velocity-Time (V-T) diagram with parameters: R252,;S1,;F30,N500

stp# 500 TimeDif=6.39 ms R=252 S=1 F=30

Position in steps

Data presented in Tab. 6

Fig. D10: Position-Time (S-T) diagram with parameters: R252,;51;F30;N500
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stp# 500 TimeDif=6.33 R=252 S=2 F=20

3

12—-[

—
® O
-+

»
| -

Speed in steps per 6.
T

N
P B

o l Data presentedin iab. /

Fig. D11: Velocity-Time (V-T) diagram with parameters: R252,52;F20;N500

stp# 500 TimeDif=6.33 R=252 S=2 F=20

500 -
450
400%?
3504
3004
250%5
2004
1504
1004
504

ol

Position in steps

Data presented in Tab. 7

Fig. DI12: Position-Time (S-T) diagram with parameters: R252;52;F20;,N500
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stp# 500 TimeDif=6.52 ms R=254 S=1 F=30

N
o

R e U — O —
A O OO N A O
i

Speed in steps per 6.52 ms

N
et

o

Data presented in 1ab. 8

Fig. D13: Velocity-Time (V-T) diagram with parameters: R254,51,F30;,N500

stp# 500 TimeDif=6.52 ms R=254 S=1 F=30

500
4501
4004
3504
3004
2504
2004
150§§
1004

0 I

Position in steps

Data presented in Tab. 8

Fig. D14: Position-Time (S-T) diagram with parameters: R254,51;F30;N500
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Appendix C:

Computer programs



Program 1:

PROGRAM LISTING OF SCAN1.BAS

' $INCLUDE: 'atldefs.bi’ ' ATLAB function definition file.
' $INCLUDE: 'atlerrs.bi' ' ATLAB error definition file.

' $INCLUDE: 'atlexsub.bi’ " ATLEXSUR definitions
DEFINT A-X

DEFDBLZ

CONST TRUE = 1

CONST FALSE =0

CONST BUFFERSIZE = 2000

COMMON /space0/ Configuration AS AlConfiguration

DIM value(3000), V(256), xpos(1000), dist(3000)
DIM S(18), R(16), F(16)
DIM IM$(256)

CLOSE

BEGPROG:

CLS

COLOR 14

PRINT "CHOOSE THE LATERAL SIZE OF THE IMAGE"
PRINT "o "

PRINT

COLOR 12

FORi=1TO 16

PRINT USING " HE & #EHE & ;" - 17 256/ 100; "mm"
NEXT i

COLOR 9

PRINT : PRINT "YOUR CHOICE 1-16", : INPUT imagesize

CLS

COLOR 12

LOCATE 7, 25: PRINT " ADJUST THE X-Y TABLE I

COLOR3

SLEEP 2

LOCATE 12, 13: PRINT " The Data Files will be stored on drive E: "
COLOR 15

SLEEP 3

LOCATE 20, 10: PRINT " ENTER THE NAME OF THE IMAGE FILE >": : INPUT IMAGES$
OPEN "R", #3, "E:" + IMAGE$ + ".DAT", 32

108

FIELD #3, 2 AS IM$(1), 2 AS IM$(2), 2 AS IM$(3), 2 AS IM$(4), 2 AS IM$(5), 2 AS IM$(6),
2 AS IM$(7), 2 AS IM$(8), 2 AS IM$(9), 2 AS IM$(10), 2 AS IM$(11), 2 AS IM$(12), 2 AS

IM$(13), 2 AS IM$(14), 2 AS IM$(15), 2 AS IM$(16)

IF imagesize < 0 OR imagesize > 16 THEN GOTO BEGPROG
xdisp = imagesize * 256



' INITIALIZATION
OPEN "DEWEEEOUT" FOR OUTPUT AS #1 ' OF
IOCTL #1, "BREAK" 'IEEE 488 INTERFACE
PRINT #1, "RESET" ' FOR
OPEN "\DEWEEEIN" FOR INPUT AS #2 ' OUTPUT

! AND
PRINT #1, "FILL ERROR" ! INPUT

reterr = Al.Initialize 'INITIALIZATION
' OF

reterr = Al.Select.Board(1)

reterr = Al.Reset

' A/D INTERFACE

' SELECT BOARD 1

' RESET INTERFACE

reterr = Al.Get.Configuration(Configuration) ' CHECK FOR BOARD
maxchannel = Configuration.channelcount - 1 * CONFIGURATION AND NUMBER

following part not in use

' OF CHANNELS

! reterr = Al.Deciare.Buffer(0, buffer(0), 2000) 'SET A/D

' reterr = Al.Link.Buffer(0)
' reterr = Al.Setup.Adc(0, 1, ¢(0), g(0))
! reterr = Al.Set.Frequency(40000)

SCREEN 12

'‘BUFFER
'SET CHANNELS AND GAINS
'SET FREQUENCY OF A/D

‘vga GRAPHIC SCREEN

ox$ = "OUTPUT XA;" 'ox$ BECOMES THE OUTPUT ORDER FOR X-TABLE
oy$ = "OUTPUT YA;" 'oY$ BECOMES THE OUTPUT ORDER FCR Y-TABLE

PRINT #1, ox$; "A"
PRINT #1, ox$; "R 253"
PRINT #1, ox$; "S 2"
PRINT #1, ox$; "F 20"

PRINT #1, oy$; "A"
PRINT #1, oy$; "R 253"
PRINT #1, oy$; "S 2"
PRINT #1, oy$; "F 20"
PRINT #1, "ENTER 08"
INPUT #2, SX$

PRINT #1, "ENTER 07"
INPUT #2, SY$

PRINT #1, ox$; "+"
PRINT #1, ox$; "V 0"

PRINT #1, ox$; "N"; xdisp

itrigger = 8000

" INITIAL CONDITIONS
' OF X-AXIS"
' (CONTINUOUS MOTION)

' INITIAL CONDITIONS
' OF Y-AXIS
' (INCREMENTAL MOTION)

'CHECK X-TABLE POSITION
'FOR LATER DATA COMPUTATION

‘CHECK X-TABLE POSITION
'FOR LATER DATA COMPUTATION

'+ DIRECTION FOR X DISPLACEMENT
' DEFINE NUMBER OF STEPS FOR X DISPLACEMENT
'itrigger: VALUE MEASURED ON THR 17TH PIN

' OF THE KLINGER CONTROLLER AND
' USED AS A/D TRIGGER

109
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n=0 'o: COUNTER FOR D/A ACQUISITION
PRINT #1, ox$; "G" 'STARTS X-MOTION

WHILE itrigger > 2800 'SUBROUTINE CHECKING IF
'X-TABLE IN MOTION
n=n+1
reterr = Al.Adc.Value(0, 1, itrigger) ' PERFORM DATA ACQUISITION

'WHILE X-TABLE IN MOTION
'I.LE. ITRIGGER>2500

PRINT #1, "ENTER 06" 'CHECK X-TABLE POSITION

INPUT #2, A$ 'FOR LATER DATA COMPUTATION

xpos(n) = VAL(A$) !

.

WEND

PRINT #1, ox$; "-" 'REVERSE X DISPLACEMENT
PRINT #1, ox$; "N"; xdisp  'DEFINE THE NUMBER OF X STEPS
PRINT #1, ox$; "G" 'STARTS X-MOTION

FORi=2TOn-1 ‘SUBROUTINE FOR
IF xpos(i) = 0 THEN 'REMOVAL OF 0 VALUES
'DURING CHECKING
index =i + 1 'X-TABLE POSITION
st00: )
IF xpos(index) = 0 THEN !
index = index + 1 !
GOTO st100 !
ELSE !
z1 = xpos(i - 1)
22 = xpos(index) '
zxpos = 21 + (22 - z1) / (index - i + 1) '
xpos(i) = zxpos !
END IF '
END IF '

NEXT i '
Xpos{0) = 0

' START REAL DATA ACQUISITION

FORJ=1TO 256 ' J=NUMBER OF SCANNED LINES
PRINT #1, ox$; "+" '+ DIRECTION FOR X DISPLACEMENT
PRINT #1, ox$; "N"; xdisp ' DEFINE NUMBER OF STEPS FOR X DISPLACEMENT
itrigger = 8000 'itrigger: VALUE MEASURED ON THR 17TH PIN
! OF THE KLINGER CONTROLLER AND
! USED AS A/D TRIGGER

b=0 'b: COUNTER FOR D/A ACQUISITION



PRINT #1, ox$; "G" 'STARTS X-MOTION
WHILE itrigger > 2800 '‘SUBROUTINE CHECKING IF
b=b+1 "X-TABLE IN MOTION

reterr = Al.Adc.Value(1, 1, value(b)) ' PERFORM DATA ACQUISITION
' WHILE X-TABLE IN MOTION
'DATA STORED IN value ARRAY

reterr = Al.Adc.Value(0, 1, itrigger) ' PERFORM DATA ACQUISITION
' WHILE X-TABLE IN MOTION
'L.E. ITRIGGER>2800

WEND
PRINT #1, ox$; "-" 'REVERSE X DISPLACEMENT
PRINT #1, ox$; "N"; xdisp '+ 15 'DEFINE THE NUMBER OF X STEPS
PRINT #1, ox$; "G" 'STARTS X-MOTION
FORK=2TOb-1 'COMPUTATION OF THE LOCATION OF

zb=b 'b D/A VALUES

Zn=n

zk = K

zk =zk *zn / zb

i = CINT(zKk)

zZi =i

z1 = xpos(i)

22 = xpos(i + 1)
xpk = z1 + (22 - z1) * (zk - zi)

dist(K) = xpk
NEXT K

dist{1) = xpos(0)

dist(b) = xpos(n)

index0 = 1

V(1) = value(1)
V(256) = value(b)

FORK=2TO 255 ' COMPUTATIONS FOR
zdmax = dist(b) ' 256 EQUIDISTANT VALUES
zdistk = K

zdistk = zdistk * zdmax / 256

st01:
IF dist(index0) < zdistk THEN
index0 = index0 + 1
GOTO st01
ELSE
index0 = index0 - 1
zvil = value(index0)
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zvi2 = value(index0 + 1)
zdi1 = dist(index0)

zdi2 = dist(index0 + 1)
zvalk = zvil + (zvi2 - zvil) * (zdistk - zdi1) / {zdi2 - zdi1)
V(K) = zvalk
ENDIF
NEXT K
PRINT #1, ox$; "+" 'REVERSE X DISPLACEMENT
" PRINT #1, ox$; "N"; 15 ‘DEFINE THE NUMBER OF X STEPS
' PRINT #1, ox$; "G" 'STARTS X-MOTION

FORK =1 TO 256
zk = V(K)
zk = 15 * zk / 4095
PSET (K + 160, J + 50), (zk MOD 14) + 1 'SIMPLE PLOTTING

NEXTK
PRINT #1, oy$; "+" 'PLUS Y DISPLACEMENT
PRINT #1, oy$; "N"; imagesize 'DEFINE NUMBER OF STEPS FOT Y MOTION
PRINT #1, oy$; "G" 'START Y MOTION

LOCATE 1, 1: PRINT "NUMBER OF DATA: "; b

FORi=1TO 16 'SAVE DATA ON A FILE

FORK=1TO 16
RECORDINDEX = (i- 1) * 16 + K
LSET IM$(K) = MKI$(V(RECORDINDEX))

NEXTK

FILEINDEX = (J - 1) * 16 + i
PUT #3, FILEINDEX
NEXT i
NEXT J
PRINT #1, ox$; "P"; VAL(SX$)
PRINT #1, oy$; "P"; VAL(SY$)

PRINT #1, "OUTPUT 06;0" 'RESET X-TABLE
PRINT #1, "LOCAL 068" 'X-TABLE BECOMES LOCAL (enable KLINGER front pannel)

PRINT #1, "OUTPUT 07;0" 'RESET Y-TABLE
PRINT #1, "LOCAL 07" 'Y-TABLE BECOMES LOCAL (enable KLINGER front pannel)

CLOSE

COLOR 15

LOCATE 23, 5: PRINT "IMAGE DONE",

Ag="" ' CLOSE LOOP

WHILE A$ = " ' FOR DELAY:

A$ = INKEY$S "HIT ANY KEY TO CONTINUE
WEND '

END



Program 2:

PROGRAM LISTING OF SCAN2.BAS

$include "leeelO0.BAS™

DEFINT A-X

DEFDBLZ

BUFFERSIZE = 2000

DIM value(30000), V(256), k(5000), xpos(1000), dist(3000)
DIM S(16), R(16), F(16)

DIM IM$(256)

CLOSE

BEGPROG:

CLS

color 11

print : print "IMAGE SIZE 5 - 18"; : INPUT imagesize
color 14

print : input "File Name [E:\{file name}]";IMAGE$

IF imagesize < 5 OR imagesize > 18 THEN GOTO BEGPROG
xdisp = imagesize * 256
cls

wrwwrxrx GPIB Interface initialization *

Buf$=Space$(10)

call leeeOpen

call leeeWrite("LOCAL XA")
call leeeWrite("LOCAL YA")
call leeeWrite("RESET")

call leeeWrite("FILL ERROR")
call leeeWrite("ERROR OFF")
call leeeWrite("RESET")

call leeeWrite("CLEAR")

out (&h210),0
out (&h211),0
out (&h210),&h19
out (&h211),0
out (&h212),2

OPEN "R", #3, "E\\" + IMAGES$ + ".DAT", 32
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FIELD #3, 2 AS IM$(1), 2 AS IM$(2), 2 AS IM$(3), 2 AS IM$(4), 2 AS IM$(5), 2 AS IM$(6), 2

AS IM$(7), 2 AS IM$(8), 2 AS IM$(9), 2 AS IM$(10), 2 AS IM$(11), 2 AS IM$(12), 2 AS

IM$(13), 2 AS IM$(14), 2 AS IM$(15), 2 AS IM$(16)
SCREEN 12

rarwmrrx . XY-Table initialization  *******
call leeeWrite("OUTPUT XA;A")
call leeeWnte("OUTPUT XA;R 249")



call leeeWrite("OUTPUT XA;S 2%)
call leeeWrite("OUTPUT XA;F 20%)
call leeeWrite("OUTPUT YA;A")

call leeeWrite("OUTPUT YA;R 251")
call leeeWrite("OUTPUT YA;S 2")
call leeeWrite("OUTPUT YA;F 20"
call leeeWrite("OUTPUT XA;V 0")

call leeeWrite("ENTER YA")

SY$ = FNleeeRead$

call leeeWrite("ENTER XA")

SX$ = FNleeeRead$

IMAGE $=ucase$(IMAGES$)

locate 23,5:print "> ";IMAGES$+".DAT"
line (161,101) - (416,356),2,b

frrxwxwrr X-Table motion characteristics ****

itrigger = 1000

n=0

call leeeWrite("OUTPUT XA;-")

call leeeWrite("OUTPUT XA;N"+str$(xdisp))
call leeeWrite("OUTPUT XA;G")

'delay 0.1

call leeeWrite("ENTER YA")

tp$ = FNleeeRead$

WHILE itrigger > 200

incrn
out (&h210),&h19
out (&h211),0
while (inp(&h210) and &h01)=0

wend

itrigger=(inp(&h213)*&h100)+INp(&h212)

if (inp(&h211) and &h80)=0 then call er

call leeeWrite("ENTER XA")
A8 = FNleeeRead$
xpos(n) = abs(VAL(A$))
WEND
call leeeWrite("OUTPUT XA;+")
call leesWrite("OUTPUT XA;N"+str$(xdisp))
call leeeWrite("OUTPUT XA;G")
delay 2
(E X2 R X2 X Zero correction ek e U o ok e A ok

for i = 2 to n-1
if xpos(i) = O then
index = i+1
hb1:

if xpos(index) = O then
index = index + 1
goto hbi

else
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z1 = xpos(i - 1)
22 = xpos(index)
zxpos = z1 + (22 - z1) / (index - i + 1)
xpos(i) = zxpos
end if
end if
next i

mrweerrt START REAL DATA ACQUISITION

FORJ =1TO 256

if inkey$ = " " then goto final
fori=1tob + 200

value(i) = 0

next i

delay 1.2

itrigger = 1000
b=0

ptf =0

sr=0

iw=0

ic=0

call leeeWrite("OUTPUT XA;-")

call leeeWrite("OUTPUT XA;N"+str$(xdisp))
call leeeWrite("OUTPUT XA;G")

call leeeWrite("ENTER YA")
tp$ = FNieeeRead$

WHILE itrigger > 180

b=b+1
out (&h210),&h19
out (&h211),1
while (inp(&h210) and &h01)=0

wend
value(b)=(inp(&h213)*&h100)+inp(&h212)

if (inp(&h211) and &h80)=0 then call er

out (&h210),&h19
out (&h211),0
while (inp(&h210) and &h01)=0
wend
itrigger=(inp(&h213)*&h100)+inp(&h212)
if (inp(&h211) and &h80)=0 then call er
WEND
cali leeeWrite("OUTPUT XA;+")
call leeeWrite("OUTPUT XA;N"+str$(xdisp))
call leeeWrite("OUTPUT XA;G")
call leeeWrite("OUTPUT YA;+")
call leeeWrite("OUTPUT YA;N"+str$(imagesize))
call leeeWrite("OUTPUT YA;G")
rrrreeer Find max A/D values
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icmax=5
for ic=1 to 20
if value(ic)>icmax then
icmax=value(ic)
ptr=ic
end if
next ic
k(0)=value(ptr)
sr=0
deb1:
icmax=5
incr sr
ic=ptr+12
if ic>b then goto fint
for iw = ic to ic+6
if value(iw)>icmax then
icmax=value(iw)
k=iw
end if
next iw
ptr=k
k(sr)=value(ptr)
goto deb1
fin1:
fork = 2 to sr - 1
zsr = sr
Zn=n
zk = k
zk = zk * zn / zsr
1 = CINT(zk)
2i=1
z1 = xpos(i)
22 = xpos(i + 1)
xpk = 21 + (22 - z1) * {2k - zi)
dist(k) = xpk
next k
dist(1) = xpos(0)
dist(sr) = xpos(n)

index0 = 1
V(1) = k(1)
V(256) = k(sr)
for k = 2 to 255
zdmax = dist(sr)
zdistk = k
zdistk = zdistk * zdmax / 256
st1:
if dist(index0) < zdistk then
index0 = index0 + 1
goto st1
eise
index0 = index0 - 1
zvil = k(index0)
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zvi2 = k(index0 + 1)
zdi1 = dist(index0)
zdi2 = dist(index0 + 1)
zvalk = zvit + (zvi2 - zvit) * (zdistk - zdi1) / (zdi2 - zdi1)
V(k) = zvalk
end if
next k
fin2:

e plot  pixels
FOR K =1 TO 256
zk = V(K)
zk = 15 * zk / 2047
PSET (K + 160, J + 100), (zk MOD 14) + 1
NEXT K

wew* save data on file
FORi=1TO 16
FORK=1TO 16
RCINDEX =(i- 1) * 16 + K
LSET IM$(K) = MKI$(V(RCINDEX))
NEXTK
FLINDEX = (J - 1) * 16 + i
PUT #3, FLINDEX
NEXT i

locate 1, 1: print "NUMBER OF DATA: "; sr,b
locate 1, 50: print "LINES MORE TO GO: ";256 - J

NEXT J

final:

call leeeWrite("OUTPUT XA;P"+str$(VAL(SX$)))

call leeeWrite("OUTPUT YA;P"+str$(VAL(SY$)))

call leeeWrite("OUTPUT 06;0")

call leeeWrite("LOCAL 06")

call leeeWrite("OUTPUT 07;0")

call leeeWrite("LOCAL 07")

CLOSE

COLOR 15

LOCATE 23, 5: PRINT "IMAGE DONE "
call leeeClose

A$ =
WHILE A$ =™
AS = INKEY$
WEND

sub er

shared ibase
out(&h211),(inp(&h211) and &hf7)
end sub

END



118
Program 3:

PROGRAM LISTING OF SCAN3.BAS

This is only the data acuisition section of the SCAN3.BAS experimental program, because
the other parts are simmilar to the previous program SCAN2.BAS

out (&h210),0
out (&h211),0
out (&h210),&h19
out (&h211),0
out (&h212),2
while inkey$ = ""
out (&h210),&h1A
out (&h211),0
while (inp(&h210) and &h01)=1

wend
locate 10,35: print (inp(&h213)*&h100)+inp(&h212)

if (inp(&h211) and &h80)=0 then call er

wend

end
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Appendix D:

Description of stepper motor controller
movement characteristics



Also, it is possible to load an entire program with a singie byte count value. To do this, i1ssue the E command with a data
count value of zero, followed by the first command character of the program. Instead of following this character by the
normal data count, use a count equal to the remaining total characters of the program, up to, and inciuding the @
command. Do not include the Q command in the count. The Q command should then be issued separately, ending the
program entry mode and reverting to command mode. When this method of program loadingris used, the @ command
must have a binary value of zero, not the ASCIl character “@”. The program may also be loaded as separate commands,
with a normal data count for each command. This 1s the procedure used for command mode operation as weil.

6.5 STEP RATE CONTROL
The CC-1 allows you to define the step rate and acceleration rates in very fine increments (1@ microsecond changes).
This 1s easiiy done through the rate, siope and factor (R, S, and F) commands. By proper choice of the R, S, and F

parameters, it 1s possible to control the starting rate, the number of steps from the starting rate to the slew rate, and the
final slew rate.
hal siew rate.

CC-1 Rate Equation

108
(256~1) - (80) + z - (10) + 75 +7 5

Steps per second =

The equation and this discussion use several variables which are defined as follows:
r = Rate parameter as set by the R command
s = Slope parameter as set by the S command
f = Factor parameter as set by the F command
y = Integer (255-f)/s
z = Internal factor value

The variable y represents the number of steps required to ramp up from the starting rate to the slew rate, and the number
of steps to ramp down again before stopping.

The internal factor, z, changes in value for each step while ramping. When accelerating, z = 255 —n - s, where n is the step
number from the start of motion, beginning with n = 1. When z = f (slew speed) the maximum step rate for any particular
value of r and f has been reached. While decelerating, z =f + n - s, where n Is the step number from the start of deceleration.

From the above discussion, we can deduce the starting step rate equation and the final (slew) step rate equation:
Starting Step Rate
1068
(256—r) - 80 + (255~s) - 10 + 75 £7.5

Steps per second =

Slew Step Rate
106
(256-r) - 80 +f- 10 + 75 7.5

Steps per second =

The rate equation applies as specified when 1<r<<254. In the case where r = 255, the rate will not follow the equation,
but will differ, depending on the direction of motion

The rate for the + direction i1s 108/ (218 + z - 10).

The rate for the — direction 1s 108/(232 + z - 10).

The £7.5 term In the rate equations represents an uncertainty between the exact instant the step time expires and the
point at which it is detected. For any given setting of the parameters, the step rate will be a constant within the + range

specified. The CC-1 will not exhibit a jitter from step to step and the exact step rate is repeatable with the same input
parameters.



Table 6.4 is a listing of the range of possible slew rates for a given setting of r. The slowest step rate in each range uses
the value f = 255, and the fastest rate is obtained when f = 1.

Table 6.4 Rate Table

Steps/second
Rate r f =255 f=1
1 43 48
25 47 53
50 52 60
75 58 68
100 66 79
125 76 94
150 90 116
175 109 152
200 140 219
205 149 240
210 158 265
215 169 297
220 181 337
225 195 389
230 212 461
235 232 566
240 256 732
245 285 1036
250 322 1769
251 330 2061
252 339 2469
253 349 3076
254 359 4081

Note that the CC-1 1s capable of outputting step rates much greater than 2080Hz. However, for UE30 and UE72 motor
types, operation I1s not guaranteed above 2000Hz.



6.5.1 RAMPING MODE OF OPERATION

The maximum step rate is defined by a combination of the rate and factor parameters, as indicated in the step rate
equation. For step rates greater than 40@Hz, the initial step rate will not be at the maxtmum rate, but will ramp up to this
rate from a slower value. The slope, or number of steps required to attain the maximum rate, 1s defined by the slope
parameter. When stepping begins, an internal factor value (z) I1s set to 255. The value of the slope parameter is then
subtracted from this internal factor once per step, increasing the step rate as the factor decreases (see the equation).
Note that the rate parameter i1s not changed by this process, only the internal factor. When the internal factor becomes
less than or equal to the value specified by the factor command (f), the maximum rate has been reached, and the internal
factor 1s set so the specified rate 1s maintained. The CC-1 will continue slewing until it 1s time to ramp down to hit the
target position. The point at which this occurs is determined automatically and the value of the slope parameter is added
to the internal factor once per step, producing a slower step rate until the target posttion is reached, or the slowest rate is
attained (internal factor z = 255).

IMPORTANT

If the number of steps to travel is less than the number required to reach the maximum step rate and then ramp
down again, the CC-1 will not ramp. Instead 1t will just step to the target position at a step rate determined by the
value of the R parameter and f equals 255.

The number of steps needed to accelerate is given by (255 —f) /s. This same number of steps is necessary to
decelerate. If the number of steps to reach the target position s less than twice the value given by (255 - f})/ s, the
CC-1 will not ramp at all. It will use the R parameter given, ignore the F parameter given and instead set it to 255. It
will then use the slew rate equation to determine the stepping rate. For example, if the following program was
entered:

“R 2531";"S 14", “F 201", “N 460", “Gl"

The number of steps necessary to accelerate and then decelerate 1s equal to:
2+0(255 -f)/s]=2+[(255 — 20)/1] = 470

Since our target position is less than 478 steps away, the CC-1 will not ramp. It wiil step to the target position at a
rate determined by:

steps/sec = 106/(256 — r)- 88 + 10 - f+ 75 +£7.5

The CC-1 will set f = 255 and use the r parameter given.
steps/sec = 10%/(256 — 253) - 80 + 1@ - (255) + 75 +7 5 = 348

Itis recommended that a rate parameter of 253 or higher be chosen for siewing. This minimizes the time 1t takes to reach
the maximum speed.

Depending on the motor used, the load, and the final speed, a fast acceleration ramp (s = 7, 8, etc.) or a slow ramp
{s =1, 2, etc.) may be used. Note that since the slope parameter changes the instantaneous step rate once per step (not at
a constant rate) the acceleration 1s not linear The effective acceleration rate is higher for higher step rates. For speeds
below 4@0Hz (or higher If your application permits) where ramping 1s not required, use a value of 255 for the slope (s)
parameter.

IMPORTANT

Note that the factor command must always be entered after the slope command. if the slope is changed, the factor
command must be repeated after the new slope, to Insure proper ramping operation. This is because the varniable y
1s calculated only when a factor value 1s entered, not when a slope value is entered or before a motion 1s executed.
A new set of parameters is not entered for each motion, but may be entered to change the step rate.




6.6 APPLICATION HINTS AND TECHNIQUES

Programming the CC-1 is straightforward. However, you may encounter some problems setting the optimal step and
acceleration rates. In this section we first present a functional grouping of the CC-1 commands and second, we present a
discussion for setting the rate, slope and factor parameters for optimal performance.

6.6.1 FUNCTIONAL GROUPING OF CC-1 COMMANDS

Relative Indexing

Relative indexing makes use of the N, +, —, and G instructions.

N specifies the number of steps in the motion (not a final position).

+ or — is used to set the direction.

G is the command to make the motion.

Motions of equal length may be performed without re-entering the N parameter.

Absolute indexing

For absolute indexing, the A instruction is used to establish the zero position.
The P instruction is then used to move to a specified posttive position.

Although all positions must be positive (with respect to the zero position), the direction of motion depends upon the
starting and end positions of a move. For example, if the position before the execution of a “P 5600!” command i1s 10000,
the direction of the move I1s negative. If the position before the execution of the command is 1000, the direction 1s positive.
Note that this zero position does not necessarily correspond to the zero position of the display

Positive and negative relative indexing may be intermixed with absotute indexing provided that any negative relative
motion does not move the stage past the established zero position. if this occurs, the position defined by the A command
is lost and all subsequent P commands wiil execute incorrectly.

When mixing absolute and relative indexing you must keep track of the last direction of travel. This is because there is a
single direction register for both indexing modes. For example, if a relative move s desired immediately after a negative
direction P command is executed, the motion will be in the negative direction, even though you may have outputted a
“+{” command previously. The example below will make this clear.

wApT
“N 100"

ey :direction register = +

“Gl”

“P 2000!” .direction register = +

“P o :direction register = —

“Gi” relative motion will be in negative direction

Wait Instructions

The X instruction may be executed during command mode or program execution mode to perform a timing function. It
takes a numerical argument which is the time in multiples of 1.83 msec.

The U and W instructions are used only in program execution mode to poll the wait input hne (pin #15, G.P. 170
connector). If the line is in the wait state, program execution is halted until it changes state.

Loop Instructions
These instructions are used only in program execution mode.

The L instruction takes two arguments. The first argument is the loop counter. The second is the location of the
instruction which begins the loop (zero marks the first instruction entered after an £ command).

The J instruction simply performs the jump function of the L instruction without having a loop counter. Its single argument
is equivalent to the second argument of the L instruction. It can also be used to start stored program execution at any
desired location.



The T instruction will cause the program to loop back to location zero as long as the loop input is low.

The D instruction 1s normally given in command mode to start execution of a stored program. If it is also included in a
stored program, the program will loop back to location zero indefinitely. Program execution can be stopped by resetting
the system or by inputting an | instruction or a Q instruction. The Q instruction will halt the execution and return the
system to command mode. The | instruction will do the same and, in addition, erase the stored program.

Programmable Output
The B and C instructions are used to set and clear a programmable output line (pin 16 on the General Purpose I/0
connector). This line 1s initialized 1n the high state.

Rate Control

The R, S, and F instructions are used to define the step rate and acceleration rates in very fine increments (10 usec
changes). By proper choice of the rate, slope, and factor parameters, it 1s possible to control the starting rate, the number
of steps from the starting rate to the slew rate, and the final siew rate

6.6.2 DETERMINING OPTIMAL R, S, F PARAMETERS

The optimal values of the R, S, F parameters will vary depending on the load, the desired stepping rate and the
mechanical properties of the positioning stage. By optimal, we mean achieving the desired stepping rate with the
quickest acceleration without stalling the stepping motor.

The determination of the parameters is best done by trial and error when your system is set up. The trial and error method
involves varying one parameter while keeping the other two constant.

The eguation for steps per second 1s

steps/sec = 106/(256 —r)- 8@ + 10 - z + 75 £7.5
The vanable z 1s equal to 255 — n - s and changes in vaiue for each step while ramping. The variable n is the step number
from start of low speed motion beginning with n = 1. This implies that the starting low speed I1s given by.

steps/sec (low speed) = 108/(256 —r) - 8@ + (255 — s) - 10 + 75 £7.5
The CC-1 will start the stepping at the low speed rate and accelerate towards the high speed rate. For each step taken
while ramping, the variable z will decrease. The CC-1 will stop accelerating when z is less than or equal to f This then
Is the slew rate. Using the fact that z = 255 — n - s (n = 1) In low speed and z = fin high speed, we can determine the

number of steps needed to accelerate. This is handy because it tells you how much travel distance is needed to ramp up
to high speed.

z2=255-n-'s=f°

Solving for n, we get n = 255s—f

.n = number of steps in ramp

Using the fact that z = f 1n high speed we deduce the slew rate equation

steps/sec (slew rate) = 106/(256 —r) - 8@ + 10 - f + 75 £7.5



Studying the equations and considering the properties of a positioning stage with its load the following are apparent:
1. The highest low speed is attained with the largest r and s parameters, regardiess of the f parameter.
2. The highest slew rate Is attained with the largest r parameter and the smallest f parameter.
3. The quickest acceleration 1s attained with a large f and a large s. However, a large f will reduce the slew rate.
This would imply that we should keep f small and make s larger to compensate. However, we do not get good
resolution when we change the value of the s parameter. A numerical example should make this point clear.

For example, let's assign f = 15, and s = 2 in one Instance and s = 3 in another instance. From the equation’

n=255-f we get:
S
for s=2; n =255-15 - 248 _

2 2

for s=3; n=§’§.‘_15. =3@=80

We see that for a small change in s (the smallest possible) we get a drastic difference 1n the number of steps needed to

accelerate. Here you may find that 120 steps is too long an acceleration and 8@ steps is too short (it stalls the stepping
motor).

To get better resolution so that the number of steps to accelerate 1s somewhere between 80 and 120 steps we can do
one of two things:

1. with s=2, increase f, or

2. with s =3 decrease f

If we choose alternative 1 and increase f, the number of steps to accelerate will go down from 12@ but the slew rate will
also decrease.

If we choose instead to decrease f, the number of steps to accelerate will go up from 80 but the slew rate will increase.

However, even though the number of steps to accelerate has increased, it may still be too quick because the slew rate
has also increased.

Point 3 outlines the compromise that you must deal with. The best way to arrive at a solution 1s through trial and error. As
a convenience, the following BASIC program Is presented, which allows you to quickly change the value of parameters,
prints the starting speed, final speed and the number of steps to accelerate, then outputs the parameters to the CC-1 and

inttiates a movement. Depending on the result of the movement, you can change the value of the parameters to meet
your needs.

The program is written using the IEEE-488 and BASIC commands of the PET Commodore microcomputer. The device
address is assumed to be 6. Refer to section Vil for explanation of |IEEE-488 programming.
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