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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 perfusão por Laser Doppler tem-se transformado no principal 

método óptico para a medição da perfusão sanguínea. 

Este trabalho descreve o projecto e o desenvolvimento de um modelo de bancada 

de um sistema de Imagiologia Laser Doppler para a monitorização do fluxo sanguíneo 

numa pequena porção de pele. 

O sistema é composto por um sensor de linha, um gerador de linha laser, um motor 

sem escovas, uma mesa de posicionamento, dois conjuntos (ópticos e electromecânicos) de 

interruptores de fim de curso, um módulo de aquisição de dados (National Instruments (NI) 

USB-6008) e um sistema electrónico de suporte (alimentação, interface, etc). 

Estes componentes são controlados por duas toolboxes do Matlab: a Image 

Acquisition Toolbox (IAT), versão 2.9, e a Data Acquisition Toolbox (DAT), versão 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 ópticos de fim de 

curso. A IAT é usada para controlar o sensor de linha.  
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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 [1], 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 [2].  

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].  
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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 [3][4].  

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.  
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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 
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Press, Boca, Raton, London, New York, Washington DC, 2003. 

[4] Shepherd A. P., and Öberg P. Å., “Laser-Doppler blood flowmetry”, in Kluwer 

Academic Publishers, Boston, Dordrecht, London, 1990 
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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. 

 

 

Figure 2.1 A model of the human skin [1]. 

 

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

perfusion).  

The blood perfusion includes the blood flow through vessels smaller than 100 µm, 

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 [1]. 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 [2].  

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 [3].   

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 [3].  

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 µm from the surface. From the subpapillary plexus, capillary loops (10 

µm 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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flow through the skin to regulate the body temperature. This thermoregulatory flow 

prevents the body from large temperature changes [1]. 

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 [3].  

 

 

2.2   The Doppler Effect 
 

Christian Doppler first proposed the effect in 1842 in the monograph Über 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 [4]. 

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 [4].   
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For waves that travel through a medium (sound, ultrasound, etc...) the relationship 

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

′                                                           2.1 

where v is the speed of waves in the medium and vs is the velocity of the source [4]. 

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 [5]. 

It can be shown that the relationship between the frequency change and the relative 

velocity of the source and the detector is given by  

′  [5].                                                       2.2 

Where f is the original frequency of the light, f’ 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 c is usually much larger than the velocities being 

measured and the anterior equation can be simplified to 
′  [5].                                                          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 [6]. 

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 
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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 [6].  

 

 

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 [7].  

Assume a red blood cell moving with the velocity v. When light hits the cell, its 

propagation vector changes from ki to ks, see figure 2.2. 

The angle between ki and the projection of v in the plane of scattering, v//, is 

denoted by ψ, the scattering angle between ki and ks is denoted by θ and the angle between 

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

the propagation vectors for incoming and scattered light, ki – ks [7]. 

       

 
Figure 2.2 Vectorial model of a red blood cell moving and being hit by a light wave [7]. 

 

The incoming light wave has an angular frequency βi and a wavelength of λi = 

2π/|ki|= 2πc/ βi, where c is the speed of light in the tissue. Follow a peak of the wave that is 

located one wavelength, λi, from the cell (at time t0) and then reaches the cell at time t1, as 

showen in figure 2.3. At this time the cell has moved a small distance [7]. 
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Figure 2.3 A photon with wavelength λi hits a red blood cell with velocity v [7]. 

 
As v =|v|<<c the total travelling distance between t0 and t1 for the peak can be calculated as 

 
cos cos               2.4          

 
   [7].                                          2.5 

 

 
Figure 2.4 After scattering the photon will have the wavelength λs [7]. 

 
In the meantime the peak that was at the red blood cell at time t0 has scattered with 

the angle θ and moved relative the cell, and thus the other peak, a distance (assuming 

|v|<<c) 

 
cos θ cos                                2.6 

 
  2.5  

 

 
 

    [7].                                             2.7 

 
 

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

shift, βD, can now be calculated as the difference between frequency of the scattered light, 

βs = 2πc/λs, and the frequency of the incoming light, βi = 2πc/λi: 

 

2 1                        2.8 
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                                       2.9 

 
:  

 
cos cos cos  [7].                                     2.10 

 
It can be seen in equation 2.9 that λs ≈ λi, again since v << c, and consequently that 

|ki|≈|ks|. 

The propagation vectors of the incoming and scattered light and their difference, 

the scattering vector q = (ki – ks), thus forms an isosceles triangle with the angles θ and (π–

θ)/2, see figure 2.5. The angle between ki and v//, ψ, can now be calculated as a function of 

the angle between q and v//, φ, and the scattering angle between ki and ks, θ 

 
  [7].                           2.11 

 

 
Figure 2.5 Relations between the angles [7]. 

 
 

Using equation 2.11, equation 2.9 can be written 

 
cos cos cos                    2.12 

 
2

sin 2 sin 2 cos
2

2 cos
1
2 2 sin

1
2 cos  

 
| | cos sin cos   [7].                                       2.13 
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 In capillary blood flow applications, the RBCs velocity is around 10-3m/s. In blood 

flow studies in the microcirculation the frequency difference is in the order of 101-104 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 [6].  Absorption in the vascular dermis is dominated by the blood-borne pigments 

such as the haemoglobin contained in the RBCs [9]. Absorbed light is converted into heat or 

will be re-radiated as fluorescent radiation [6]. 

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 [8]. 

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 

characteristics of these pigments [10].  In human skin, the spectral range 600-1600 nm has 

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

window because it makes deeper tissue layers accessible [8]. 
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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 [1]. 

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 [2].  

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 [3]. 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, 



Chapter 3 – State of the art  
 

Doppler Flowmetry – Line Imaging Techniques      14 
 

which provided results comparable with those obtained by the Xe-clearence technique for 

assessment of tissue blood perfusion [4]. 

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 [4]. 

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 mm3) 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 
[5][6]. 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 [4].  

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 [7]. 

The Concentration of Moving red Blood Cells (CMBC) and the perfusion (Perf) can 

be estimated from the Doppler power spectrum P(ω). 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, 

                                                          3.1 

                                                      3.2 

where CRBC is the RBC concentration and  the average RBC speed. For high 

concentrations of RBCs the CMBC and Perf estimates varies nonlinearly with CRBC, while 

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

the bandwidth of the system, as shown in figure 3.1. 

 

Figure 3.1 Approximate relationships for CMBC and CRBC (left), Perf and CRBC (middle) and Perf and 
<vRBC> (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 

 [2].                                               3.3 

The perfusion is proportional to the integral of the frequency-weighted Doppler 

power spectrum and can be written in the form 

 [2].                                              3.4 

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 [4]. 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 [2].  

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

coded images of microcirculatory flow patterns, giving spatial and time information [8]. 
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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 [9]. 

 

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 [9]. 

 

 
Figure 3.3 Results of Periscan Pim 3[9]. 
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3.2.2   moorLDI2 
 

The moorLDI2 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 [10]. 

 

 
Figure 3.4 moorLDI2 [10]. 

 

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 moorLDI2-2λ 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 [10]. 

 

 
Figure 3.5 Results of moorLDI2 [10]. 
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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 [11].  

 

 
Figure 3.6 moorLDLS [11]. 

 

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

rapid to be captured by conventional laser Doppler imaging [11]. 
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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. 

 

 
Figure 3.7 moorFLPI [12]. 

 

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 [12]. 
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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     
 
  

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

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.  

 

 
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 µm. 
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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 [3]. 

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 FireWireTM 

(1394a) protocol that complies with the IEEE-1394 IIDC 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 ISG 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 µs.  As an example, when an acquisition of frames with 144 

pixels/line and 64 lines the frame rate is: 

68,4 10 64 200 . 

 So, the maximum frequency of each line is acquired is: 

200 64 0.5 6400 . 

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

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 (101-104 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 [5]. 

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

 

 

 

 

 



Chapter 4 – Components of the system  
 

Doppler Flowmetry – Line Imaging Techniques      28 
 

 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 [2]. 

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 [6]. 

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 [4].  

 

 
Figure 4.8 The top electromagnet (1) is fed, attracting the topmost four teeth of a sprocket [4]. 

 

 

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 [4].  

 

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 4.10 Optical limit switches. 

 

 
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 
  
4.5.1   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. 

 

4.5.1.1   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.  

 

 
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 (101-104 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 [1]. 

DAT supports three device objects: analogue input, analogue output, and digital 

I/O.  

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 I/O functions enable to generate or read digital signals using the NI USB-

6008. It creates digital I/O 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. 
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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.   

 
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). 
 

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

acquired 5 frames. 



Chapter 5 – Software  
 

Doppler Flowmetry – Line Imaging Techniques      39 
 

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 [2].  

 

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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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, θ, between ki and ks is adjusted to be approximately 120º and the angle between 

q and v//, φ, to approximately 135º. We consider that the velocity vector, v, is in the 

scattering plane, i.e., α = 0. 

 

 

 

 

 

 

 

 

 

 

  

  

Figure 6.1 Vectorial model of a red blood cell moving and being hit by a light 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 

ks 

ks 

ki 

ki 

v

q 

q 
φ

θ

12
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4
670 10 sin

135
2 1 10 cos 120 cos 0  

8.664 . 

 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 10   .  

However, the frequency difference that the camera should be able to detect, as 

computed in 2.3, is within the range 101-104 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-1.  

   

 

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

 

 
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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