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Abstract

Laser Doppler Perfusion Imaging (LDPI) has become a standard method for optical
measurements of blood perfusion.

This project report describes the design and performance of a bench model of a
high-speed LDPI system for monitoring blood flow over a small area of skin tissue.

The system is composed by a line camera, a laser line generator, a brushless motor,
a single axis positioning table, two sets of limit switches (optical and electromechanical), a
data acquisition module (National Instruments (NI) USB-6008) and an electronic support
system (power supplies, interfaces, etc).

These hardware components are completed by two Matlab toolboxes: Image
Acquisition Toolbox (IAT), version 2.9, and Data Acquisition Toolbox (DAT), version 1.8
that controls them and does the data acquisition and analysis. The DAT deals with the NI
USB-6008 used in three main control functions: the motor, the laser line generator and the

reading of the optical limit switches. The IAT is used to control the camera.
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Resumo

A imagiologia da perfusdo por Laser Doppler tem-se transformado no principal
método Optico para a medicao da perfusdo sanguinea.

Este trabalho descreve o projecto e o desenvolvimento de um modelo de bancada
de um sistema de Imagiologia Laser Doppler para a monitorizacdo do fluxo sanguineo
numa pequena porg¢éo de pele.

O sistema € composto por um sensor de linha, um gerador de linha laser, um motor
sem escovas, uma mesa de posicionamento, dois conjuntos (Opticos e electromecéanicos) de
interruptores de fim de curso, um modulo de aquisi¢do de dados (National Instruments (NI)
USB-6008) e um sistema electronico de suporte (alimentacao, interface, etc).

Estes componentes sdo controlados por duas toolboxes do Matlab: a Image
Acquisition Toolbox (IAT), versdo 2.9, e a Data Acquisition Toolbox (DAT), versdo 1.8.
O DAT permite o controlo da NI USB-6008 que é usada para controlar o funcionamento
do motor, do gerador de linha laser e para a leitura dos interruptores opticos de fim de

curso. A AT € usada para controlar o sensor de linha.
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Acronyms

BLDC Brushless DC Motor

CMBC Concentration of Moving red Blood Cells
DAT Data Acquisition Toolbox

DC Direct Current

FFT Fast Fourier Transform

fps Frames per second

GUI Graphical User Interface

IAT Image Acquisition Toolbox

LDF Laser Doppler Flowmetry

LDPI Laser Doppler Perfusion Imaging
LDPM Laser Doppler Perfusion Monitoring
NI National Instruments

Perf Perfusion

RBC(s) Red Blood Cell(s)

ROI Region of Interest

rpm Revolutions per minute



Chapter 1

Introduction

In this chapter, the motivation and objectives of this work will be outlined. A brief

summary of the organization of this report will also be made.

1.1 Motivation

Over the last years, the cardiologist community has granted an increasing degree of
importance to arterial microcirculation as an indicator of the general hemodynamic
condition in humans. In fact, apart from playing a central role in the regulation of the
metabolic, hemodynamic and thermal state of the individual !, researchers are now
uncovering its correlation with other conditions and diseases. Deepening the knowledge in
these areas has, therefore, become a major goal pursued by the medical community.

The majority of flow measurement methods have been developed for use in cardiac
flow assessments for the mapping of flow conditions in the major vessels and in the vessels
located in the periphery of the vascular tree. The reason for focusing development efforts
in this part of the circulatory system is easy to understand. In industrialized countries,
approximately 50% of deaths are related to circulatory disorders .

This fact explains the considerable clinical interest in problems such as
arteriosclerosis, obstructive and/or occlusive diseases in the heart, and in the major arteries.
The end stages of these diseases are often dramatic and attract a great deal of interest from
many researchers with theoretical as well as clinical interests. In spite of the early
discoveries of the existence of a microcirculatory network, the methods to study this part
of the circulatory system are less developed in comparison with those available for flow
measurements in the major vessels. The main reason for this is the complexity of the 3D
microcirculation network.

Most flow-measuring probes available today, cause trauma that might seriously
disturb the blood flow of microcirculation in the part of the organ into which the probe is
introduced. Flow measurement in the microcirculation requires non-invasive procedures or
approaches causing little or no trauma. It is also important to find measurement principles

that do not disturb the circulation 2,

Doppler Flowmetry — Line Imaging Techniques 1



Chapter 1 — Introduction

In order to successfully diagnose and treat these diseases, the Laser Doppler
Flowmetry (LDF) technique has been the one that has shown the most interesting
developments in the clinical perspective and, as a result, it has developed over the years
from experimental tools into commercial products P,

However, the dependence of the LDF signal on the microvascular architecture is
not yet well known. Neither in the literature nor in the commercially available
instrumentation does a consensus exist about a metric for quantifying blood perfusion. The
results presented in the literature are generally expressed in arbitrary units (A.U.),
remaining in the open the definition of a quantity that satisfactorily represents what in a
theoretical model would be expressed in ml/seg./vol. of tissue (ml per second per volume
of tissue). A perfect understanding and knowledge of the LDF signal origin is therefore not

yet available for clinicians.

1.2 Objective

The present study aims at developing instrumental methods (prototypes and
algorithms) for the assessment of blood perfusion (arterial microcirculation). It describes
the design of a LDPI system for monitoring blood flow over an area of tissue using a line
imaging technique.

1.3 Outline of this work

This document is organised as follows:

In chapter 2, two separate theoretical overviews are made. The first one focuses the
basic physiologic aspects of the main target of the system — the skin. The second outlines
the physics of the Doppler Effect and speculates on how it applies in the case of line
imaging.

In chapter 3, an outline of the development of the LDF and the current status of
some available instruments for assessing blood perfusion is made.

Chapter 4 deals with the basic principle of operation of the system. A description
of the bench model and the performance of each of its parts is made.

In chapter 5, all routines for controlling the camera, the laser line generator and the

motor, as well as software for analysing the collected data, are explained.

Doppler Flowmetry — Line Imaging Techniques 2



Chapter 1 — Introduction

Theoretical background and subsequent values estimations, when applied to this
prototype, are developed in chapter 6. The objectives of a specially built hydraulic test
system are presented and the functional tests explained.

As a general rule, at the end of each chapter, conclusions are drawn and suggestions

for future work or developments are made.

1.4 References

[1] Stern M. D., “In vivo evaluation of microcirculation by coherent light scattering”, in
Nature, Vol. 254, March, 1975, pp. 56-58.

[2] Oberg P. A., “Optical Sensors in Medical Care”, in Sensors Update 13, Sweden, 2004,
pp. 201-232.

[3] Nilsson G. E., Salerud E.G., Stromberg T., and Wardell K., “Laser Doppler perfusion
monitoring and imaging, in Biomedical Photonics Handbook”, T. Vo-Dinh, Eds., CRC
Press, Boca, Raton, London, New York, Washington DC, 2003.

[4] Shepherd A. P., and Oberg P. A., “Laser-Doppler blood flowmetry”, in Kluwer
Academic Publishers, Boston, Dordrecht, London, 1990
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Chapter 2

Theoretical background

In this chapter, two separate theoretical overviews will be made. The first one
focuses the basic physiologic aspects of the main target of the system — the skin. The
second outlines the physics of the Doppler Effect and speculates on how it applies in the

case of line imaging.

2.1 The skin and the blood perfusion

The anatomy of the human skin is shown in figure 2.1 and it consists of three

layers: the epidermis, dermis and hypodermis.

Epidermis
l-i A ‘., \ ‘ o PapillaryL.;.gps

B P

- ;:-;:._.!:."-'»I-"!r' g *i\"‘v'v’ Subpapillary plexus
Dermis A

" Arteriovenous

anastomosis

S LK
' . | Cutaneous plexus
N \l7
~ ) !
Hypedermis / ]

A— ——
Arterial inflow Venous outflow

Figure 2.1 A model of the human skin [,

The epidermis is the most superficial layer. It functions as a protecting cover, is
avascular, and is quite transparent to light, especially near-infrared radiation.
The dermis is located underneath the epidermis. It contains a microvascular

network of arterioles, capillaries and venules that provides the tissue with nutrients and
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Chapter 2 — Theoretical Background

eliminates waste products. The microvascular network is known as microcirculation (blood
perfusion).

The blood perfusion includes the blood flow through vessels smaller than 100 um,
including small arteries (arterioles), capillaries, small veins (venules), and shunting vessels
(arteriovenous anastomosis). It comprises the blood vessels of the most peripheral part of
the vascular tree ', The main functions of the microcirculation are transporting blood cells
and substances to/from the tissues, and as body coolant in thermoregulation processes. It
also contributes to tissues colour and stiffness *.

Microvascular blood perfusion is influenced by time fluctuations and spatial
variability. Time fluctuations may be either rhythmic, as in the case of vasomotion, or
more stochastic, and have a local or a central origin; spatial variability originates in the
anatomical heterogeneity of the microvascular network. Perfusion of blood in the skin is
influenced by external factors such as heat, topically applied vasoactive substances and by
the intake of beverages and drugs, as well as by smoking or by mental stimuli. In addition,
microvascular blood perfusion is regulated via the autonomous nervous system and
through vasoctive agents released by the endocrine glands into the bloodstream /.

This blood flow can be altered by diseases like peripheral arterial occlusive disease,
diabetes mellitus, allergic reactions, and tumours. In addition, impaired circulation in
association with diabetes and peripheral vascular disease may lead to the formation of
ulcers and ultimately to tissue necrosis. Consequently, the perfusion of blood in the skin as
well as in other tissues needs to be investigated by the use of non-invasive methods with a
minimal influence on the parameters under study. Such methods should preferably record
the perfusion in real time and be applicable in experimental and clinical settings ™.

The dermal microvasculature of dermis consists of a superficial subpapillary plexus
and a profound cutaneous plexus (see Figure 2.1). The subpapillary plexus is located at a
depth of 400-500 um from the surface. From the subpapillary plexus, capillary loops (10
um in diameter) arise toward the stratum basale to deliver blood to this active epidermal
cell generating tissue, the papillary loops. Therefore, this blood flow is referred to as
nutritional flow. The subpapillary plexus is connected by ascending arterioles and
descending venules to the cutaneous plexus, located at about 1.9 mm from the surface of
the skin. In some areas like fingertips, nose, lips and ears, there are interconnections

between these two plexuses often provided with vascular shunts (arteriovenous

anastomoses). The shunting vessels are meant to enable a fast increase or decrease of blood
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Chapter 2 — Theoretical Background

flow through the skin to regulate the body temperature. This thermoregulatory flow
prevents the body from large temperature changes [.

The hypodermis is the deepest skin layer and it is not present in body areas where
the skin is thin. It functions as a thermal insulation and a mechanical shock protector. Most
of the blood flow pats, through this skin layer, are composed by pairs of ascending
arterioles and descending venules. Other structures like hair follicles and glands are

surrounded by a small capillary network /.

2.2 The Doppler Effect

Christian Doppler first proposed the effect in 1842 in the monograph Uber das
farbige Licht der Doppelsterne und einige andere Gestirne des Himmels - Versuch einer
das Bradleysche Theorem als integrirenden Theil in sich schliessenden allgemeineren
Theorie (On the coloured light of the binary refracted stars and other celestial bodies -
Attempt of a more general theory including Bradley's theorem as an integral part). The
hypothesis was tested for sound waves by the Dutch scientist Christoph Hendrik Diederik
Buys Ballot in 1845. He confirmed that the sound's pitch was higher as the sound source
approached him, and lower as the sound source receded from him. Hippolyte Fizeau
discovered independently the same phenomenon on electromagnetic waves in 1848. It is
often overlooked that in Doppler's publications (and also Einstein's in his discussion of the
Doppler Effect) he explicitly acknowledges that his formulae are only approximate since
he made several mathematical approximations in his derivation /.

The Doppler Effect is the change in frequency of a wave as perceived by an
observer moving relative to the source of the waves. For waves that propagate in a
medium, such as sound waves, the velocity of the observer and the source are reckoned
relative to the medium in which the waves are transmitted. The total Doppler Effect may
therefore result from either the motion of the source, or the motion of the observer. Each of
these effects is analyzed separately. The waves emitted by the source are either compressed
(if the source and detector are moving towards each other) or spread out (if they are
moving away from each other). For waves which do not require a medium, such as light or
gravity in special relativity, only the relative difference in velocity between the observer

and the source needs to be considered 1.
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Chapter 2 — Theoretical Background

For waves that travel through a medium (sound, ultrasound, etc...) the relationship

between observed frequency f” and emitted frequency f'is given by:

f=(G5)f 2.1

V1vg

where v is the speed of waves in the medium and v; is the velocity of the source ),

The Doppler Effect that occurs with light has a problem because the frequencies of
the light waves are very high and difficult to measure directly. This problem is solved by
using the phenomenon of ‘beats’ — the effect that is produced when two similar waves of
slightly different frequency are superimposed. As the two waves come into and out of
phase, they alternately add and cancel. The result is the detection of a frequency that is
equal to the difference in frequency between the two waves.

By mixing the Doppler-shifted wave with a reference wave of the original
frequency, a beat frequency is produced that is much lower than either of the two
constituent waves and is therefore much easier to measure. As this beat frequency is equal
to the difference between the two frequencies, it is hence equal exactly to the frequency
shift produced by the Doppler Effect 1!,

It can be shown that the relationship between the frequency change and the relative
velocity of the source and the detector is given by

f=f==xfb 2.2

Where f is the original frequency of the light, /” is the shift frequency, v is the
relative velocity of the source and the detector and c is the velocity of the wave. In the case
of light waves, the velocity of light ¢ is usually much larger than the velocities being
measured and the anterior equation can be simplified to

f=f=2f" 2.3

Hence the frequency shift, and therefore the beat frequency when the Doppler-
shifted light is mixed with a reference beam of the original frequency, is proportional to the
velocity being measured. All it needs, in addition, is the original frequency and the velocity
of light 1°!.

The correct understanding of the Doppler Effect for light requires the use of the
Special Theory of Relativity. In this case, however, the relativistic correction of the
Doppler Effect is not used because blood moves much slower than light.

To summarize, when light is scattered by a moving object it will be frequency
shifted depending on the movement of the object, the direction of the incoming light and

the direction of scattered light. When coherent light is scattered from a complex medium

Doppler Flowmetry — Line Imaging Techniques 7



Chapter 2 — Theoretical Background

which is in internal motion, the spectral line is broadened by the Doppler Effect in a

manner characteristic of the velocity distribution of the motion [®).

2.3 Optical Doppler Effect

Coherent light directed toward a tissue will be scattered by moving objects and by
static tissue structures as the photons migrated through the tissue in a random pattern.
Scattering in moving objects, predominantly red blood cells (RBCs), changes the
frequency of the light according to the Doppler principle, while light scattered in static
structures alone remains unshifted in frequency. If the remitted light is detected by a
photodetector, optical mixing of light shifted and unshifted in frequency will result in a
stochastic photocurrent. The power spectral density depends on the number of RBCs and
their shape and velocity distribution, within the scattering volume "),

Assume a red blood cell moving with the velocity v. When light hits the cell, its
propagation vector changes from k; to Ks, see figure 2.2.

The angle between ki and the projection of v in the plane of scattering, v//, is
denoted by y, the scattering angle between K; and Ks is denoted by @ and the angle between

v and V// is denoted by a. By definition, the scattering vector, q, is the difference between

the propagation vectors for incoming and scattered light, k; — ks ",

Figure 2.2 Vectorial model of a red blood cell moving and being hit by a light wave "),

The incoming light wave has an angular frequency f; and a wavelength of A; =
27/|ki|= 2me/ Bi, where c is the speed of light in the tissue. Follow a peak of the wave that is
located one wavelength, A;, from the cell (at time #,) and then reaches the cell at time #,, as

showen in figure 2.3. At this time the cell has moved a small distance .

Doppler Flowmetry — Line Imaging Techniques 8



Chapter 2 — Theoretical Background

Figure 2.3 A photon with wavelength A; hits a red blood cell with velocity v "),

As v =|[v|<<c the total travelling distance between ¢, and ¢, for the peak can be calculated as

Ai + vk (6 —ty) = A, +v(t; —ty) cosPcosa = c(t; — ty)a 2.4

(t; —to) = 4w

. 2.5
c—vcosypcosa

Figure 2.4 After scattering the photon will have the wavelength A .
In the meantime the peak that was at the red blood cell at time #, has scattered with

the angle 6 and moved relative the cell, and thus the other peak, a distance (assuming
V[<<c)

As = c(t; — ty) — v(t; — ty) cos(yp —O)cosa

2.6
= [Using equation 2.5]
_ ]Li—)Li%cos (Y—-0)cosa (7]
o 1—;cos¢cosa ) 2.7

This distance is the wavelength of the scattered light (figure 2.4). The frequency

shift, fp, can now be calculated as the difference between frequency of the scattered light,
Ps = 2mc/hs, and the frequency of the incoming light, f; = 2nc/Ai:

1 1 2 1—%cos¢cosa
Bo=Bs— i =2m (3 - 1) = 55 - 1)

2.8
As A A 1—gcos(¢—9) cosa
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_ 2mc 1—%coswcos a—1+%cos(1,b—9) cosa 29

- A_l ( 1—% cos(y—0) cos a ) ’
~ [Using: v < c]

~ % (cos(yp — 0) — cosp cos ) ", 2.10

It can be seen in equation 2.9 that A; = A;, again since v << ¢, and consequently that
[Kil~Ks].

The propagation vectors of the incoming and scattered light and their difference,
the scattering vector q = (K; — Ks), thus forms an isosceles triangle with the angles 0 and (n—
0)/2, see figure 2.5. The angle between K and v/, y, can now be calculated as a function of

the angle between ( and V//, ¢, and the scattering angle between k; and ks, 6

-0\ _ _ 6 31 7]
(¢—¢)+(<P—T)—7T=>¢—;—€0+7 : 2.11

Figure 2.5 Relations between the angles [,

Using equation 2.11, equation 2.9 can be written

,BD=2/,1L_v(cos(§—go+37"—0)—cos(§—<p+37”))cosa 2.12
_2nv<_ ( 9) ) ( 9)) _vaz 1( 20) i 1( 0)
=7 sin{—¢ — ) —sin{—¢ -7 ])cos = 7 cos | @) |sin{ 7 cosa

4 .6
= —/1—7:|v| cos@sin-cosa = —qu 7, 2.13
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Chapter 2 — Theoretical Background

In capillary blood flow applications, the RBCs velocity is around 10~m/s. In blood

flow studies in the microcirculation the frequency difference is in the order of 10'-10* Hz
(8]

2.4 The appropriate wavelength

Biological tissues are strongly inhomogeneous from the optical point of view and
have a refractive index greater than one. This means that a light beam directed towards a
tissue volume is partly reflected at the air-tissue interface and partly penetrates the tissue.
Absorption and scattering will broaden the beam and reduce the intensity of the penetration
path. In the epidermis, scattering is weak but in the dermis scattering from collagen fibres
and cellular organelles is a significant factor in limiting the depth of penetration of
radiation ). Absorption in the vascular dermis is dominated by the blood-borne pigments
such as the haemoglobin contained in the RBCs ). Absorbed light is converted into heat or
will be re-radiated as fluorescent radiation [,

Absorption spectra are strongly dependent on tissue composition and especially on
water content. At ultraviolet and infrared wavelength most of the light is absorbed in water
and an incident beam only penetrates a few cell diameters into the tissue. Visible light with
shorter wavelengths (green, yellow) penetrates 0.5-2.5 mm and undergoes an exponential
decay in intensity. Both scattering and absorption occur in this spectral region. In the near
IR and IR parts of the spectrum scattering is the most pronounced optical phenomenon to
consider. In these parts of the spectrum, photons penetrate approximately 10 mm into the
tissue [,

The transmitted light undergoes scattering in the tissue in a very complicated way.
Light is refracted in the microscopic inhomogeneities, formed by cell membranes, collagen
fibers, and sub-cellular structures. Pigments such as oxyhemoglobin, and bilirubin absorb
the diffuse light. Anderson and Parrish have given the wavelength-dependent absorption

1191 In human skin, the spectral range 600-1600 nm has

characteristics of these pigments
very good penetration for light. This part of the spectrum is often called the therapeutic

window because it makes deeper tissue layers accessible .

Doppler Flowmetry — Line Imaging Techniques 11
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Chapter 3

State of the art

In this chapter, an outline of the development of the LDF and the current status of

some available instruments for assessing blood perfusion will be made.

3.1 Laser Doppler Flowmetry

Thanks to the invention of the laser in the early 1960s by Hecht, a number of
optical investigative and therapeutic tools are now available in physiology laboratories or
in the clinical environment. Amongst these one of the most representatives is LDF [,

LDF is a continuous and non-invasive method for tissue blood flow perfusion,
utilizing the Doppler shift of a low powered laser light as the information carrier. By
illuminating a tissue sample with single-frequency light and processing the frequency
distribution of the backscattered light an estimate of blood perfusion can be achieved ).

The first measurements of microvascular blood flow employing the Doppler shift of
monochromatic light were made on retinal blood flow of a rabbit in 1972 1. Some years
later the blood velocity of exposed microvessels was investigated by use of a laser Doppler
microscope. In vivo evaluation of skin microcirculation by the use of coherent light
scattering was first demonstrated by M. D. Stern in 1975. In this setup, in which a He-Ne
laser beam illuminates the skin, a portion of the laser is scattered by moving blood cells as
well as static tissue structures, while the remaining light is scattered by static tissue
structures alone. If the backscattered Doppler-broadened light is brought to the surface of a
photodetector, the speckle pattern appearing on the detector surface fluctuates because of
the optical mixing of waves of different frequencies. These fluctuations are manifested as
audiofrequency components in the photocurrent superimposed on a steady baseline.
Analysis of the photocurrent reveals a clear shift of the spectral content toward lower
frequencies following the occlusion of the brachial artery by use of a pressure cuff placed
around the upper arm and with the laser beam aimed at the fingertip. This fundamental

discovery was soon implemented in a portable fibber-optic-based laser Doppler flowmeter,
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which provided results comparable with those obtained by the Xe-clearence technique for
assessment of tissue blood perfusion .

As LDF based equipments were commercialized in the early 1980s, Laser Doppler
Perfusion Monitoring (LDPM) became available to a wide range of researchers and
clinicians. The ease of use of this new technology quickly created an extensive interest in
recording microvascular perfusion in a wide variety of disciplines '*.

One of the most remarkable features of microvascular blood perfusion is its
substantial time and space variability. Consequently, the comparatively small sampling
volume (about 1 mm’) of fibber-optic-based LDPM instruments constitutes one of the
main limitations of this technology: with the spatial variability in tissue blood perfusion
gross differences in perfusion readings may appear at recordings from adjacent sites. This
disadvantage of LDPM triggered the development of multichanel instruments and the
LDPI technology at the end of the 1980s. In LDPI, an airborne laser beam scans the tissue
and successively records the tissue perfusion from a number of sites with no need for
physical contact with the tissue. From these data a two-dimensional colour-coded perfusion
map of the microvascular perfusion is generated. It has reported the use of LDPI in the
connection of tissue perfusion of the skin, intestinal mucous, and cutaneous malignancies
B8] The commercialization phase of the LDPI-technology started in the early 1990s, and
several hundred publications have already verified its usefulness, particularly in
dermatology, wound healing, and burn treatment .

The theory which is used to compute, from the raw LDF signals, the blood flow
and/or speed related parameters appears to be fundamentally the same for LDPM and
LDPI VL.

The Concentration of Moving red Blood Cells (CMBC) and the perfusion (Perf) can
be estimated from the Doppler power spectrum P(w). These estimates are not absolute
measures but, in a given sample with low RBC concentration, CMBC and Perf scale varies
linearly with the RBC concentration and the tissue perfusion, respectively. In LDF,
perfusion is defined as the RBC concentration times the average RBC speed. Thus,

CMBC « Crpc 3.1

Perf o« Crpc{Vrpc) 3.2

where Crpc is the RBC concentration and (vgpc)the average RBC speed. For high
concentrations of RBCs the CMBC and Perf estimates varies nonlinearly with Crpc, while

the relationship between perfusion and the average RBC velocity is entirely linear,
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provided that Crpc is constant and the frequency distribution of the photocurrent is within

the bandwidth of the system, as shown in figure 3.1.
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Figure 3.1 Approximate relationships for CMBC and CRBC (left), Perf and CRBC (middle) and Perf and
<vrpc> (right), when all other variables are kept constant (2

The CMBC is proportional to the integral of the Doppler power spectrum and can

be written in the form
CMBC « [, P(w)dw . 3.3
The perfusion is proportional to the integral of the frequency-weighted Doppler
power spectrum and can be written in the form

Perf o« [~ wP(w)dw 21, 3.4

o

It is frequently assumed that RBCs represent the majority of the blood-borne
objects in the undisturbed microcirculation, but this technique does not selectively record
the movement of RBCs.

Currently, LDF does not give an absolute measure of blood perfusion. In the
clinical setting this is a limiting factor and the reason why LDF instruments are not
routinely used in health care. However, LDF has found its use in research. Among the
applications are pharmacological trials, allergy patch testing, wound healing, physiological
assessments and skin disease research [*!. The skin is probably the most LDF studied organ
but also internal organs such as kidneys, liver, muscles, intestines, brain and heart have
been investigated in a number of studies .

Several commercial instruments are available today, some of which present colour-

coded images of microcirculatory flow patterns, giving spatial and time information *!.
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3.2 Commercial instruments

3.2.1 PeriScan PIM 3 System

The PeriScan PIM 3 System, in figure 3.2, is a LDPI system for non-invasive

imaging of superficial tissue blood perfusion.

Figure 3.2 PriScan Pim 3 .

It is operated from a standard PC and the patented scanning technique offers
excellent image integrity, sensitivity and perfusion baseline stability. The technique can be
used to monitor microcirculatory activity in healthy and diseased tissue, and show basal
values and also responses resulting from an applied physiological stimulus, a provocation.

An example of a result obtained as showed in figure 3.3 ..

Figure 3.3 Results of Periscan Pim 3",
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3.2.2 moorLDI2

The moorLLDI2 laser Doppler, presented in figure 3.4, images the tissue surface and
maps blood flow. A full resolution scan includes 65,536 individual laser Doppler
measurements and these are displayed alongside a corresponding 'photo' image, as a colour

coded image "%,

Figure 3.4 moorLDI2 "%,

The moorLDI2 laser Doppler blood perfusion imagers use a near infra-red laser
beam (785nm in the standard moorLDI2-IR imager) or a visible red 633nm laser beam
(moorLDI2-VR imager). In the moorLDI2-2) dual wavelength system 633 and 830nm
lasers are combined to allow simultaneous imaging with the two wavelengths. An example

of a result obtained as showed in figure 3.5 "%,

I
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Figure 3.5 Results of moorLDI2 "%,
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3.2.3 moorLDLS

The moorLDLS (figure 3.6) rapid line scanning system provides laser Doppler
images of blood flow in the microvasculature. The system employs a multi channel laser

Doppler line to sweep across the tissue gathering data from 64 points simultaneously '),

Figure 3.6 moorLDLS "',

The system is ideally suited to any application where the dynamic changes are too

rapid to be captured by conventional laser Doppler imaging !'').
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3.2.4 moorFLPI

The moorFLPI, showed in figure 3.7, full field blood perfusion imaging system
provides video frame rate images of blood flow in the microvasculature up to 25 images

per second.

= wm

~——

&,

Figure 3.7 moorFLPI ',

Compared to standard laser Doppler imaging the effective sampling depth is small.
The resulting image is mainly of blood flow in the microvessels in the surface layers of the
tissue being sampled, for example the nutritional flow in skin. In exposed tissue where

blood vessels are close to the surface e.g. open surgery, these will also be imaged /2.
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Chapter 4

Components of the system

In this chapter, the basic operation principle of the system will be introduced (4.1).
A description of the bench model (4.2) and the performance of each of its parts will be
made.

The restrictions of some of the used components will be presented and suggestions,

for overcoming these limitations, will also be made.

4.1 Operation principle

@ Electronics

USB 6008

Laser Power

Motor Power

@

Figure 4.1 Diagrammatic model (1- Laser line generator, 2 — Line camera, 3 — Motor, 4 — Positionnig Table,

5- Optical Limit Switches, 6 — Electronic System).
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In this type of imager, depicted as a schematic model in figure 4.1, a moving
carriage, attached to a positioning table and driven by a suitable motor, holds the
illumination laser and the camera while the scanning movement develops. The low power
laser beam successively scans the tissue where the laser light is scattered and changes
wavelength when it hits moving blood cells (Doppler shift) as was explained in chapter 2.
A fraction of the incident light is backscattered and detected by the line sensor. This light
forms an interference pattern on the line sensor and the fluctuations in this pattern carry
information about the Doppler shifts. The images are acquired line by line, as the
illuminating laser line scans the object. Data is recorded by dedicated routines written
using Matlab’s DAT and IAT.

The moving mechanism is protected from overflow by limit switches placed at both
extremes of the course. A double arrangement of electromechanical and optical limit
switches was implemented at each extreme. The electromechanical limit switches being
there for safety reason: if the software readable optical limit switches fail for some
unexpected reason, the electromechanical limit switches act like a hard circuit breaker that
cuts power preventing catastrophic movements to occur. The optical limit switches act like

limiting indicators, and change the rotation direction of the driving motor.

4.2 Diagrammatic description

The device is a bench model, showed in figure 4.2, mounted in an optical
breadboard with threaded holes with metallic parts that were machined at the Physics
Department mechanical workshop.

It consists of a laser line generator, a line sensor, a motor, a position table, the limit
switches and an electronic system. The electronic system is formed by the NI USB-6008,
the electronic system for the optical limit switches and the power supply for the laser (-
12V) and the motor (24V). The NI USB-6008 purpose is to control the motor, the laser and
to read the output of the optical limit switches. The heavy metallic breadboard permits
noise reduction that can occur due to vibrations. The motor is fixed in the breadboard and
it is mechanically connected to the position table. It is used to make the scanning

movement of the camera and the laser (both mounted in a moving carriage).
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Figure 4.2 Bench model.

4.3 Optical components

4.3.1 Light source

As predicted by the theory, the frequency shifts caused by Doppler scattering will
result in a frequency broadening of the originally monochromatic light. Two laser line
generators were used in this work. Initially, a modulated laser was acquired, but its line
width proved to be too large for this work as well as too difficult to regulate. A very high-

quality thin line laser was then acquired for better image resolution.
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4.3.1.1 Modulated laser

The modulated laser, showed in figure 4.3, consists of a laser diode, a line generator lens
and a driver circuit housed in the metal case.

o —

Figure 4.3 Modulated Laser.

The length of the line produced by the line generator is dependent on the focal
length of the cylindrical lens while the thickness is dependent on the size of the focussed
spot produced by the spherical lens. The greater the operating distance, the larger and
thicker is the line.

In practice, the laser line is very thick and hard to deal with.

The wavelength of the modulated laser is 670 nm and the range of the operating
voltage is -8 to -12 V.

The modulation capability of this proved to be very useful as it will be explained
later (cap 6).

For further information see the general characteristics in annex A.
4.3.1.2 Thin line laser
The thin line laser is a 5 mw, 673.5 nm unit, with 64 mm working distance (figure

4.4). The geometric parameters specified in the data sheet were found to be very
convenient: at the working distance the line length is 17 mm and the thickness is 30 pm.

Doppler Flowmetry — Line Imaging Techniques 24



Chapter 4 — Components of the system

Figure 4.4 Thin Line Laser.

This laser produces even intensity thin lines which predict that the collected data
will be more accurate and precise. The superior optical design yields a large depth of field
and minimizes variations in thickness across the length of the generated line !,

For further information see the general characteristics in annex B.

4.3.2 Line camera

The line camera purpose is used to collect line frames at a rate high enough to see
the frequency beatings associated to the Doppler shifts. Initially, a 1024 pixel unit capable
of 10 kfps (frames per second), from ISG, seemed to fulfil the needs of the application.
However, experimental work revealed a number of inadequacies that suggest a different

unit for the task.
4.3.2.1 1024 Pixel Line Camera

The LightWise LW-ELIS-1024A Line Scan Camera presented in figure 4.5 was
used in this work. This 1024 pixel unit is capable of capturing up to 10K lines per second.
It provides 16MB on-board image buffering and interfaces via a Standard FireWire™
(1394a) protocol that complies with the IEEE-1394 1IDC DCAM Specification, Version
1.3.
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Figure 4.5 1024 Pixel Line Camera.

For further information about the camera see the general characteristics in annex C.

The objective has a focal length of 12 mm and its characteristics are presented in
annex D.

In this work the frames were acquired with the 1ISG Graphical User Interface (GUI)
or the IAT. Each frame can be constituted by a maximum of 1024 pixels and 640 lines.

According to the sampling theorem, the maxim beating frequency that the camera
is capable of detecting equals half the number of frames per second (fps). This rate is
computed as inverse of the sum of the read time with the integration time. To maximize
that frequency, the clock frequency (read frequency) was set to 15MHz and the total
integration time to 68 ps. As an example, when an acquisition of frames with 144

pixels/line and 64 lines the frame rate is:

64x144
15x10°

So, the maximum frequency of each line is acquired is:
200fps x 64 X 0.5 = 6400Hz.

With frames with 256 pixels and 64 lines and the same total integration time the

+ 68,4 X 107¢ X 64 ~ 200fps.

maxim frequency is 5849.6 Hz and with frames with 100 pixels and 64 lines the maximum
frequency is 6660.7 Hz.

It was used 64 lines because this is considered as minimum number of lines
necessary to apply the Fast Fourier Transform (FFT). The number of pixels is much less
than 1024 to maximize the frequency that the camera detects, and are adequate to perform
the experiments.

The maximum frequency seen by this camera does not comprise the frequency

difference produced by microcirculation (10'-10* Hz).
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4.3.2.2 Alternative camera

The line camera used is not able to see frequency shifts high enough as those
produced by the blood velocity. So it was proposed the AVIIVA M2 Line Scan Camera

showed in figure 4.6.

Figure 4.6 AVIIVA M2 Line Scan Camera.

The AVIIVA M2 Line Scan Camera is a high-speed and high performance 12 bit
output camera with data rates of 60 mega pixels per second (settings available for 8 or 10
bit output).

This camera is proposed because, with a resolution of 512 pixels, the maximum
line rate is 109 kHz which is much higher than the previews camera. With this line rate the
maximum frequency shift that can be observed is 54.5 kHz which is sufficient for this
project, as we can see in calculations shown in chapter 6.

The camera includes a LVDS interface or CameraLink® interface, built-in anti-
blooming exposure control functions, no lag effect sensor technology, multi-camera
synchronization, flat-field correction and contrast expansion.

The system designer can utilize numerous programmable settings to implement
several camera configurations: integration time, gain, offset, trigger mode, calibration
(FFC and contrast expansion), and output format .

For further information cf. the data sheet in annex E.
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4.4 Hardware components

4.4.1 Motor

This work has been carried out using a brushless DC motor to drive the positioning
table for the scanning movement of the moving carriage. In this section a proposal for a

stepper motor is made.

4.4.1.1 Brushless motor

A brushless DC motor (BLDC) was selected to avoid the oscillations associated to

the brushes of standard DC motors and, at the same time, retains their capability of

delivering a rotation speed proportional to the supply voltage .

Figure 4.7 Brushless motor.

In a BLDC motor, the electromagnets do not move; instead, the permanent magnets
rotate and the armature remains static. This gets around the problem of how to transfer
current to a moving armature. In order to do this, the brush-system/commutator assembly
is replaced by an intelligent electronic controller. The controller performs the same power
distribution found in a brushed DC motor, but using a solid-state circuit rather than an
electromechanical commutator/brush system.

BLDC motors offer several advantages over brushed DC motors, including higher
efficiency and reliability, reduced noise, longer lifetime (no brush erosion), elimination of

ionizing sparks from the commutator, and overall reduction of electromagnetic
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interference. The enhanced efficiency is mostly due to the absence of friction of brushes,
and it is greatest in the no-load and low-load region of the motor's performance curve.
Under high mechanical loads, BLDC motors and high-quality brushed motors are
comparable in efficiency. The maximum power that can be applied to a BLDC motor is
exceptionally high, limited almost exclusively by heat, which can damage the magnets.
BLDC's main disadvantage is higher cost, which arises from two issues. First, BLDC
motors require complex electronic speed controllers to run. Second, many practical uses
have not been well developed in the commercial sector .

The major advantage of this brushless motor, showed in figure 4.7, is the fact that
the electronic control system is built in, making it easier to use and avoiding any risk for
the components. The speed can vary from 10 to 100% by means of a 0-10 V analogue
signal or PWM signal (control signal, converted by the electronics to set the speed). The
nominal speed ranges from 3410 to 5400 rpm. Two digital inputs are provided respectively
for the on-off and rotation direction controls. An encoder output is also available .

General control of the motor can be switched between manual and automatic. The
manual system is based in switches and it purpose is to control the motor if the automatic
system failed. The automatic system is made through the NI USB-6008 by routines written
using Matlab DAT.

For further information cf. the data sheet in annex F.

4.4.1.2 Stepper motor

Throughout the project it became obvious that when a frame of lines is acquired at
a given position, the moving carriage should stand still. Then it should move by a constant
amount to take the next frame and repeat this sequence until the entire object is scanned.

A stepper motor is the right choice for this job since it delivers precise, repeatable
angular increments that are used to drive the spindle of the positioning table.

A stepper motor is a brushless, synchronous electric motor that can divide a full
rotation into a large number of angular steps. Thus the motor can be rotated to a precise
angle.

It is an electromechanical device which converts electrical pulses into discrete
mechanical angular movements. The shaft or spindle of a stepper motor rotates in discrete
step increments when electrical command pulses are applied to it in the proper sequence.

The motor’s rotation has several direct relationships to these applied input pulses. The
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sequence of the applied pulses is directly related to the direction of the motor shaft
rotation. The speed of the motor shaft rotation is directly related to the frequency of the
input pulses and the angle of rotation is directly related to the number of input pulses
applied.

Stepper motors operate differently from normal DC motors, which simply spin
when voltage is applied to their power terminals. Stepper motors, on the other hand,
effectively have multiple "toothed" electromagnets arranged around a central metal gear
(figures 4.8 and 4.9). To make the motor shaft turn, first one electromagnet is fed with
current, which makes the gear's teeth magnetically attracted to the fixed electromagnet's
teeth. When the gear's teeth are thus aligned to the first electromagnet, they are slightly
offset from the next electromagnet. Consequently, when the next electromagnet is turned
on and the first is turned off, the gear rotates slightly to align with the next one, and from
them on the process is repeated. Each one of those slight angle rotation is called a "step."

In that way, the motor can be turned to a precise angle ™.

Figure 4.9 The top electromagnet (1) is turned off, and the right electromagnet (2) is fed, pulling the

nearest four teeth to the right 1.

The stepper has several advantages for this project when compared to the brushless

motor. The rotation angle of the motor is proportional to the input number of pulses and
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precise positioning and repeatability of movement can be achieved. This fact permits a
better control of the covered distance by the motor.

4.4.2 Optical and electromechanical limit switches

The optical and electromechanical limit switches, showed in figure 4.10 and 4.11
respectively, are place at the beginning and at the end of the course and their main purpose
is to stop the motor when the moving carriage reaches either of these extremes.

Figure 4.11 Electromechanical limit switches.

The electromechanical limit switch is an emergency system. If the optical limit
switch fails the electromechanical system stops the motor.

4.5 Electronic components

45.1 Electronic box

The electronic system, shown in fig. 4.12, includes the NI 6008 and the power
supplies for the laser (-12V) and for the motor (24V).
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Figure 4.12 Electronic System.

45.1.1 National Instrument USB-6008

The NI USB-6008, presented in figure 4.13, is a multifunction data acquisition
module. It has a plug-and-play USB connectivity.

S
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Figure 4.13 NI USB-6008.
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The NI USB-6008 use the NI-DAQmx high-performance, multithreaded driver
software for interactive configuration and data acquisition on Windows.

The NI-DAQmx Base permits to develop customized data acquisition applications
with the National Instruments LabVIEW or C-based development environments, like
MatLab.

The NI USB-6008 provides connection to eight analogue input channels, two
analogue output channels, twelve digital input/output channels, and a 32-bit counter with a
full-speed USB interface (an even counter input).

The NI USB-6008 is programmable with MatLab, through DAT. In this work it is
used to control the velocity and the direction of the motor, to switch on/off the motor and
the laser. It also reads the optical limit switches to detect the ends of course of the moving
carriage and it should be able to read the speed of the motor because it has a counter input.
However, there is no implementation in the DAT to use the counter.

For further information cf. the data sheet in annex G.

4.6 Conclusions and future work

The thin line laser showed more efficiency than the modulated laser, because the
line thickness and the output power that is provide enhances the accuracy and the precision
of the collected data.

The line rate of the AVIIVA M2 Line Scan Camera is 54,5kHz which is much
superior to the previews camera and it complies with the frequency difference produced by
blood flow (10'-10* Hz), so this camera is a better choice for a future work.

It is clear that the scanning movement should be advantageously made by a
stepping motor because it allows a better control of the covered linear distance, by the

motor.
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Software

In this chapter, a description of the programs that control the NI USB-6008 (5.1)
and the line camera (5.2) using the DAT and IAT, respectively, as well as the programmes
to process the acquired frames (5.3), will be made.

The limitations of the software packages used will be explained and suggestions for

future work will also be drawn.

5.1 System control

5.1.1 Data Acquisition Toolbox

The NI USB-6008 is controlled by the DAT.

Specifically, the DAT supports National Instruments data acquisition hardware that
uses the NI-DAQmx driver software. Cf. the table in i) for a complete list of supported
hardware and the minimum toolbox version required ™.

DAT supports three device objects: analogue input, analogue output, and digital
1/0.

This work needs one analogue output object, three digital output objects and two
digital input objects.

Analogue output functions allow sending signals out to the NI USB-6008. It creates
an analogue output object, add one channel, and generate analogue signals to control the
motor’s rotation velocity.

Digital 1/0 functions enable to generate or read digital signals using the NI USB-
6008. It creates digital 1/0 objects, add lines, send data to the hardware, and read data into
the workspace. Digital output functions are used to turn on and off the motor or the laser,
or to change motor’s rotation direction. Digital input functions are used to read the optical

limit switches.

i) http://www.mathworks.com/products/dag/supportedio14005.html
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5.1.2 Primitive functions

In first place we describe a function that initializes the NI USB-6008 (Initialization)
where the required channels are created: three digital output objects (that control the state
of the laser, the motor and the motor’s rotation direction); two digital input objects (that
read the optical limit switches) and one analogue output object (that control the motor’s
rotation velocity), was produced.

Then, basic functions that read the output of the optical limit switches, turn on/off
the motor and the laser, change the motor’s rotation direction and control the motor’s
rotation velocity, are created. These functions also allow knowing the state of the motor

and of the laser (on or off) and the rotation direction (retrieve or advance).

5.1.3 Combined sequences

5.1.3.1 Dynamic image collection

At this stage the images were acquired during the movement of the motor, i.e., the
moving carriage does not stop when the camera makes the acquisition.

Two functions were written: one that positions the moving carriage in the beginning
of the course (Beginning_Course) and the other that makes the scanning movement
(Scanning_Movement).

For the scanning movement, Flowchart 5.1, the function starts by reading the end
course optical limit switch. If the moving carriage is already at the end of the course the
programme ends. If not, the programme reads the state of the motor. If the motor is
stopped, the programme gives the motor advance order, laser on and the camera to acquire
using the IAT. If the motor is already moving the programme read the direction of rotation.
If the direction is “retreat” the programme stops the motor, changes the direction to
“advance”, turns on the motor and the laser, and the camera begins to acquire with the
IAT. If the direction is already “advance” the function turns on the laser, and the camera
begins to acquire with the IAT. After that, in a cycle command, the function reads the end
of course optical limit switch, and, when the moving carriage reaches it, the motor stops.

The function “Beginning_Course” has only some differences, when compared to
the previews described function. It reads the star_up limit switches, but does not turn on

laser and does not order the camera to acquire.
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In a completed acquisition programme these functions shall be sequentially

implemented.
ead the end K
K Limit Switch )
ON
Stop Motor OFF Read Direction
RETREAT
Stop Motor
ADVANCE
, v
Direction Advance Direction Advance
Motor on Motor on
v v Y
Laser on Laser on Laser on
Camara Aquisition Camara Aquisition Camara Aquisition
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ead the en v
Limit Switch '
K
Stop Motor
End <

Flowchart 5.1 Programming the scaning movement (K: the moving carriage is in the end of the course; K’:

the moving carriage isn’t in the end of the course).
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5.1.3.2 Static image collection

Another program was drawn because it was found as necessary to do the
acquisition with the camera standing still. This had to be done in order to have several by
lines at same region, for later FFT application.

This programme, represented in flowchart 5.2, uses some of the functions
previously created. Firstly it initializes the NI USB-6008, driving the moving carriage to
the beginning of the course and implements the direction to “advance”. Then, in a cycle
command, it turns on the motor, leaves it running during one minute, stops the motor, turns
on the laser and the camera, and does the acquisition of one frame. This cycle is repeated

as many times as needed (5 times in the flowchart 5.2).

Initialization

v

Beginning_Course

|

Direction Advance

iN_Images<

Motor on

N_Images=N_Images+1

T N_Images>5
Pause (1s
(1s) Camara Aquisition
, t
Stop Motor Laser on

A

End

Flowchart 5.2 Program to acquired frames with the camera stopped. In this example there were

acquired 5 frames.
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5.1.4 The DAT limitations

The NI USB-6008, as mentioned in 4.6.1, allows configuring a dedicated pin
connection as an event counter input, that when connected to the encoder logic output
(pulses per revolution) of the motor should allow us to know the covered distance of the
moving carriage. However, this function is not yet implemented, which represents a severe
drawback still present in ver.2.9 of the DAT.

5.2 Camera control

5.2.1 Image Acquisition Toolbox

The IAT provides functions for acquiring still images and video directly into
MATLAB and into Simulink from the PC-compatible imaging hardware.

The toolbox allows to configuring the hardware by modifying the properties of the
object associated with it. The properties can be browses and configured using the

MATLAB command line or the graphical Property Inspector tool 12,

5.2.2 Image acquisition procedure

To use the IAT to acquire imaging data with the 1024 Pixel Line Camera, firstly it
IS necessary to retrieve information that identifies the camera. Then, a video input object
has to be created. After the video input is created it is essential to see a preview of the
video stream. If the images are not satisfactory, the characteristics of the image or other
aspects of the acquisition process must be modified. The IAT allows several parameter, to
be controlled, and set-up and operation of the 1024 Pixel Line Camera. Base properties that
can be controlled are: resolution, gain, auto exposure, region of interest (ROI), brightness,
shutter, shutter absolute and returned colour space. Finally after setting-up the IAT, the

image data can be acquired and logged to the disk.
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5.2.3 The IAT limitations

The IAT does not permit full parameter control of the1024 Pixel Line Camera. An
important parameter for this work, like clock frequency, cannot be controlled by the IAT.
So, the frames have to be acquired with ISG GUI.

5.3 Frame processing

Processing the frames consists in the application of the FFT at each frame.

FFT is a method for computing the discrete Fourier transform with reduced
execution time.

The lines of each frame are images of the same scanned region acquired in
successive time intervals. To process these frames, the FFT is applied at each pixel of the
frame along the lines that constitute the frame. A 3-D plot is made to see the FFT of all the

pixels.

5.4 Conclusions and future work

In the acquisition of the perfusion images it is very important to know the location
where the images were collected. So the event counter input of NI USB-6008 would be a
crucial channel for this work, since it allows us to know the covered distance by the
moving carriage. Unfortunately this channel is not operational in this version of the DAT
and it may be necessary, in the future, to use an analogue input of the NI USB-6008 to deal
with the encoder output of the motor.

The IAT does not allow full parameter control, so the access to the 1024 Pixel Line
Camera has to be made in future via direct access to the module’s register set through a

lower level programming language.
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5.5 References

[1] http://mww.mathworks.com/products/dag/index.html

[2] http://www.mathworks.com/products/imag/index.html
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Results

In this chapter, theoretical background and subsequent values estimations, when
applied to this prototype, will be developed. The objectives of a specially built hydraulic

test system will be presented and the functional tests will be explained.

6.1 Dimensioning

The arrangement of the optical components is schematically depicted in figure 6.1.
The angle, 6, between k; and ks is adjusted to be approximately 120° and the angle between
g and v/, ¢, to approximately 135°. We consider that the velocity vector, v, is in the

scattering plane, i.e., a = 0.

A

Figure 6.1 Vectorial model Of a red blood cell moving and being hit by a Ii\ght wave (1 — Laser Line

Generator, 2 — Line Camera).

Using equation 2.13 and considering that the blood velocity is 1 mm/s, as

mentioned in 2.3, the frequency shift is
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a1

f=e70x10-

135
X sin (T) x 1% 1073 x cos(120) cos(0)

= 8.664 KHz.

As calculated in chapter 4, 4.4.1, the maximum frame rate of the camera, tested at
the very beginning, is 6660 Hz. This frequency allows the detection of velocities up to
7.69 X 107* ms™1,

However, the frequency difference that the camera should be able to detect, as
computed in 2.3, is within the range 10'-10* Hz.

In conclusion, this camera doesn’t allow the system to comply with the sampling
theorem criteria.

Another practical difficulty derives from the complexity in realising hydraulic

systems with flow velocities lower than 1 mm s,

6.2 Hydraulic system

The hydraulic system purpose is to establish a well known flow regime in order to

put the system to test.

Figure 6.2 Hydraulic System

Photograph of figure 4.14 shows one simple solution for this question. The liquid is
a blend of water with talcum powder, which is a good light scatterer, that enters the
apparatus by the left side (white arrow) with a certain velocity and evolves to lower
velocities with laminar profile, and then again to the initial velocity. Transparent acrylic
machined has been used for optical reasons and also for mechanical convenience. This

device has a plan central region with known volume where the laminar regime can be
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theoretically predicted. This system is gravity driven and the range of estimated velocities
is10%t0 10 ms™.,

The 1024 Pixel Line Camera does not allow all the range of estimated velocities for
this hydraulic system, because the maximum velocity detected by the camera, as calculated
in6.1, is

6.3 Functional tests

To confirm the calibration of the time axis of the 1024 Pixel Line Camera
experiments have been carried out with the modulated laser and a white paper strip used as
scatterer. The laser was modulated with different frequencies: 100 Hz, 150 Hz, 200 Hz,
250 Hz, 500 Hz and 1 kHz. In figures 6.2 to 6.4 frames obtained for the modulate
frequencies of 100 Hz, 500 Hz and 1 kHz can be seen.

Figure 6.3 Frame obtained for the modulating frequency of 100 Hz.

Doppler Flowmetry — Line Imaging Techniques 44



Chapter 6 — Results

Figure 6.4 Frame obtained for the modulating frequency of 500 Hz.

Figure 6.5 Frame obtained for the modulating frequency of 1 kHz.

Then the FFT was applied and the results are shown in figures 6.5 to 6.7. As can
be seen in the three graphs bellow, a centred peak occurs at the value of the modulation

frequency.
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Figure 6.6 Application of FFT to the frame shown in figure 6.2.

Fia (e Ve best look Desip Wedim beb .
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Figure 6.7 Application of FFT to the frame shown in figure 6.3.
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Figure 6.8 Application of FFT to the frame shown in figure 6.4.

We can conclude that for this order of magnitude of the modulation frequency the
system performs a correct detection.

6.4 Conclusions and future work

Despite the proved accuracy of the system, the order of magnitude of frequencies in
the microcirculation application lays beyond the measurement range of the system. This is
mainly due to the line camera limitations. Again, the AVIIVA M2 Line Scan Camera
referred in 4.6 is one possible solution to this problem.

This is the reason why there were no results with the hydraulic system unless much
lower flow velocities could be established.
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Data Pack F

Issued March 2002 1502621233

ata Sheet

Laser diode modules

This data sheet covers the following items:

Device RS stock no.
Beta TX series

ImW modulating 564-504
3mW modulating 194-004
3mW modulating 111-368
Beta CW series

ImW continuous wave 194-010
L.5mW continuous wave 111-346
3mW continuous wave 111-352
3mW continuous wave 194-026
3mW line generator 194-032
3mW Wide angle line generator 213-3613
Single standard lens 194-048
Line generator lens 194-054
Line generator lens wide angle 213-3629
Laser diode holder 213-3641

Introduction

These devices have been designed as complete laser
diode systems for original equipment manufacturer
(OQEM.) use and although their output powers have
been set in accordance with BS(EN)60825, they are not
certified lasers as defined in the specification. When
incorporated in a piece of equipment it may be
necessary for additional safety features to be added
before equipment complies fully with the standard.
Read BS(EN)60825 before using any of these products.

Continuous wave lasers Beta CW series
General characteristics

Device RS stock no.
Beta Cameo Series

0.8mW continuous wave 213-3590
ImW continuous wave 213-3562
ImW continuous wave 213-3584
IMW continuous wave 213-3607

Description

These laser modules consist of a laser diode, lens and
driver circuit housed in a metal case. The module
body is electrically isolated. Electrical connections are
made via flying leads. The lens is a single element of
high refractive index glass which produces a high
quality collimated beam over a long distance. Iis
position can be adjusted to bring the beam to a
focused spot using the special key provided. The Beta
CW and TX series standard collimating lens may be
replaced by a line generating lens which produces a
fan shaped beam that can be focused to a fine, straight
line, (RS stock no. 194-032) is supplied with a line
generator lens producing a beam angle of 16° fitted,
(RS stock no. 213-3613) is supplied with a line
generator lens producing a beam angle of 1067 fitted.
The lens on the Beta Cameo series cannot be replaced
with a line generating lens.

Parameter RS stock no./Value Units
111-346 194-010 feeme —~criiceg 111-362
Nominal wavelength 635 670 670 785 nm
Maximum power output 1.5 1 3 3 m
Typical power output stability (@ 20°C) 2 %
Typical power output temperature dependence 15 pWw/ec
Operating voltage +4.5t0+55 -8to-12 Wolts
Typical operating current at minimum voltage 30-75 25-45 50-80 ma
Typical operating current at maximum voltage 30-75 25-50 50- 85 ma
Power supply rejection ratio (50Hz-100kHz) 1.0 0.6 %6V
TTL disakle voltage - =4 WVolts
Maximum TTL pulse rate - 10 Hz
Mean time to failure (MTTF) @ 30°C 4,500 80,000 20,000 32,000 Hours
Connections 250mm flying leads
Red lead +ve supply -
Black lead - —ve supply
Green lead 0 0 Wolts
Blue lead - TTL disable
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Optical characteristics

Parameter RS stock no./Value Units
111-346 194-010 |42 ity 111-352

Beam size 45%x25| 35xZ5|4: 23[R 45x25 rmm
Minimum focus (lens extended) 25 - 25 mim
Spot size at minimum focus =50 | - =50 Micron
Polarisation ratio 90:1 | 80:1 100:1 60:1

Pointing stability =0.05 mRad
Cutput aperture 6.0 | 3.5 | 6.0 [
Angular deviation of beam to case (front cell) <b mRad

The spot size is determined by optical measurement. The relationship of the spot size to ilumination is () ?

therefore the size to the human eye will appear bigger.

Mechanical details

L

g
oi
=
2
]

Weight: 30g (1.050z)
Material: Black finished brass

[ {1.31in)

Absolute maximum ratings

RS stock no./Value

Parameter 111-246 184010 184026
111-352 | 194-032 213-3613
Supply voltage HEY -12.7V
TTL dizable input voltage | = =3to+TV
1010 +30°C

Operating temperature = “risamec| —10t0 +40°C
Storage temperaturs 4010 +85°C

Power supplies and earthing

Laser modules which operate from a negative voltage
can be run from an unregulated supply within the range
of -8 to -12V. By operating at the lower (-8V) end of the
power supply range, less heat will be dissipated within
the device and hence the expected life will increase.
Laser modules which operate from a positive voltage
may only e run from a supply which has been
regulated to at least 5%, within the limits specified.

For all laser modules the case is isclated from the
supply voltages.

It is advisable for any floating power supplies to have
the ‘0" velts connection (and if used, the heatsink) taken
to ground. If this is not done, then in electrically noisy
environments, the power supply leads can act as
aerials. Under these conditions any noise picked up
can damage the laser module. If a heatsink is not used,
then the barrel of the laser module should be
grounded.

TTL disable

This feature is only available on laser modules which
operate from a negative supply voltage.

An input of between +4 and +7V applied to the TTL
disable input will turn the laser “off” and an input of OV
will turn it “on’. If it is not in use it may be left floating.
The laser may be pulsed 'on’ and 'off " using this input
to a frequency of at least 10Hz.

Heat sink requirements

When operating above their minimum supply voltage
anc/or at elevated temperatures above 30°C ambient,
an additional heat sink must be used. If the case
temperature of the embedded laser diode should
exceed its maximum specification, premature or even
catastrophic failure may occur.

To help dissipate heat from the laser modules the
following graphs have been provided which show the
additional surface area of Zmm thick aluminium plate
required by each model when operated from different
supply voltages and in different ambient temperatures.
It has been assumed that good contact exists between
the module and the additional heat sink to ensure low
thermal resistance.

For maximum effect position, the heat sink so that it
contacts the module just to the rear of the fluted front
section (this may require peeling back the label) and
use thermally conductive cream between surfaces.
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B3 Siodeno. 111346

Sased on 2mm Auminum Fiaie

B3 Stodenos. 184010, 124036, 184038 and 213-3613

") Based on 2mm aleminlum plate

RENTANENREBERAARAEARINRRBRAERS
Ambient iemperature {*C)
7
& RS Biocene, 111250 -
Iy

&
LY

Saged on Zmm aluminkm piaie

Aclicra Featsiri e

AEEBERAEGERRREA

Ambient \empartues ('C]

When using a proprietary heat sink, the following
equation may be used:

oh -~ -1 omyo0

lop x Vop

Where:

@h = Thermal resistance of additional heat sink (*C/W)

@m = Thermal resistance of laser module (*C/AW)

@c = Thermal resistance of contact, module to heat
sink (*C/W)

Tc =Maximum operating case temperature for laser
diode (°C)

Ta = Maximum expected ambient temperature (°C)

Vop = Operating voltage of laser module (V)

Iop = Operating current @ Vop (A)

@m + @Dc for these laser modules is typically 10°C/W
assuming a good thermal contact between module and
heat sink.

Tc is specified for each module as follows:

RS stock no. °C
111-352 60
111-346 40
194-026 50
154-010 50
194-032 50
213-3612 50
Example:
I

Zm + Zc = 10, Tc = 50°C, Ta = 35°C, Vop = 10V,
lop =78mA

Then: oh ~ 50 - 36 10
0.078 = 10
~  9.2°C/W
Expected life

The laser dicde device contained within each module,
while being a semiconductor, is a complex electro-
optical material, the structure of which determines the
wavelength of the light emitted. The mechanism which
ultimately causes the laser diode to fail is the formation
of dislocations or gaps in the material structure. Laser
devices which operate in the visible region of the
spectrum have a more brittle structure than those that
operate in the infra-red and in consequence produce
dislocations at a faster rate.

The rate at which dislocations form during normal use is
related to the temperature at which the laser diode
operates. Where possible every means should be used
to minimise temperature, such as working at lower
voltage levels, reducing operating ambients and
providing adequate heat sinking, all of which will
contribute to maximise the operating life. The figures
quated for ‘mean time to failure’ MTTE) reflect the
differences in device structure and operating power.
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@O

Lasiris™
MFLMicro-Focus Laser

FEATURES

® Two year warranty

* Extremely thin lines down
to 5.0 pm at 1/e?

* Wide range of wavelengths

® Uniform intensity
distribution with line
generator

# Superior mechanical
stability

\ e ESD, over-temperature,

owver-voltage, and

reverse-polarity protection

* Rugged stainless-steel
housing

stockerYale's Lasiris™ MFL Micro-Focus lasers produce lines as thin as 5.0 pm at
3 specified working distance and are designed for applications where utmost

accuracy and precision are required.

Cur OEM customer base is constantly creating new applications that benefit from
this technology, including medical and semiconductor applications such as inspec-
tion of microelectronics, biometrics, optical fiber alignment and inspection, high
resolution 3-D contour mapping, and other machine vision applications.

Lasiris™ MFL lasers use patented uniform line generator optics. Our wide range of
standard and custom models have exceptional mechanical stability, ESD protection,
and feature a fully protected integrated laser diode driver.

A dot generator projecting an elliptical spot at a 1:3 ratio is also available.

#» Vision Light Tech

crealin ptical solutions
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APPLICATIONS

The MFL series was designed for appli-

cations that require the utmost accura-

cy and precision. Specific examples

include:

® Precision inspection of small parts
such as chips, wafers, small pins,
resistars, semiconductor components

* Optical fiber alignment and
inspection

= High precision surface analysis

¢ Machine vision

e 3-D contour mapping

# |ndustrial inspection

* Biometrics

OPTIONS AND
CUSTOM UNITS

The laser is available with options
allowing you to strobe or control its
output electronically (refer to the

Pulsing and Power Adjustment section).

Please contact our application engi-
neers for specific requests, since cus-
tom units can be built for specialized
applications.

AVAILABLE PATTERMNS
Single Line Single Dot

For multiple line or other patterns,
please call us for details.

UNIFORM INTEMSITY
Laser line patterns are often generated by cylindrical optics that produce a gaussian

line profile with a bright center and fading ends. Lasiris™ patented optics spread the
light into an evenly illuminated line. The result is crisp, uniform lines with sharp ends.

LINE INTENSITY PROFILE ALONG LINE LENGTH

Lasiris™ non-gaussian line! Gaussian line fram cylindrical lens

1.0

Fl = ]

B oag E 08

£ L84 £ o8]

2 4 2 04

= - = -

= 02 = 024

£ &£
o LI TTTrr T T T T T T T IT a TT T T TT T T T I T T T T T T T TIT
-0-8-6-4-20 2 46 810 -0 -8 -6 -4 -2 0 2 4 6 8 10

Angular Position Angular Position

Relative intensity vs. angular position along line length
1) Typical profile

THICKNESS VERSUS POSITION

LINE THICKNESS AND DEPTH-OF-FIELD

MFL lasers feature factory-set focusing for specific working distances. The table
below shows the typical centerline thickness (at 1/e?) and depth-of-field perfor-
mance of a 670 nm wavelength MFL. The depth-of-field is defined as twice the
distance over which the thickness of the line has increased by a factor of V2.

NOMINAL LINE DEPTH- MAaXIMUM LINE THICKNESS

WORKING THICKMESS** OF-FIELD FAM ANGLE AT BOTH ENDS

DISTANCE [+ 1 MICRON) SUGGESTED* OF MAXIMUM
FAN AMGLE

20 mm 5.0 pm 55 um 5° 7 um

30 mm 9um 140 pm 7a° 12 pm

65 mm 13 um 320 pm 7.1° 18 pum

90 mm 16 pm 510 pm 7.1° 22 pm

120 mm 19 ym 720 pm A 26 pum

185 mm 30 pm 1.7 mm 10° 42 pm

*If the requested fan angle is equal to the maximum fan angle suggested above, the thickness at both
ends of the line will be a factor V2 thicker than at the center of the line. For example, a 13 pm line
thickness at center will become: 12 pm x V2 = 12 um at both ends of the 7.1% line.

“*Line thickness is a function of angle divergence and wavelength. The larger the divergence and shorter
the wavelength, the thinner the achievable line thickness. Please contact our sales engineers to receive a
caleulation for the laser and working distance of your choice.

LINE THIGKNESS VER-
SUS POSITION ON LINE
Micro-Focus laser, 30 mm working distance:

MEL-670-5-10-30 The 'Thickness versus position’

38 graph shows how the line thick-
30 ness of the MFL laser increases
;Z farther away from the center

of the line. Because of this

Line Thickness at 1/e%(um)

15 - 5

10 [ L] unavoidable behavior we do

5 not recommend the use of fan

o j=
el s s o W G 9§ § & angles greater than those speci

fied in the Line Thickness and
Depth-of-Feld section.

Position on Line (degrees)
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LASERS ANMD EYE SAFETY

Our lasers can comply with CDRH and |EC certification and fall
in different safety classes depending on output power, wave-
length and fan angle. According to CORH 21CFR1040.10 regula-
tions, they can be classified Class |, Class llla, or Class Illb.

According to [EC 80825-1 regulations, they can be classified
Class 1, 1M, 2, 2M, 3R, or 3B. For Class 1M and 2M lasers,
viewing the laser output with certain optical instruments
[magnifiers, binoculars, ete.) may pose an eye hazard.

Call us or visit our website for further details.

CLass 11

CLass Illa CLass IllB

prr———
-“'"“GE“ :
) L)
=
o TR 1
[ H

[ ot i et e

e

CALTION: Itis impartant to follow laser safety rules and wear appropriste protectie
eyewear when working around lasers. Use of contrals, adjustments or performance of
procedures other than these specified in the instruetion manual may result in hazardous
radiation eqosure.

SPECIFICATIONS

MECHANICAL SPECIFICATIONS

Weight 1759 +15¢g

Dimensions See dimensional diagrams

Housing material Stainless steel

OFTICAL SPECIFICATIONS

Diode power 1 to 150 mW, varies with model

Wavelength 375 to 1550 nm, varies with
model

Intensity distribution Uniform (non-gaussian) for line,
Gaussian for dot

Fan angles 1°, 5°, 7.1°,10°, 15°, custom

Line thickness Varies with model

Bore sighting <3 mrad

ENVIRONMENTAL SPECIFICATIONS
Operating temperature -10°C to +48°C
Wavelength drift 0.25 nmf*C typical

Thermal stability Less than 5% change in focus
over multiple temperature cycling
from 10°C to 30°C

Over-temperature

protection Built-in: 48°C

ELECTRICAL SPECIFICATIONS: POWER SUPPLY

Input voltage 5-6Voc
Optional 9,12,24 Voo, 115/220 Vac

Connector type Male phono-jack 3.5 mm &,
or custom
Slow start time delay 10 psec

Reverse-polarity protection, Over-voltage protection

OPTIONS

POWER OFTIONS

Power Adjustment Potentiometer

The laser power can be easily changed by adjusting an option-
al built-in potentiometer with a small screwdriver. Indicate
Code "P".

Pulsing & Power Adjustment

The power can be modulated or pulsed using an external sig-
nal. Input voltage of 0 Voc: "on”, 5 Voc: "off” (or can be
reversed). See figure below.

Coding:

& Standard S: 10 kHz FS*: 500 kHz

« TIL T*: 10 kHz FT™: 500 kHz

2 MHz available.

Impedance >1kQ

Rise/Fall time 10 psec for 10 kHz, 0.23 psec for 500 kHz

POWER ADJUSETMENT CURVES

Frequencies of 10 kHz & 500 kHz
00— .
£ o
=,
2
5 60
[=]
T 40
2
= 20
o . ; . ; .
0 1 2 3 4 5
Input voltage [Voc)

"Mot available on all models.
The standard slope can be modified.

SEFPARATE ELECTRONICS OPTIOMN

The electronics of the laser can be separated. See diagram
'MFL laser with separate electronics option’ on next
page for details. Indicate Code "SD".
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ORDERING INFORMATION

Micro-Focus lasers 635 to 1550 nm are covered under a 2-year warranty (parts & labor). To order, select from the specifications
below. Code: MFL (or MFD for dot) - Wavelength & Power Option (if applicable) - Diode Power - Fan Angle (for line) - Warking
Distance - Separate Electronics option (if applicable; it is a standard for certain wavelength and diode power combinations).
E.g., MFL-6355-35-1-20-5D, MFD-635-35-30, etc. Call us or visit our website for updates and other specifications.

STAMDARD WAVELENGTHS ANMD DIODE FOWERS

835nm 1,510, 15, 35 mW

660 nm 1,5, 10, 20, 35, 50, 80, 1008 m\W
690 nm 20,35 mW

785 nm 20,35, 75 mW

830 nm 30, 100, 150 mW

Custom

Ta] Fleass call us for detalls.,

WORKING DISTANMCE (660 NM)

FanN ANMGLE

20 mm £ 1 mm (5.0 pm focus) 1°

30 mm + 2 mm (9 pm focus) 5°

65 mm = 3 mm (13 pm focus) 7.1°
90 mm = 3 mm (16 pm focus) 10°
120 mm + 3 mm (19 pm focus) 15°
185 mm + 5 mm (30 pm focus) Custom

Please read section on line thickness and
depth-of-field. For other wavelengths, the

Other wavelengths and diode powers are
available. Please call us for more details.

best focus iz proportional to the wavekength,

DIMENSIONAL DIAGRAMS

+.05E +1.40

*
. 3ese Yooy (92855 ] _._I

+0 +0.00
_ uaa?s_moz [gzz_ﬁ_ons ] Power connector
' e, I
+ +0.00 e — ]
0,860 50p [0'21.34_%5] =

JI'I =

Clamping .
surface

1408 £0.010 [35.78 £0.25]

* For & pm focus lasers, the overall length
is 0,207 [5.25] shorter

Wl @:l/ ENC (optional)

Cahles l=ngth
o be determined

M-B75 MOUNTING BRACKET

Alurninum
1521508

in. [mm]

Paterts: LS #4526 230 | CAN #1,276,827 [ Other patents pending

Information and specifications contained herein are deemed to be eliable and acourate. StockerYale ressrves the nght o change these specifications at any time without natice.

) Vision Light Tech

creating optical sokitions

Vision Light Tech
Protoneniaan 22

NL-5405 NE UDEN

The Netherlands

Telephone: +31 (0412 260087
Fax: +31 (D413 200938
Email: infoigvit.nl
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I mﬂ-gi"ﬁ“m
Solittionss.,
Group

LightWise Camera Series

High Performance
Line Scan Module
FireWire™ / 1394a
Smart Digital Imaging Module
Featuring High Quality Linear 1K Sensor
and On-Camera Image Buffer

LW-ELIS-1024A-1394

User’s Guide

Version 2.2

Copyright, 2003, Imaging Selutions Group of NY, Inc., All Rights Reserved
Fersion 2.2 Subject to change without nofice.

lofl

Doppler Flowmetry — Line Imaging Techniques 55



Annex C — 1024 Pixel Line Camera

Imagi
So}!iion

Group

Important Note Regarding Grounding and ESD Protection:

We have observed some inconsistencies in 3 party 1394 interface cards grounding
strategy. Some 1394 cards do not ground the 1394 shield to chassis ground on the host
computer. and some cards exhibit a “partial” ground. Some professional vision cards
assume that the camera ground will be provided by the vision system or apparatus the
camera 1s mounted to.

The ISG 1394 cameras require proper grounding and assume the 1394 cable shield
provides a path to ground for the camera chassis. If this connection 1s faulty. the camera
may exhibit an increased susceptibility to electro-static discharge. Please insure that the
card you are using provides a ground path via the 1394 cable shield, or add a ground wire
or other means to properly ground the camera.

Copyright, 2003, Imaging Solutions Group of NY, Inc., All Rights Reserved
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Section 1: LW-ELIS-1024 Introduction and Specification Overview
1.1 Product Description

The ISG Line Scan Imager Module provides a High performance Line Imager with high
quality high-speed video with excellent response charactenistics. The low cost and ease
of integration into existing systems make it an excellent solution for a wide vanety of
applications. The mterfaces to the Imager are industry standard to provide ease of
integration mnio target systems. Applications mclude:

Automated Inspection Systems

Bar Code Reading

Machine Vision Systems

Encoding and Paositioning

Parcel Scanning

Programmable Smart Camera Applications

1.2 Key Specifications

Linear Eesolution: 1024 Pixels

- Data Rate: Up to 10 Mpixels / second
- Data Resolution: On-Board 14 bit At D
- High Sensitrvity and Wide Dynamc Range
- On-Board FPN Correction
- Standard FireWire™ (1394a) Interface (see TM note. page 23)
Fully compliant to IEEE-1394a IIDC DCAM Specification Version 1.3
- Single 12V Supply
- Compact Form Factor
- User Programmable: Inregration Time, Multiple Gain Adjustments, Offser, Bit
Depth, and Data Rate
- Built-In Test Pattern
- External Trigger Option
- On-Board Image Buffer (16MB)
- On-Board FPGA for User-Configurabality

Copyright, 2003, Imaging Solntions Group of NY, Inc., All Rights Reserved
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1.3 Panavision SVI ELIS Series CMOS Image Sensor

The module utilizes the ELIS family of image sensors (see ELIS data sheets for detailed
sensor information), which consists of an array of high performance. low dark current
photo-diode pixels. The sensor features sample and hold capability, selectable resolution
and advanced power management. Internal logic automatically reduces power
consumption when lower resolution settings are selected. A low power standby mode is
also available to reduce system power consumption when the imager 1s not 1n use.

1.4 Programming and User Configuration Options

The LW-ELIS-1024 offers several levels of programmability and user configurabality.
These include:

- Full Parameter Control, Set-Up and Operation Control via the ISG Graphical
User Interface Software. This software 1s included with each vmat.

- Parameter Control, Set-Up and Operation Control using software packages
which support the IIDC 1394-based Digital Camera Specification Version
1.30. This includes vision packages by National Instruments, Matrox. Unibram
and many others.

- Full Parameter Control. Set-Up and Operation Control via direct access of the
module’s register set. Section 3 is the programmers’ reference for this mode of
operation.

-Customization of on-hoard FPGA. The on-board FPGA can be customized
to include smart camera functionality, such as specialized 1mage processing, data
feature extraction, custom dynamic range mapping. etc. This method can also
be used to configure the external [/O signals for custom functionality.

Imaging Solutions Group is available for consulting with customers to enable
custom configurations via the on-board FPGA . Contact sales(@isschips com for
information.

Copyright, 2003, Iinaging Selutions Group of NY, Inc., All Rights Reserved
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1.5 Automatic Gain and Offset Correction

The LW-ELIS-1024 provides on-board FPN correction throngh gain and offset
compensation. The FPGA algonithms in conjunction with an on-board dual 8-bit DAC
perform automatic offset correction and senuautomatic gain corrections. These functions
can be selected and activated by the provided ISG Graphical User Interface (GUI)
software, or can be accessed directly via register programming.

1.6 On-Board Image Buffer

The camera provides on-board image buffering for up to three frames color or nine
frames monochrome 16MB of image data. Combined with the module’s flexible trigger
modes, this image buffer enables capturing a sequence of frames at the maxumum frame
rate of the sensor, then transferring the frames at any available 1394 bandwidth.

1.7 Modes of Operation

The LW-ELIS-1024A can be programmed to run in two different modes depending on
the application.

Standard Mode (Default Operation) - In this mode the sensor integration time 1s
controlled by the amount of time the electronic shutter 1s active. The integration tume 1s
followed by readout, and then the process is repeated. This allows for very precise control
of integranion time, while trading off some sensitivity. A characteristic to note in this
mode 15 that the dark current profile of each pixel will be different because the pixels near
the end of the array will be read out later in time relative to when the pixel integration
ended. Most applications will not be sensitive to this effect.

Dynamic Pixel Reset (DPR Mode) — In this mode each pixel 1s reset after read out and
starts integrating immediately. An advantage to this mode 1s that every pixel 15
integrating for the entire line time (minus the one clock cycle for reset). A disadvantage 1s
that the minimum mtegration time 1s driven by the readout time of the sensor (no
electronic shutter). The imntegration time can be extended by adding a delay between line
readouts (DPE. Delay Register). DPR mode 1s available by setting [SG-defined registers
via the 1394 interface. See table i Section 3.1.2.

Copyright, 2003, Imaging Solutions Gronup of NY, Inc., All Rights Reserved
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1.8 Simplified Block Diagram

1394a (+12V in)

Image
Conditioning
and Control
FPGA
Panavision
SVI g 3
ELIS < smart
1024A Algorithm
CMOS — Space 13045
];quESEFl; || Timing Controller
obl Generator Drivers/
Receivers
S 14-bat
AtoD
Opto-
Power Chkts.. e
Regulators
LW-ELIS-1024A

Optional External Sync

Programmable /'O
(with +5V. +12V out)
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Section 2: Connectors and Trigger Modes

The ISG linear cameras can be triggered in frame or line rate modes or a combination of the two.
The frame rate tngger (described 1n section 2.1) controls when the lines that make up a frame
begin to be acquired. The line rate trigger {described in section 2.2) controls the mterval between
each line read out of the mmager. It 1s possible to use both types of tnggers simultaneously as long
as the opto-1solate trigger input 1s used for the frame trigger and the differential tngger input 1s
used for the line rate trigger. When not using line rate triggering erther the differential or opto-
1solated input can be used for frame tnggering.

Section 2.1: Frame Trigger Description

Register Description:

Trigger Delay — A 16 bit value used to delay the start of image acquisttion from the active edge
of the input trigger. This value can be programmed 1n steps of 20.83us to a maximum value of
1.37s.

Strobe Advance — This 8 bit register 1s used to apply the strobe signal a programmed amount of
time before the start of image acquisition to allow for illununation turn on time. This value can be
programmed in steps of 5.21us to a maximum value of 1 33ms. Note: The trigger delay must be
greater then the strobe advance.

Strobe Delay — Thus 18 bit register 15 used to delay the strobe signal a progranmumed amount of
time after the start of image acquisition. This delay is intended for use with flash illumination
devices. This value can be programmed in steps of .65us to a maximum value of 170 ms. Note:
The strobe delay must not exceed the mmage acquisition time. If a value 1s programmed for Strobe
Advance the Strobe Delay value will be ignored.

Retrigger Delay — The 16 bit value in this register is used to program the time between image
acquisition intervals when i Retrigger Mode. Tlus value can be programmed i steps of 5.2us to
a maximum value of 341ms.

Strobe Duration - This register 15 used to program the duration of the strobe pulse when strobe
duration mode 15 enabled. This value can be programmed in steps of 5.2us to a maximum value of
341ms. Note: The strobe output will go inactive at the end of image acquisition no mater what
the strobe duration 15 set to.

Trigoer and Strobe Description:

The mput trigger sense can be active low or hugh. A software trigger 15 also available to the
progranumng interface (Host Mode) as well as a trigger status bit. The strobe output 1s intended
to control an illununation system and can be selected to be active low or high as well as always
high or always low. The diagrams on the following pages show the tigger as active low and the
strobe as active lugh.

Copyright, 2003, Inaging Solutions Group of NY, Inc., All Rights Reserved
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8of8

Doppler Flowmetry — Line Imaging Techniques 62



Annex C — 1024 Pixel Line Camera

63°6

‘aanou ieylim 2Subys o 1oalqng 77 uoIsia,]

[

PANL2SIY SINSRY IV oy fLw Jo diuoan suoynjos Suiseney ‘egor nysiiddoy

nding aqons

' 2JuBADY
© o 2000S

uonisinbay abew)

.A|'“
' Aejaqg 12b6u .

nduy 126611

UMOUS 30UBADY 2Q00S

0 2pow 12661 2a) = v 2popy 1266uL

dno.s
~gomgos

TBurseury

63

Doppler Flowmetry — Line Imaging Techniques



Annex C — 1024 Pixel Line Camera

o1Fe01

PIUOU INGYIIN BFuYS o) 1elgng ;7 weolnia,)

paatasay SIERY NV “2up ‘1N Jo duosn suopnpes Surdmny ‘cogr ‘iydeeido)

umoys Aejsg aqons
0 apow JabBu L DAl = v apow 13661 L

Inding aqons
uopisinbae abew

induy 186601

dnourn

éﬁ%mmﬁh

64

Doppler Flowmetry — Line Imaging Techniques



Annex C — 1024 Pixel Line Camera

Itie

‘pagon mogiin p3upy s o 22elqIEs [T nolnie,|
Paadasayr sHSRY ¥ “2up SN Jo diuetn suoymjes Supsviy ‘copg ‘HSeido)

B v——
* uojeIng aqons

l

Aejaq 12660

—

UMOLS UBIBING 3401
0 apoyy 12661 DAl = v spoy JabbuL

nding aqons

uoisinboe abew

nduy 12661 |

dnoas

éﬁw&mﬁm

65

Doppler Flowmetry — Line Imaging Techniques



Annex C — 1024 Pixel Line Camera

1o tl
‘azyou jnoyim aSupys o) 1aelgng ©7 uolsia,]

pansasay SISy [V “oug LI So druoin suounjos Suisviy ‘e nysudde)

nding sqons

o > : - >

_m.ucm}u(_ . ouUBApY

L aqons ! ' ¢ 2004s

Aejag 1266uay : i Mm_mﬁ_ 1266u] .

: _ uonisinbae afew)

A
Y

induy JabBuL

O apoyy 126601
dno.o
SSUOF 0
)

-
.

(Seur

66

Doppler Flowmetry — Line Imaging Techniques



Annex C — 1024 Pixel Line Camera

I magig,%,m
Solitktionss.,
Group

Section 2.2: Line Rate Trigger Description

The line rate trigger 1s offered for applications such as web mspection where
synchronization between the imaged target and the sensor line rate are required to
maintain proper image aspect ratio. This 1s accomplished by feeding a differential signal
from the tach to the differential trigger input. Two line scan modes are provided and can
be enabled with bits 11 and 10 of the LISCE. {0x424).

LISCR[11:10] 00 = Line rate trigger disabled.
LISCR[11:10] 01 = Line rate trigger enabled in edge mode.
LISCR[11:10] 10 = Line rate trigger enabled in level mode.

When vsing edge mode, the integration time 1s controlled with the shutter register as it 1s
when not using line rate triggering. When using level mode, the line integration 1s
controlled by the trigger active tume. In other words the pulse width of the trigger input
will control sensor integration time. Both modes are illustrated below.

Line Rate Trigger Edge Mode

Trigger
Sensor

Integration  __|

Sensor

Readout ’—‘ ’—‘ I—I

Line Rate Trigger Level Mode
Trigger

Sensor
Integration

Sensor

Readout

Copyright, 2003, Inaging Solutions Group of N, Inc., All Rights Reserved
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2.2 External Connectors

221 Firewire™ Connector: This interface is based on the industry standard 1394a
specification. Two connectors are provided to allow camera daisy chaining.

2.2.2 15-position D-SUB IO Connector:

> Connector part number: Molex part number 83612-9020
> Thumb Screw part number: Molex MDSM — 9PE-Z10-VR25
o Recommended Cable: Molex CA 83422-9014

Pin Function Input/Output Type

1 Trigger + Optoisolated Input

2 Trigger - Optoisolated Input

3 GND

4 DC Input (Optional) Power Input

3 Strobe Open Collector Output

6 Programmable PWM Open Collector Output

7 GND

8 DC Input (Optional) Power Input

9 RS5422 Tngger + Diff. TTL Input

10 RS422 Trigger - Diff. TTL Input

11 DC +5V Qutput Power Qurput

12 Programmable Qutput + Optoisolated Output

13 Programmable Output - Optoisolated Output

14 Reserved

15 GND

\ 8
; :“%ooogoooooom 15

15-pin Micro-D EXT 10 Connector, Front View

Copyright, 2003, Imaging Solutions Group af NY, Inc., All Rights Reserved
Fersion 2.2 Subject to change without notice.
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User Interface ISG Imager Module
Ext I/O Header

Trigger +

10V - 24 V DC, 20ma source max.
Signal rate up to 60 KHZ
-+

Trigger -

PWM

Strohe 4

RS422 Driver -
+
TI SN6SHVD30S2ED R8422 Trigger

Or equivalent

Up to 200
See Applications Example on kbps
next page. <

RS422 Trigger -

DC source power (12V typical) @ 200 mA ‘

DC Return

5VDC Out @ 250 ma

External Input Output Interface connection

Copyright, 2003, Imaging Solutions Group of NY, Inc., All Rights Reserved
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Applications Example: Using The RS422 Trigger Input

1) Preferred Method — R5422 Driver

The optimal way to utilize this mput to trigger the camera 1s to drive the R5422 Recerver
in the camera with the corresponding driver device. The recommended drniver 1s T1 part
mumber SNGIHVD3082ED. This method provides a balanced. robust differential input.

2) Alternate Method - Driving the RS422 Trigger Input with Standard
3.3 or 5 Volt CMOS/TTL Logic

Standard digital logic can be used to simulate a differential signal and trigger the camera
using the R5422 mput. This can be accomplished by generating a 3.3 or 5 Volt logic
signal for R5422 Trnigger —. and providing a logically inverted output of this signal for
R5422 Tngger -. The following diagram illustrates tlus approach:

Tngger

{>_ Trgger + (to pin 9)

Non-Invertmg Buffar
3.3 or 5 Volt Logic

Trigger - (to pin 10)

e —

Iverting Buffar
3.3 or 5 Volt Logic

Copyright, 2003, Imaging Solutions Group of NT, Inc., All Rights Reserved
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Section 3: Programming Guide

3.1 Top Level Memory Map: All addresses are offset from address 0x7000

Sensor Map

Sensor Interface

SICR 0x400
SISTAT 0x404
TRGDLY 0x408
STRBDLY 0x40C
RTGDLY 0x410
PWM 0x414
STRADY 0x418
STRODUR 0x41C
ILISCR Ox424
SHUTTER 0x428
NUM_ROWS 0x42C
VV_STRT 0x430
VV_END Ox434
INT_COUNT_VAL 0x43C
NDRO_COUNT Ox440
DPR_DLY Ox444
CLKCR Ox448
PWM_SF Ox44C
LRT_MULT Ox450
Image Path Control

IPCR OxB00
IPSTAT 0xB04
HISTCOLSTRT 0xB03
HISTCOLWIDTH 0x80C
HISTROWSTRT 0x810
HISTROWDEPTH OxB14
HISTCR 0xB18
HISTADDR 0x81C
HISTDATA 0xB20
DGAIN 0xB24
LUTADDR 0x8B4
LUTDATA 0x6B8
DOFF 0x918

0x000 - Ox3ff

B12

B15

U1e
U1s
Ute
ua
ua
U1s
B10
Uts
L1s
ut2
Uiz
Ut
ua
U1s
us
us
us

B14
B2
Utz
Utz
Ut
Ut
B4
us
U26
a4
L10
Uto
U4

Sensor Interface Control (Control Registert)
Sensor Interface Status

Trigger Delay

Strobe Delay

Retrigger Delay

PWM Duty Cycle

Strobe Advance

Strobe Duration

Linear Control Register (Control Reegister2)
Shutter Value (LGINT on SLIS)

MNumber of rows in a frame

Start of line RO

End of line ROI

Short Integration for SLIS

NORO Line count (ELIS Only)

DPR delay (ELIS Only)

Clock Divider/Control

PWM Scale Factor

Line Rate Multiplier

Image Path Control

Image Path Status

Histogram Window Column Start
Histogram Window Column Width
Histogram Window Row Start
Histogram Window Row Depth
Histogram Control

Histogram Address

Histogram Data

Digital Gain

Look Up Table Address

Look Up Table Data

Digital Offset

Copyright, 2003, Imaging Selutions Group of NT, Inc., All Righis Reserved
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3.2 Register Detail

Please contact ISG for register programming details.

Section 4: Mechanical Information

4.1 Lens Mount

A Case-Mount CS type (1.07 diameters with 125 mm spacing between the surface of the
sensor and top of the lens-mount) lens mount 15 provided for both system configurations.

C-Type Lenses: A five mm extender will change the C5 to C-Type lens mount with
17.5 mm Back Focal Length.

F-Type Lenses: Using the Cannon 50mm F-type FD senies + the Cannon "C-type to F-
type" adapter will covert the camera to F-type with 39 9 mm Back Focal Length.

4.2 Tripod Connection
A standard female tripod connection 1s provided at the bottom of the Imager module and
the Evaluation platform

Copyright, 2003, Imaging Solntions Group of NY, Inc., All Rights Reserved
Version 2.2 Subject to change without notice.
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2.875"
(73 mm)
Front View i CS Lens Mount
(39 mm)
Mimi-USB2.0 Connector
For debug and development
CPU Status
Imaging Statu:
Dy FireWire™
\ Connector 2
Back View Trigger / Strobe
Connector
FireWire™
Connector 1
A Screw holes for
securing camera
e Female Tripod
(31 mm) Socket

Bottom View

1257

(31 mm)

Copyright, 2003 Imaging Solutions Group of NY, Inc., All Rights Reserved
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Length

C-mount 78 mm
C Adapter CS-mount 73 mm
Width § mm Note: CS+C

adapter = C-mount

Width
52 mm

h J

Height
3B mm

Mount

Height

% o mm

Mount

Widlh ‘

31 mm

Copyright, 2003 Imaging Selufions Group of NY, Inc., All Rights Reserved
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4.4 Module Components:
The ISG LW-ELIS-1024A-1394 Line Scan Module hardware design is partitioned into
four separate boards: 1) Sensor, 2) Controller 3) I/O board and 4) Power Management

boards. These boards are SMT type 2 (double sides) and are connected to each others as
shown below:

The module elactronics consists of 4 beards: Sensor, Controller (CMS5),
Power Management Board (PMS5) and the IO board.

Sensor
Board

Alignment
hole— ™

Standoff / T PMS5

Copyright, 2003 Iimaging Solutions Group of NY, Inc., All Rights Reserved
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4.5 Operating Conditions

Measured Average Power Consumption via 1394 cable:
12V, 250 ma rms / 3.0W

Ambient Operating Temperature Range:
-10to 45 C

FCC and CE Qualification: In progress.
Test results available upon request.

Vibration and Shock Testing: In progress.
Target specification: 7G rms (10Hz to 2000Hz) Random, Shock
70G. Test results available upon request.

5.0 ISG Firmware + FPGA Upgrade Process

This process will use the ISG Camera Control GUI application software on the host PC,
to update firmware and/or FPGA code on the ISG 1394 camera. The camera’s
firmware/FPGA code is loaded through the 1394 interface using the ISG GUL

A customer wishing to do a firmware or FPGA upgrade should perform the following
steps:

1} Extract. and copy the firmware/FPGA binary data files to a directory on vour host PC.
The files are named 1sgepu_cexx xxxx.bin for updating the camera firmware, and
1sgfpga cexx xxxx bin for updating the camera hardware (1.e. FPGA device code). The
cexx field represents the camera type. and the xxxx field will hold the version number.

Copyright, 2003 Imaging Solutions Group of NY, Inc., All Rights Reserved
Revision 1.0 Subject to change without notice.
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2) To upgrade the firmware on the camera, start by ronning the ISG
Lightwise GUIL Note that the ISG supplied driver for the camera must be installed in
order to use the ISG GUL It is recommended that the camera viewer window be closed
before continuing.

3) Click on the “Camera Control Dialog™ button on the ISG GUL

4) Select the “Camera Setup”™ tab from the Camera Control Dialog page. The Camera
Setup page can be used to update either the firmware or the FPGA code of the camera, or

both.

3) Use the browse button (labeled “...”) to search for and select either the 1sgepu or
1sgfpga binary file defined in step 1 above. depending on which part of the camera you
are updating.

6) To begin the actual download procedure, click on the “Download to CPU™ or
“Download to HW™ button as appropriate. A popup box will ask if you are sure that vou
want to continue the process.

7) Confirm that you are sure you want to proceed with the upgrade by answerning, "yes"
within the confirmation popup dialog. Once confirmed, insure that this process is not
interrupted (1.e. maintain 1394 cable connection). The progress bar will show the status
of the update. Wote that an FPGA updarte will take a few nunutes to complete. The
process 15 completed once the dialog states "Done” on the download button. At this
point_ the camera 1s upgraded with new firmware FPGA code.

8) Exit the GUIL Power cycle the camera by disconnecting and reconnecting the 1394
cable to allow the new code to be executed.

9). After the camera 1s connected, you can right click in the top toolbar of the GUI and
select “about 1sg camera system” to read the new version numbers.

Trade Mark Nate:

FireWire™ is a registered trademark of Apple Inc

Copyright, 2003 Imaging Selutions Group of NY, Inc., All Rights Reserved
Revision 1.0 Subject ro change without notice.
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Specifications

LW-ELIS-1024a-1394

Imaging Device:

Linear CMOS

Sensing Area:

8.0 mm x 125 microns

Pixel Size:

7.8 micron x 125 micron Rectangular

Pixels (Hx V): 1024x1

Pixel Depth: 14-Dbat
On-Board Image Buffer 16 Megabvtes
Camera Control: Via Software
Line Scan Rate: 10K lines per second
Pixel clock: 10 MHz
Svnchronization: External or via software
S/N Ratio: =80 db

Video Output:

FireWire™ [EEE-1394

Lens Mount:

C or CS-Mount

Mounting:

Wia ¥-20 mounting adapter

Power Requirement:

Via FireWire™ 1304 Cable

Vibration (10-2K Hz): G

Shock: T0G
Dimensions (HxWxL): 38mm x 51mm x 72mm
Weight: 176g

Operating Temp.:

P Co 457 C

Pricing:

Call ISGor Edmund Optics

Doppler Flowmetry — Line Imaging Techniques
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M1214-MP

12mm Fi1.4
for 2/3 type Cameras, Megapixel Fixed-focal
C-Mount
Model Mo. nM1214-MP Effective Front @21.0mm
Focal Length 12mm Lens Aperture Rear Z13.0mm
Max. Aperture Ratio 1:1.4 Distortion 213 type —0.1%(y=5.5)
Max. Image Format 8.8mm x 6.6mmi{<1 1mm) 1/2 type —0.35%(y=4.0)
Operation Range | lris Fi1.4-F16C Back Focal Length 13.1mm
Focus 0.15m - Inf. Flange Back Length 17.526mm
Control Iris Manual Mount C-Maount
Focus Manual Fitter Size M30.5 P=0.5mm
Object Dimansion | 2/3 type 11.0cm % 8.3cm Dimensions @33.5mm ¥ 28.2mm
at M.O.D. 172 type B.8cm x 8.6cm Weight 65g
Angle of View D 2/3 type 49.2° 1/2 type 37.0°
H 40.4° 30.0°
v 30.8° 227
Operating Temperature —20°C - +50°C
M.Q.D. : Minimum Object Distanc
Dimensions
Inclex Ring

M30.5 P=0.5

@335
@3z

LETEL

TR ED

3.4 5.3 10 | 6 3.5

Iris Ring
1-32UNF
@ )
L=
4] (0.8)
17.526
{IN AIR)
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FOR MOFRE INFORMATION CONTACT:
Fevstone Autcanation Inc., 3649 Memonal Avenne Morh, Sullwater, MM 55082

TEL: $31-430-2268 FAX: 651-439-4179 www keystoneautoiration ¢om
ImAGING

AViivQ”

AVIIVA™M2 LINESCAN easy,

versalILE
CAMERA and aecurate

Typical applications

- Sensor range : 512 1o 408G pixels - Web imspection {printing, t=dile, paper..)
10 or 14 ym - Parts inspection or sorting
- Interface : Camera Link or LVOS (food, pharma, container._)
- Mechanics - Compact. versatile - Surface inspection
and accurate design {semiconducior, PCB, CO...)
- Excellent Signal'MNoise Ratio - OCR and bar codes reading
- Diata rate - up to BOMHz (scalable) {document scaning, postal sorling...)
- Dymamic range - up to 12 bits (scalable) - 3D metrology
- Other programmakdle sethings -
* synchronisation mods
* clock s=lection
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AVIIVA M2

DETAILED SPECIFICATIONS

Sensor characteristics at maximum pixel rate

Resgjution pinals| 512 1024 2048 AQ96
Pixel size (sguare) 5 14 4 or 10f4 or 100 10
Max Line rate kHz | 108 a7 8 15
Anti blooming ® 150
~ Spectral Response
AViiVA
— s 10 T sl 1aa 1
easy, : ¥ e e
vinsa IILE ey
and aocurate F oo
Em
- 12 — LI = m
F50 — 1100 3 ooam
—_— ]
T - Grom 0 Goac T o S E— e
¢ i = 200 am 500 1000
18 Mo | oo e lengt ()
L] . a¥ . 1D
A | 48 oW
FTC I ST
id
Fid
SExdins
[ o TH
e AT g il
Y LUl u)
"'tﬂmiﬂﬂ" "1
wirghe T2 b 4
[ h-:u-o--nq-
[T

Connectors and data interface

P L e Carmera Lisk venson
N [P conracoe D e
e vamael ool sarnaciss MDR 23 Camana Link
Finésca Clulw conredor e wilt conaof
Pragrommatls dete reie Mz | IE60, @40 TE0 IEN
CE gl P parglan] W, FERo
VDS warsion
Power conneclor HEAD Gupir
} F Contol conracior F5 12 DuSub Gepin
Calm connecior 1 [-Gut F dd-pin
f ‘} [als connecio 30 D-Bub HOD 2-pin
[TL3] Programmable data ale  WHz | UBE0  1@40, &30, @20
g0, BER0, BN 20
TInotuSed 1L Mot ond - 0 b congurmann - .

OVERVIEW OF ATMEL LINESCAN CAMERA OFFER

S [ we [ Mnaie] e | resion | oweroma

Monochrome 180 CL D045-6144-8192 up o 10 Bits

AINGA G2 ‘Color B CLLVDS a0as up o 12 bhs

ARCYLA MDZ0" ‘Solor Ix2d CLLVDS {24-2048 up to 10 bits.

AERCYLA MD20" Color 3x30 CLLWDE 1i024-2048 up to 10 bhs
" with bearm spifter
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BRUSHLESS range from CROUZET

1 - Composition

This new product range is based on the 3-phase motor with Internal
rotor. The high-energy plasto-territe magnet is completely integral
with the motar shaft. The chosen structure gives high dynamic
performance : made possible by the kow inertla of the retor (unlike
motors with external rotors, which hawve high inertia) .

The stator lamination stack acts as a heat dissipator for energy
losses induced by the winding.

u Motor principle :
With internal rotor,

Both zamac flanges mounted on the stator lamination stack are
fitted with & ball bearing, ensuring the motor will have a long service
life.

u Composition :

Hall efact

~ Ball baarings

(i
zommmm |11

e C
—E Tl Al Gl 3 RV T VAR R v il ol

The electronics required for operation are completely
integrated in the motor.

2 - Operating principle

The chosen architecture is based on a “3-phase” motor, with a 4-
pole rotor,

u Sequencing : the “3-phase” motor is wired as “defta”.

Three hall effect sensors are used to locate the position of the rolor,

The transistors conduct up to 120°
m ~| ™= ~|
E-TIE

r;_l
-

" Communication logic

. !

A T

oru'i '

™ oFF !

12 ON ™

T2 oFF ———

OnN I—;——I:

T3 9N, '

]

= Resulting torque form

Torqua

Resulting torque

== == Tomue of cail 1

Targua of coil 2
— . Torgus of coil 3

The “3-phase” molor provides the best possible compromise in
terms of reqularity of the resulting torque (low ripple percentage)
As the electronics are completaly integratad, all the sequencing is
performed by the alactronics inside the motor

Steg 1 Steg 2 Step 3 Step 4 Sp 5§ &
180° 30 240" mr 3

5 ! : :' @
Step 7 Step 8 Step g Sep 10 St 11 Slep 12

-
:}c KU'!
\
=
<[Crouzet] )
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3 - Functions and inputs/outputs

The spead of the motors offered with integrated electronics can be
contralled : by an analogue (0 - 10 voits), or digital (PWM @15 kHz)
spaed signal,

v Tor Toe Ton
it L

‘TI'LITI"'l—'J

= Definition of PWM

Tis constant, but Ton varias ; the Ton'T ratio is the cyclical ratio (as
a%).
In this case, PWM is a control signal, converted by the electronics to
sel the speed

- It the: cyclical ratlo is 0%, the speed is O rpm.

- If the eyclical ratio is 100%, the speed is NO (no-load spead).

« Ii the cyclical ratio is 50%, the spead s NO/2 (half the no-oad

speed).

The voltage ¥ is not significant (between 5 and 28 V), and does not
affect the speed
Tha PWM input is a digital input : it can be used by PLCs and micro-
controllers.

= Motor protection :

The motors are completely profected during oparation : by current
limiting and tharmal protection. During abnormal operation, in a
machine or device : for example locking, the motor stops after
approsimately 3 seconds, (power stage off) and must be reinitialised
via the On/Off input - this is a failsafe system.

nlnputs f Qutputs :
24 o7 36 vohls
OOt o
Dorgsction af fol BN —as] Cﬂﬂl‘l‘-l Pumar e
el voll input (1000 100 %) L]  logic shags
P inpuit, 15 KHE —1
(0o 100 T
Speed outpd J
[N, 12 puisesyevolution) —
INTEGRATED ‘E.
LECTROMICS

u Truth table for Inputs / Outputs :

OnfOfl PWM [0-10V |Direction

0 x X x motors off

1 1 0 0 revarse rotation

1 0 1 Q revarsa rotation

1 1 1 0 unauthorised configuration
1 0 0 X maters stopped

1 1 V] 1 clockwise rotation

1 4] 1 1 clockwiss ratation

1 1 1 1 unaulherised configuration
¥=doni cae T=Wih o=l

= Speed regulation :

Two types of product with integrated electronics are offered far the
whole range, both motors and geared motars.

a) No speed regulation ; this option is offered for users who do not
need to regulate speed in a closed loop, or who wish to reuse their
own regulation electronics on an external card, to imit modifications
to the architecture of their machine.

Motors without integrated speed regulation : no data feedback
on action taken.

Speed control j- L | e

b) With integrated speed regulation (eg : Part no. 80 030 003)
sea page 10.

This integrated option can be used simply for a speed regulation
function suitable for most applications, In effect : there is no longer
any need 10 wire a motor to a card, no electromagnatic compatibility
problems linked to wiring, hence reduced nat cost!

Motor with integrated speed loop :
Hall affect senzars monitor the action taken, enabling the
electronics to modify the command to achieve the desired effect.

Spaed setpeint *G ;F-"“' _I]- Motor

Sensoe

4- Safety

Crouzet BRUSHLESS DC motors are designed and manufactured
to be integrated into devices or machines which meet, for example,
the specifications of the machine standard : EN 60335-1 (IEC 335-1,
“Safety of domestic electrical appliances”).
Tha integration of Crouzet DC motars into devices or machines,
should ganerally take account of the following maftor characteristics |

- no earth connaction

= “main isolation” motors (simgle isolation)

- pretection index | IP40

- isolation system class | B (120°C)

European low voltage directive T3/23/EEC of 19/02/73 :
CROUZET DC molors and geared molors are outside the fisld of
application of this directiva (LVD 7323EEC applies to voliages over
75 volts DC).

[<[Crouzet]
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5 - Electromagnetic Compatibility (EMC) : '

On request, Crouzet will provide the EMC characteristics of the
various typas of product.

European directive 88/336/EEC of 03/05/89, “sleciromagnetic
compatibility” :

DC motors and geared motors which are components designed for
professionals, to be incarporated in more complex devices, and not
for end users, are excluded from the field of application of this
diractive,

However, conscious of potential customer difficulties concer-
ning problems linked to electromagnetic compatibility,
Crouzet has designed Its products to meet the requirements
of the standards : for example EN 55011 Gr. 1 class 8 (medi-
cal) as well as EN 55022, class B (data processing) in terms of
emitted electromagnetic interference, as well as standards lin-
ked to immunity : JEC 1000- 4 -2/3/4/5/6/8.

6- Electrical characteristics

= Wiring precautions:

VAN VAN B
p—— ]_ ——
For EMC conformity :

- The motor must be connected to earth via its fromt flange.
- The length of the wires is 20 ¢cm.

Symbol
3, .
Supply voltage

Version 1

Conditions Ta = -10 to 40 °C

Nominal

28 )

Versioh 2

324 36 39.6 v

Logic level 1

3 Vmot W

Wih
Logic level 0 Tl A 1.7 v
Current for logic level 1 Tih - 05 mA
Current for logic level 0 Iil 0.05 mA

Voltage

Input impedance Ze T w Tk
Logiclevel1 ~~ ~ Vih 3 — 28 v
Logic level 0 wi A Rk v
Current for logic level 1 [ ) 05 ma
Current for logic level 0 il - R 0.08 mA
PWM input frequency Fin T - 13 15 17 kHz

Voltage for level 0

Vol Vih=6V, Rpul up=12kQ 0.4 v
Voltage for level 1 Voh - A 35 v
Curment for lavel 0 ol R R 5 mA
Currant for level 1 loh R 0.8 mA
Width of low level W 320 us

Limit value Ta =

20 °C, alectronics at ambiant 2&"4:

Derating

E]Crouzet
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7 - Connection diagrams

General precautions : see page 7, 8, 10,
Conneclor marking ; see page 10.

m Simplified connection

This connection only requires a power sup-

ply { 24 or 36, 3 A). T] Vimal (-}
Point 3 should not be connected. l—— P2 | Vmat (+}
3| - logic
This diagram can be further simplified by Power SUpRly . ' L4l 010w EI
connecting input 7 directly to the power ! g m
supply pnsillive and input & either to the ImaxEmay | __aﬂ'—_ 7| onos M
power supply posilive or negative depen- =1 Rpulup L1 f__ b8 | Encadear
ding on the direction of rotation required 12 Pulss i ekt
= Adjusting the speed using a potentio-
meter
Painl 3 should not be connected. =
Ymat |-
. r——- 2 -.'mum"ﬁ
—— ] i
J - g a-10y
—ry o
* =3 L i P | Ol
(Imax: 5 mA} : } & Encoder
Hpdm L Orviol ’
12 Puisagirey ~a—b————
m Using the 0-10 V input, with a separate
power supply
This connection requires 8 power sUpply
(24 or 36V, 3 A) and a 0-10 V supply Power supply 1] vimat |-
Y . 2/ vmol {4}
3| s ogic
- 4] aapw
Cow bt [re——di|m
HEE
:’_"r"s'—-— L7 G-'n'ulll
i M § mA) —— P8 | Encoder
147/ il g H 4
12 PUlSHSTEY o — "~ "7 "
m Using the PWM input
This connection requires a power supply
(24 or 36 V. 3 A) and a supply with PWM 1] vmat )
and a frequency of 15 kHz Powsrsunply | 2| Yma 4]
- Iogie
4| by
P X ﬁ ] 5| PwM —
+ 1 16| 58050
e — A
! a5 mA g 8] Tt
HRpw e
12 F -— 4
[lCrouzet,
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BFIUSHESS DC motors

Applications . BOO30 80030 -
= Pumps, turbinas 24V 3V
— Compressors
- Gas analysers 80 030 002 80 030 004
- DI&I'\'_S!G- equipment Wilh spp rogulallun e B0 030 003 A0 030 005
~ Physiolherapy equipmert No-load characteristics
= Respiralors E:gd of rofation rpm 5400 -
= Capsars and paripherals A ed power W 5
— Postal sorting systems Abzorbed current A 088
- Bank processing systems Nominal characteristics jacc. 1o [EC 68-2-14) given for 100% of neminal speed
— Mator-driven lans Spesd of rotabon q&d]uslaue from 1000 T00%) ,prT 470 2‘3'6‘:'_ -
- Engraving machines G — — mi.m a5
_ T&:glilasng . Usable power w o 42
_ Absorbed power W 45 58
- Packaging Casing lemperalure T B2 B2 .
= Automated materials handling Ambient temperature ] 10 ta +4 100 bo +40
balts Efficiency % 72
- Marials and radar General characteristics
_Precision of spoad ragutahun B
Isalation system acc. to IEC BS ’
Degree of profection acc, o IEC 529
Maximum usable power
“Elariing ongua mM.m
Starting current A
i Maxirnesnt elficiency %
- Integrated spesd regudation Acoustic pressure Kﬂ 50 cm) dBA’
~ High-resolution encoder from 100 Resistance [¥]
to 512 pulsesirey ll%?:ﬁlaammnl ;"H A
- i i i Lt
Adaptations with front/rear shaftin | £jackical lime onstant ma
stainless staeal Mechanical lime constant ms
= Motors with Hall sensors only Tharmal time constant o min
- Adaptatiens on electranics Tharmal impadanca windingamEsgn air o] -
— Alternative protection index < IP54 | Inertia g.env
Weight [+]
Service lile n
Dimensions Curves
24 Vot version
Speaditorgue
Current/targue
7[\’_..
36 Valt version : iogaa} P
Connections A0
CAMP KTA 100 B40440-8 connecton wilh AWG22 wire, @ on insudation 1 8 mm (suppied) €000
Marking Wre calour Speeditorque A0
et 2000
! Ja  Dlack  Qwoltreference for e powsl sugply
2 _‘a_ Ded Prower sUpply (24 o 36 V} ’
3 " Blug Owoll reference for consrod {ref isolated wom 1) T
] Brawn 010 wolt spaed Analogue input a0 T
5 Orrange PWM speed dyital ingut [15 KHz) T 25
a - Vil by Lagic input, direction of rotation |;1-c1octm:= 20
7 Largen Logic inpul, ruq‘aml_u_‘l.ru.? T
a White Enoder logic cutput, 12 pulses per rawobulicn Currentiiorque :s

NO'.‘-HHW precaulions to avoid damaging the mater

*a1) Do nod rerverea the poiarty,
*g) Sloa the mator bafore changing direclion.

"B} I anly 1 powed sugply s being used, da not connect 3 ta 1

_ Standard products

Farl rumies

Example  BRUSHLESS DG molor - A0 030 002

[CCrouzet,
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BRUSHLESS DC geared motors

Types

800355

~ Special reduction ratic — — __ZAL — v
— Special greasing Part numbers -
- Shaft adaptation Without speed regulation I, |
~ Stainless steel shalt option :Nulg speed ;fa%'ﬂ:'g‘m T " - _.
- . T 0f 3peed (rpm _ Ratios
Molor : see page 10 T 'Y
51 to 504 6.75
45 1o 444 R
28 o 278 1235
23 to 222 1591 M B i
14 to 139 X 245 B BO 035 510
9 i BY 38.28 ) BO 035511
7 o 63 T 48 e St ] i
G o 58 — 61.25
3 1 28 . 1225
15 1w 14 . 245
General characteristics
Motor 80
Gaarmox S , 810355
Maximum permitted gearbax tarque in steady
stale 5 5
Axial load (dynamic) ] . L &
Radwal load {dynamic) dam B &
_Mominal wsable power o w 24 24
Casing lemparature o °C 58 B 58
Waight A - IR - v B -
Dimensions Curve : nominal lorque/speed

The unbroken ling reprasents the
maximum gperaling ranges for the geared
mators in conlinuous operation,

21,4 min.
22, 7max.

- Standard products E]
Part numbar

Example - Brushless DO geared modor - 80 035 502

Standard producis

L] .

non stocked Type E Mominal vallage E’ Clutpart apsed

Examrple | BRUSHLESS DC geared matar - 80 035 5 - 24V - With spaad regulation 222 rpm, |

KlCrouzet
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Low-Cost Multifunction DAQ for USB
[

NI USB-6008, NI USB-6009

 Small and portable Operating Systems
® 12 or 14-hit input resclution, * Windows 2000/%P
atupto 48 k3/s o Mac 03 X1
# Built-in, removakble connectors & Linux®
for easier and more + Pokat PC
cost-effective connectivity « WinCE
« 2 tue DAC analog outputs
for accurate output signals Recommended Software
+ 12 digital /0 lines (TTL/LVTTL/CMOS) * LabVIEW

o LabWindows/CVI

Measurement Services
Software (included)

* NI-DACmx

* Ready-to-run data logger

Mac 05 X and Linux users need
o downlpad Ni-DAQmx Base.

* 32Z-hit event counter
¢ Student kits available
* OEM versions available

e,

asrrsRNIBAIIARSS

Input Max Input Ourtpart Dutpat Durtpast Digital
Analog Resolution  Sampling Rate  Ramge Analog Resolution Rate Range 1] 32-Bit
Product Bus Inputs! Ibits) kSish W Outputs {bits) {Hz) w Lines Counter  Trigger
USB-B009  USE BSEM4DI 14 4 +1 to +20 z 12z 150 0ta & 1z 1 Digital
USB-E008 LISE BSEADI 12 10 +1 to +20 2 12 150 Otah 12 1 Digital

'SE =single ended, Dl = differeritial

Hardware Description

The Mational Instruments USB-6008 and USB-6009 multifunction data
acquisition (DAQ) modules provide reliable data acquisition ata low
price. With plug-and-play USB connactivity, these modules are simple
enough for quick measurements but versatile enough for more complex
measurement applications.

Software Description

The NI USB-6008 and USB-6009 use NI-DAQmx high-performance,
multithreaded driver software for interactive configuration and data
acquisition on Windows 0Ss. All NI data acquisition devices shipped
with NI-DAQmx also include VI Logger Lite, a configuration-based
data-logging software package.

Mac 0S X and Linux users can download NF-DAQmx Base, a
multiplatform driver with a limited NI-DAQmu programming interface.
You can use NI-DAOmx Base to develop customized data acquisition

applications with National Instruments LabVIEW or C-based development

environments. NI-DAQmx Base includes a ready-to-run data logger
application that acquires and logs up to eight channels of analog data.

PDA users can download NI-DAQm Base for Pocket PC and Win CE
to develop customized handheld data acquisition applications.

Recommended Accessories

The USB-6008 and USB-6003 have removable screw terminals for easy
signal connectivity. For extra flexibility when handling multiple wiring
configurations, NI offers the USB-6008/09 Accessory Kit, which includes
two extra sets of screw terminals, extra labels, and a screwdriver.

In addition, the USB-5008/09 Prototyping Accessory provides space for
adding more circuitry to the inputs of the USB-6008 or USB-6009.

Common Applications

The USB-6008 and USB-6009 are ideal for a number of applications
where economy, small size, and simplicity are essential, such as:
* [ata logging — Log environmental or voltage data quickly and easily.
* Academic lab use — The low price facilitates student ownership
of DAQ hardware for completely interactive lab-based courses.
{Academic pricing available. Visit ni.com/academic for details.}
® Embedded DEM applications.

NATIONAL
INSTRUMENTS'
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Low-Cost Multifunction DAQ for USB

Information for Student Ownership

To supplement simulation, measurement, and automation theory courses
with practical experiments, NI has developed the USB-6008 and USB-6009
student kits, which include the LabVIEW Student Edition and a ready-to-run
data logger application. These kits are exclusively for students, giving them
a powerful, low-cost hands-on learning tool. Visit ni.com/academic for
more details.

Information for OEM Customers

For information on special configurations and pricing, call {800) 813 3633
[U.S. only] or visit ni.comfoem. Go to the Ordering Information section
for part numbers.

Ordering Information

NEUSB-B008T .o 779051-01
NEUSB-B009" .. 779026-01
NI USB-6008 OEM 19313202
NI USB-6009 OEM ........ 1931320
NI USB-6008 Student Kit! 2 ., J79320-22
NI LISB-6009 Student Kit!2 779321-22
neludes NI-DAQm softeara, NI ready-to-run data logger saftwara,
and a LSE cable.
ZIncludes LabVIEW Student Edition.

BUY Now!

For complete product specifications, pricing, and accessory
information, call 800 265 9891 (U.S. only) or go to ni.com/ush.

BUY ONLINE at ni.com or CALL {800) 813 3693 (LL.5.]
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Low-Cost Multifunction DAQ for USB

Specifications

Typical at 25 °C unless othenwise noted.
Analog Input

Absolute accuracy, single-ended

Range Typical at 25 °C (mV) Manimum {§ to 55 “C) (mV)
10 14.7 138

Absolute accuracy at full scale, differential?

Range Typical at 25 °C (mV) M aximum {8 to 55 “C) (mV)
21 147 138

+10 173 BB

15 43 564

+4 15 531

125 256 451

2 221 425

+125 170 389

+1 153 nE

Number of channels.................... 8 single-ended/4 differential

Type of ADC o Successive approximation
ADC resolution (bits)
Module Differantial Single-Ended
LISE-G008 12 "
LISE-6009 14 13
Maximum sampling rate {system dependent)
Modula Maximum Sampling Rate (kSfs)
USE-6008 0
USE-G009 48

10V
+20, 10, 45, +4 +2.5 +2,
+1.25, +1V

Input range, single-ended...
Input range, differential

Maimum warking voltage +10V
Overvoltage protection +35
FIFO buffer size 5128

41.67 ns (24 MHz timebase)

100 ppm of actual sample rate
144 k

Software or external digital trigger
0.3 LSBms (£10 V range)

Timing resolution
Timing accuracy
Input impedance
Trigger source
System noise

Analog Output

Absolute accuracy (no load) ...,

7 mV typical, 36.4 mV maximum
at full scale

2

Successive approximation

12 hits

150 Hz, software-timed

Number of channels
Type of DAC
DAC resolution
Maximum update rate

TInput vaktages may nat axceed the waorking voltaga range.

Dutput FEaNGE oo
Dutput impedance
Dutput current drive
Power-on state ...

Slew rate 1 V/ps
Short-circuit current 50 mA
Digital 1/0
Number of channels................. 12 total
g (P0.<0.7=)
4 (P1.<0.35)

Direction control ... Each channel individually
programmable as input or output
Dutput driver type

Open-drain

Each channel individually
programmable as push-pull or

open-drain

Compatibility CMOS, TTL, LVTTL

Internal pull-up resistor 47k to+5V

Powver-on state ... Input {high impedance)

Absolute maximum voltage range...... -051t 458V

Digital logic levels
Lavel Min Max Units
Input low valtage 03 03 V
Input high valkage 20 58 W
Input leakage currert - 50 113
Output low waltaga | = 8.5 ma) - 08 v
Cutput high valtags (push-pull, | = -8.5 ma) 20 35 W
Output high voltage {opan-drain, | = 0.6 ma, nominal) 20 5.0 v
Cutput high voltage {open-drain, | = -85 mé,
with extemal pull-up resistar) 20 - W

Counter

Number of counters 1

Resolution ........ 32 bits

Counter measurements Edge counting (falling edge}

Pull-up resistar 47kQto 5V

Maximum input frequency ................ 5 MH:z

Minimurm high pulse width................ 100 ns

Minimum low pulse width.................. 100 ns

Input high voltage ... 2oV

Input low voltage ... 0.8V

Power available at /0 connector

+5 ¥ output (200 mA maximumy......... +5 W typical

+4.85 W minimum

+2.5V output {1 mA maximum).......... +2.5V typical

+2.5V OUtPUL ACCUFACY e 0.25% max

Voltage reference temperature drift... 50 ppm/C max

BUY ONLINE at ni.com or CALL (800} 813 3693 (L.5.)
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Low-Cost Multifunction DAQ for USB

Physical Characteristics

If you need to clean the madule, wipe it with a dry towel.
Dimensions (without connectors)....... 6.35 by 851 by 231 ¢cm
(2,50 by 3.35 by 091 in.)
8.18 by 851 by 231 cm
(3.22 by 3.35 by 091 in)
E9g(21 02

84 (3 0z

USB series B receptacle
{2} 16-position {screw-terminal)
plug headers

16 to 28 AWG
0.22t00.25 Nem
201022 [bein.)

Dimensians (with cannectors) ...
Weight (without connectors).............

Weight (with connectors) ................
/0 cannectors.........ooooi

Screw-terminal wiring ...,
Screw-terminal 0MUe ...,

Power Requirement

USB (41010 525 VDC) oo 80 mA typical
500 mA maximum
USE sUSPENT ..o v 300 pA typical
500 pA maximum
Environmental

The USB-6008 and USB-6003 are intended for indoor use only.
Operating environment

Ambient temperature range........... 0 to 55 °C {tested in accordance
with |EC-B0068-2-1
and |EC-B006B-2-2)
10 to 90%, noncondensing
{tested in accordance

with |EC-60068-2-56)

Relative humidity range .......cc.......

Storage environment

Ambient temperature range......... -0 to 85 °C (tested in
accordance with |EC-B0068-2-1
and |EC-B0068-2-2)
5 to 90%, noncondensing
(tested in accordance

with |EC-60068-2-56)

Relative humidity range ................

Mastimum altitude. ... 2,000 m
{at 25 °C ambient temperature}
Pollution degree ... veeeinnrins pi

Safety and Compliance
Safety

This product is designed to meet the requiremnents of the following
standards of safety for electrical equipment for measurement, control,
and laboratory use:

e |[EC 61010-1, EN 61010-1

e ULB1010-1, CAN/CSA-C22.2 No. 61010-1

Note: For UL and other safety certifications, refer to the product label
or visit ni.com/certification, search by model number or product line,
and click the appropriate link in the Certification column.

Electromagnetic Compatibility

This product is designed to meet the requirements af the following
standards of EMC for electrical equipment for measurement, control,
and laboratory use:

o EN 61326 EMC requirements; Minimum Immunity

o EMN 55011 Emissions; Group 1, Class A
¢ CE, C-Tick, ICES, and FCC Part 15 Emissians; Class A

Note: For EMC compliance, operate this device according to
product docurmentation.

CE Compliance

This product meets the essential requirements of applicable European
Directives, as amended for CE marking, as follows:

e 73/23/EEC; Low-Voltage Directive (safety)

e 89/336/EEC; Electromagnetic Compatibility Directive (EMC)

Note: Refer to the Declaration of Conformity (DaC) for this product for
any additional regulatory compliance information. To obtain the DoC for
this product, visit ni.com/certification, search by model number or
product line, and click the appropriate link in the Certification column.

Waste Electrical and Electronic Equipment (WEEE)

EU Customers: At the end of their life cycle, all praducts must be
sent to a WEEE recycling center. For more information about WEEE
recycling centers and National Instruments WEEE initiatives, visit
ni.com/environment/weee.htm.

BUY ONLINE at ni.com or CALL (800) 813 3693 (U.5.]
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NI Services and Support

NI has the services and support to meet
your needs around the globe and through
the application life cycle —from planning
and development through deployment
and ongoing maintenance, We offer
services and service levels to mest

customer requirements in research,
design, validation, and manufacturing.
Visit ni.com/services.

Training and Certification

NI training is the fastest, most certain route to productivity with our
products. NI training can shorten your leaming curve, save development
time, and reduce maintenance costs over the application life cycle. We
schedule instructor-led courses in cities worldwide, or we can hold a
course atyour facility. We also offer a professional certification program
that identifies individuals who have high levels of skill and knowledge on
using NI products. Visit ni.com/training.

Professional Services

Our Professional Services Team is comprised of NI applications engineers,
NI Consulting Services, and a worldwide National Instruments Alliance
Partnar program of more than 00 independent consultants and
integrators. Services range from
start-up assistance to turnkey

NATIONAL
INSTRUMENTS"

Certified Alliance Paraer

OEM Support

We offer design-in consulting and product integration assistance if you
want to use our products for OEM applications. For information about

system integration.
Visit ni.com/alliance.

special pricing and services for OEM customers, visit ni.com/oem.

NATIONAL
INSTRUMENTS

ni.com e (800) 813 3693

Mational Instruments  info@ni.com

Local Sales and Technical Support

In offices worldwide, our staff is local ta the cauntry, giving you access
to engineers who speak your language. NI delivers industry-leading
technical support through online knowledge bases, our applications
engineers, and access to 14,000 measurement and automation
professionals within NI Developer Exchange forums. Find immediate
answers to your questions at ni.com/suppont.

We also offer service programs that provide automatic upgrades to
your application development environment and higher levels of technical
support. Visit ni.com/ssp.

Hardware Services

NI Factory Installation Services

NI Factory Installation Services (FIS) is the fastest and easiest way to
use your PXI or PXI/SCX] combination systems right out of the box.
Trained NI technicians install the software and hardware and configure
the system to your specifications. Nl extends the standard warranty by
one year on hardware components (controllers, chassis, modules)
purchasad with FIS. To use FIS, simply configure your system online with
ni.com/pxiadvisor.

Calibration Services

NI recognizes the nead to maintain properly calibrated devices for
high-accuracy measurements. We provide manual calibration
procedures, services to recalibrate your praducts, and automated
calibration software specifically designed for use by metrology
labaratories. Visit ni.com/calibration.

Repair and Extended Warranty

NI provides complete repair services far our products. Express repair
and advance replacement services are also available. We offer
extanded warrantias to help you meet project life-cycle requirements.
Visit ni.com/services.
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