
ABSTRACT 

 

INVESTIGATION OF LASER SPECKLE CONTRAST IMAGING'S SENSITIVITY 

TO FLOW 

 

 

by Anthony Milard Young 

 

 

 

 

This thesis presents data from a series of experiments that investigate the ability of laser 

speckle contrast imaging (LSCI) to sense changes in flow in turbid media. I first provide 

a theoretical overview and a description of the experimental approach used in this flow 

imaging technique. Experimental validation of the technique’s ability to sense induced 

changes in blood flow in the human forearm is demonstrated.  Then, the technique’s 

sensitivity to buried flow in controlled optical phantoms is examined. It is shown that the 

buried depth and optical properties of the media surrounding flow impact the measured 

flow indices. Lastly, a study shows how the polarization state of the imaged light impacts 

the flow measurements as a function of the buried depth and rate of the flow. The results 

demonstrate that the measurements are dependent on the flow rates and optical properties 

of the sample as well as the imaging setup used to capture the speckle.  
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Chapter 1– Introduction and Background 

 

1.1- Introduction 
Next time you pick up a laser-pointer, shine it at a wall or piece of paper and observe the light 

that is scattered back to your eye. What you will see is a high-contrast, grainy appearance of the 

light that is captured on the back of your retina. This grainy pattern that is made of bright and 

dark spots is known as “speckle” [1].  

 Speckle is the resulting interference pattern that is formed when coherent light, 

emanating from a laser, is scattered from an optically rough medium. A medium is considered 

optically rough when the scattering particles are randomly distributed on a scale equal to or 

larger than the wavelength of the illuminating light [2]. A point on an imaging plane will receive 

an ensemble of photons that have been scattered from various positions within the scattering 

medium. The random distribution of path lengths traveled by the photons reaching that point 

translates into random phases of the electric field. When the randomly phased component fields 

interfere constructively, a bright spot is seen. If the fields of the randomly-phased photons sum to 

zero, a dark spot is observed. The resulting image will consist of a spatially random intensity 

pattern, the defining characteristic of speckle as shown in Figure 1 [2-4]. 

 

 

Figure 1. This figure displays an example of a speckle pattern scattered from a 

static medium. The image was captured under illumination by a 633 nm HeNe laser 

and a numerical aperture of 8. The axes indicate the position in pixel units. 

    

Speckle is often observed in optics because most surfaces and media are optically rough 

(the obvious exception being mirrors). This has historically been considered a negative, and there 

have been many studies of methods to suppress this noise [1, 4]. However, it has been realized 

that speckle can be useful as a tool to detect movement or flow [5].  
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 When particles scattering coherent light move, the intensity of the speckle will fluctuate 

in time. These fluctuations can be captured when the speckle is imaged over a finite exposure 

time. Because the frequency of the fluctuations depends on the velocity of the scatterers, 

information about their velocity is encoded in the captured image [4]. This information can be 

assessed through the contrast of the speckle in the image. The speckle contrast K is defined as the 

ratio of the standard deviation 𝜎I and the mean intensity <I> of the image [6] 

 

  𝐾 =  
𝜎𝐼

〈𝐼〉
. (1.1) 

 

 This ratio quantifies the amount of blurring of the speckle that occurs as the intensity 

fluctuates over the exposure time of the camera [4]. If the illuminated sample is static, the 

speckles will not blur, and the image will have a high contrast. This contrast will be reduced if 

the speckles blur due to movement of the scatterers as demonstrated in Fig. 2. 

 

 

Figure 2. This figure shows an experimental representation of a decrease in 

contrast due to a flowing, scattering medium. These are raw speckle images of a 

transparent tube containing a scattering medium that is surrounded by another 

scattering fluid captured with an exposure time of 10ms under 633 nm illumination. 

The fluid in the tube on the left (Fig. 2a) has no directional flow, while the tubing 

on the right (Fig. 2b) has a directional flow of 6 mL/min through it. 

 

 The relationship between speckle contrast and flow has been used to develop a wide-

field, non-contact method for flowing imaging known as laser speckle contrast imaging 

(LSCI)[4, 7, 8]. In this thesis, I present the progress that was made to investigate LSCI’s 

sensitivity to flow of turbid media.   

 

1.2- Thesis Organization 
The rest of Chapter 1 is used to describe the theory and history needed to understand laser 

speckle contrast imaging. I first present the theory that explains the formation and statistics of 

speckle patterns and that which relates dynamic speckle to the velocity of scatterers. A brief 

historical description of LSCI and its applications is also presented.  

Fig. 2a Fig. 2b
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 Chapter 2 is used to describe the experimental approach that was used to capture and 

analyze speckle images for various applications. Experimental results and discussion are 

presented in Chapter 3 through 5.  The order of these chapters follows the chronological order in 

which the individual studies were completed. Chapter 3 summarizes a study that provided 

experimental data that verified that our LSCI setup can sense changes in blood flow rates in vivo. 

Chapter 4 investigates LSCI’s depth sensitivity to flow buried beneath a scattering media. 

Chapter 5 provides an experimental examination of the effect polarization has on LSCI’s depth-

sensitivity to flow. Following these chapters, Chapter 6 is used to describe the outlook of the 

work that was accomplished. Finally, concluding remarks are provided in Chapter 7.   

 

1.3- Introduction to Speckle 
In this section, a brief explanation of the model that explains the formation and statistics of static 

speckle that is useful to understanding laser speckle contrast imaging is provided. Goodman 

provides a complete text on the field of speckle in Speckle Phenomena in Optics: Theory and 

Applications [9].  The text has become a great resource to gain a deeper understand of the 

statistical properties of speckle as well as a wide range of applications in which speckle plays an 

important role. The following section summarizes the statistical model of speckle that Goodman 

provides in the text [9].  

 

1.3.1- Modeling Static Speckle 

To create a model of speckle, the object under coherent illumination can be modeled as an array 

of a very large number, N, of point sources of light at the object plane of the imaging system 

[10]. Each point source produces an electromagnetic wave with a specific diffraction pattern (an 

Airy disk for systems with circular apertures [11]) on the imaging plane as defined by the point 

spread function of the imaging system. The resulting image will be a superposition of each of 

these patterns. The contributing waves will each have its own amplitude, an, and phase, ϕn, at any 

given point in the image, (x,y). The resulting amplitude of the electric field at a given position is 

given by the complex sum of the amplitudes from each of the contributing point sources in the 

object 

 

  𝐴(𝑥, 𝑦) =  ∑ |𝑎𝑛|𝑒𝑖𝜙𝑛𝑁
𝑖=1 . (1.2) 

  

 If the sample is optically rough (as defined in Section 1.1), it can be assumed that the 

phases of the contributing waves are evenly distributed across the interval [-π, π] [1]. This 

distribution of phases comes from the assumption that the path lengths traveled by each scattered 

photon is completely random on the scale of the optical wavelength [9]. This analysis of the 

amplitude of the electric field as a random phasor sum follows the same mathematical treatment 

of random walks. Such a random phasor sum follows a Rayleigh distribution as shown by 
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Goodman [10]. The probability distribution function (PDF) of the amplitude of the resulting field 

pA is 

 

  𝑝𝐴(𝐴) =
𝐴

𝜎𝑎
2 𝑒

−𝐴2

2𝜎𝑎
2  (1.3) 

 

where σa is a scale parameter that describes the width of the distribution. 

 This function describes the distribution of the amplitude of the field that makes up the 

speckle pattern. However, when speckle is imaged, the intensity of the field is measured. 

Therefore, the PDF of the intensity is of interest. Probability theory shows that the PDFs of two 

random variables, u and z, are related  

 

  𝑝𝑧(𝑧) = 𝑝𝑢(𝑓−1(𝑧)) |
𝑑𝑢

𝑑𝑧
| (1.4) 

 

where u = f(z) [12]. 

 The intensity, I, of polarized light is given by the absolute square of the field’s amplitude. 

Hence, the intensity PDF of a polarized speckle pattern is given by a negative exponential 

 

  𝑝𝐼(𝐼) =
1

2𝜎𝑎
2 𝑒

−𝐼

2𝜎𝑎
2 =  

1

〈𝐼〉
𝑒

−𝐼

〈𝐼〉. (1.5) 

 
The right side of this equation uses the result that the mean intensity <I> is 2σa

2. The second 

moment and variance of the distribution are 

 

  〈𝐼2〉 = ∫ 𝐼2𝑝𝐼(𝐼)𝑑𝐼
∞

0
=  2〈𝐼〉2 (1.6) 

 

and 

 

  𝜎𝐼
2 =  〈𝐼2〉 −  〈𝐼〉2 = 〈𝐼〉2. (1.7) 

 

 Those far, two assumptions have been made in this model of speckle – (1) the phases of 

the contributing waves to the resulting superposition are uniformly distributed, and (2) the field 

is polarized. These assumptions define a fully-developed speckle pattern which has the 

characteristic property of having a contrast, as defined in Eqn. 1, equal to 1 [13]. This occurs 

because the standard deviation and mean are equal as seen in Eqn. 1.7. 

 If either of the two assumptions mentioned are not met, the speckle statistics change. If 

the speckle is partially polarized, the intensity is the sum of the intensities of the field amplitudes 

in two orthogonal directions. This leads to a change in the intensity PDF and ultimately a 
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decrease in the speckle contrast. When the underlying statistics of the phases, ϕn, are not 

uniformly distributed, the speckle is considered partially developed, and the contrast is reduced 

[10].  In experimental setups, there are always factors that will reduce the contrast of static 

speckle. Therefore, it is accepted that the contrast will follow the condition 0 ≤ K ≤ 1 [8, 14, 15]. 

 This is harmful to LSCI because it depends on temporal changes in speckle to reduce 

speckle contrast to sense flow. If the contrast of the speckle at any instant is already reduced by 

these underlying factors, LSCI’s sensitivity is diminished. Khaksari and Kirkpatrick have 

recently published work that demonstrates the negative impact biased estimators of speckle 

statistics due to experimental parameters can have on LSCI [16].  

 

1.3.2- Simulating Static Speckle 

It has been shown that there is a simple method for simulating fully-developed speckle patterns 

[17]. This is accomplished by filling a circular region of a square matrix with complex values 

with equal amplitudes but with random phases between [-π π]. A two-dimensional spatial Fourier 

transform of this space will produce a pattern that follows the same statistics of the amplitude of 

the field that produces a fully-developed speckle pattern. The absolute square of the resulting 

matrix simulates the speckle intensity pattern. A MATLAB function to accomplish this 

procedure is provided in Appendix A.  

 Fig. 3 displays a sample of simulated speckle (Fig. 3a) and an experimentally captured 

speckle image (Fig. 3b) that have the same mean speckle size (speckle size is discussed in 

Section 2.2).  The intensity distributions of these speckle patterns are shown in Fig. 4. The 

simulated speckle follows a negative exponential PDF. However, the experimentally imaged 

speckle deviates from the negative exponential. This deviation translates into a decrease in the 

speckle contrast of the images. The global contrast of the simulated speckle, found using Eqn. 1 

for the entire image, is 0.98 while the experimental global contrast was 0.48. The slopes of the 

negative exponential distributions on the simulated and experimentally imaged speckle were also 

different for the intensities greater than the mean. An investigation of this deviation from the 

distribution’s slope of the simulated speckle was not conducted. Obtaining a physical 

explanation of this change in the intensity distribution could be a future investigation. 
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Figure 3. The left figure (3a) shows a simulated speckle pattern created using the 

MATLAB function provided in Appendix A. The right figure (3b) provides an 

example of experimentally imaged speckle scattered from a plastic block. The 

speckle was imaged through a linear polarizer. The color bars show the intensity 

of the speckle normalized to the maximum intensity. The simulated speckle was 

constructed to have the sample pixel-to-speckle ratio as the experimental speckle 

(2.7 pixels/speckle).  

 

Figure 4. The intensity PDF of the simulated speckle (black) follows the expected 

negative exponential form. The experimental speckle deviates from a negative 

exponential for intensities less than the mean (red). 

 

1.4- Relating Speckle Contrast to Flow 
In the preceding section, the formation of the speckle is discussed. Now, the discussion is moved 

away from static speckle to provide the theory that allows laser speckle contrast imaging to be 

used to detect flow. For this to be accomplished, the relationship between the speckle contrast 

and flow rate of the particles must be described. 

When scattering particles in an optically rough medium move, the intensity of the speckle 

that the reflected coherent light forms will fluctuate in time. These fluctuations ultimately depend 

Fig. 3a Fig. 3b
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on the changing path lengths that the photons travel from the particles to the image plane. LSCI 

is dependent on capturing these fluctuations over the exposure time of the camera used to image 

the speckle. When the speckle fluctuates, the measured intensity of neighboring speckles in the 

image will blur together, and the contrast is reduced. LSCI uses this relationship to quantify and 

map flow of scattering media. 

 There is uncertainty in the exact relation between the particle flow rate and the measured 

speckle contrast, though there have been different models and schemes used in the field to relate 

the speckle contrast to the speed of the scattering particles [5, 18, 19]. These efforts of relating 

the flow speed and speckle contrast attempt to relate a decorrelation time, 𝜏c, of the field to the 

contrast. This decorrelation time is the decay time of the autocorrelation function the speckle’s 

electrical field, g1, and is assumed to be inversely proportional to the mean velocity, v, of the 

particles[4, 19, 20] 

 

  𝜏𝑐 ∝ 1
𝑣⁄ . (1.8) 

 

 In the development of LSCI, it has been common to assume the field’s autocorrelation 

function has the form of a negative exponential [5] 

 

  𝑔1(𝜏) = 𝑒−𝜏
𝜏𝑐⁄ .  (1.9) 

 

This comes from assuming a Lorentzian distribution of velocities of the scattering particles under 

Brownian motion [9, 15]. Table 1 provides the provides the PDF of a Lorentzian distribution. 

 

Table 1. Summary of the properties of Lorentzian and Gaussian distributions. 

Distribution PDF Mean Median Variance FWHM 

Lorentzian 

(a.k.a. Cauchy) 

1

𝜋𝛾 [1 + (
𝑥 − 𝑥𝑜

𝛾
)

2

]
 

- xo  - 2γ 

Gaussian 

(a.k.a. Normal) 

1

√2𝜋𝜎2
𝑒

−(𝑥−𝜇)2

2𝜎2  μ μ  σ2  2√2ln2σ 

 

 Because photodetectors are sensitive to the intensity of light rather than the field itself, 

the Siegert relation must be used to relate the field’s autocorrelation function to that of the 

intensity’s autocorrelation function [20] 

 
  𝑔2(𝜏) = 1 + 𝛽|𝑔1(𝜏)|2. (1.10) 
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In this relation, β is a normalization factor that is dependent on various properties such as the 

polarization of the light and the ratio of the size of the detector to that of the speckle [4]. 

 When speckle is imaged, the time-averaged intensity of the speckle pattern over the 

detector’s exposure time, T, is obtained. The spatial variance of the imaged speckle is related to 

the autocovariance function, Ct, of the intensity fluctuations 

 

  𝜎2(𝑇) =  
〈𝐼〉2

𝑇
∫ 𝐶𝑡(𝜏)d𝜏

𝑇

0
=

〈𝐼〉2𝛽

𝑇
∫ |𝑔1(𝜏)|2d𝜏

𝑇

0
. (1.11) 

 

 By assuming β =1, Fercher and Briers were the first to use this model to create a 

relationship between speckle contrast, the correlation time and exposure time in 1981 as [5]  

 𝐾 =  
𝜎

〈𝐼〉
=  [

𝜏𝑐

2𝑇
{1 − 𝑒−

𝜏𝑐
2𝑇}]

1/2

. (1.12) 

 

 Others have constructed different models relating the correlation time to the speckle 

contrast [18, 19]. Several works have assumed a Gaussian distribution of flow velocities which 

changes the field’s autocorrelations to 

 

  𝑔1(𝜏) =  𝑒
−(𝜏

2𝜏𝑐
⁄ )2

 (1.13) 

 

and the derived contrast to [15, 21] 

 

 𝐾 =  
𝜎

〈𝐼〉
=  [(

𝜋

4
)

1
2⁄

(
𝜏𝑐

𝑇
) erf (

𝜏𝑐

𝑇
)]

1/2

. (1.14) 

 

This velocity distribution is characteristic of ordered flow. 

 Khaksari and Kirkpatrick have shown that LSCI is sensitive to advective flux that models 

the motion of the scattering particles with diffusive motion plus a drift velocity [22]. This means 

that the motion of the particles is a sum of that due to thermal motion and directed or uniform 

flow. It has been shown that for the use of LSCI, the inverse decorrelation time can be 

sufficiently approximated to be proportional to the inverse of the squared contrast for both 

Lorentzian and Gaussian velocity distribution assumptions [15] 

 

  𝑣 ∝ 1
𝜏𝑐

⁄ ∝  
1

𝐾2. (1.15) 
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1.5- Applications, Limitations, and Techniques of LSCI 
By measuring the contrast for each pixel within a speckle image, one can use the relations 

described here to generate a flow map of the sample with high temporal and spatial resolution 

[4]. The temporal resolution is only limited by the exposure time used to capture the images, and 

the spatial resolution is dependent on the resolution of the imaging optics. This has allowed LSCI 

to be implemented in a wide range of applications, specifically biomedical applications.  

LSCI has been used to sense and quantify blood perfusion in many applications in the 

human body [4, 6, 8, 23-29]. In such applications, it is assumed that the red blood cells in the 

tissue’s vasculature are the primary scattering particles [8]. Speckle contrast was first used by 

Fercher and Briers in 1981 to visualize blood flow in the retina [30]. Since, it has been used in 

many applications from assessing microvascular perfusion in skin [23, 24] to mapping cerebral 

blood flow [31, 32]. It has also been demonstrated that LSCI can be implemented inexpensively 

[33] and can have high reproducibility in flow measurements [24]. Being able to provide wide-

field maps of flow with high temporal and spatial resolution without requiring expensive setups 

makes LSCI an advantageous technique compared to other commonly adopted optical, flow-

monitoring techniques such as laser doppler flowmetry (LDF) [34] and diffuse correlation 

spectroscopy (DCS)[35]. 

There are limitations to the implementation of LSCI. The first limitation is difficult to 

measure absolute flow rates when compared with LDF or DCS[4, 21]. This means that LSCI is 

only able to detect relative changes in flow rates. It has also been shown that the scattering and 

absorptive properties effect LSCI measurements [36] and only superficial flow in tissue can be 

sensed [37]. Many studies have also shown that the presence of static scatterers have detrimental 

effects to LSCI [4, 7]. Even with these limitations, work is being done to improve the use of 

LSCI.  

Many variations of using laser speckle contrast to detect flow have been developed. 

Fercher and Briers first used long, single-exposure photography to analyze the blurring of 

speckle [5]. A digital version of single-exposure speckle photography was established by Briers 

in 1995 [38]. Then, laser speckle contrast analysis (LASCA) was developed in 1996 in which the 

spatial speckle contrast was used to map capillary blood flow in the hand [6]. The technique 

described in this work is the basis of the speckle contrast imaging described in this work. This 

technique is commonly referred as spatial laser speckle contrast imaging because it uses the 

spatial standard deviation and mean of intensity about each pixel used to image the speckle to 

quantify the contrast. The intensity measurements of pixels within a 5x5 or 7x7 pixel region are 

typically used to calculate the local speckle contrast for each pixel. A temporal version of this 

analysis in which contrast for each pixel is found using a temporal stack of speckle images has 

been used to increase spatial resolution of LSCI. It has been demonstrated that this technique 

decreases the detrimental effects of scatterers to LSCI’s ability to sense flow [39]. More recently, 

many variations of LSCI have been developed including multi-exposure LSCI and spatial 

frequency domain LSCI [19, 40].  
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1.6- Objectives 
The focus of this thesis is to present the progress that has been made toward establishing laser 

speckle contrasting imaging as a flow-imaging technique and toward understanding the 

technique’s sensitivity to buried flow in optical phantoms. Specifically, results of experimental 

investigations of single-exposure, spatial LSCI were examined. It’s first demonstrated that my 

LSCI setup is capable of sensing changes in blood flow in vivo. Then, the technique’s sensitivity 

to buried flow in optical phantoms is examined. The goal is to investigate the effects of 

illumination wavelength and polarization on LSCI’s depth-sensitivity to flow.  
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Chapter 2– Experimental Approach 

 

2.1- Imaging Setup 
There are three components to a laser speckle contrast imaging setup- (1) a coherent light source, 

(2) optics to uniformly illuminate the sample, and (3) a camera to image the light backscattered 

from the sample of interest. Fig. 5 shows a schematic of the typical LSCI setup. In this section, I 

present a general description of the setups used to conduct the experiments described in the 

following chapters. Details of the specific instrumentation and acquisition parameters are 

provided in the corresponding chapters. 

 

Figure 5. A schematic of a typical LSCI setup including a coherent source, 

illumination optics, and a digital camera. 

2.1.1- Illumination Setup 

In the experiments described below, four different lasers were used. The wavelengths of the 

sources varied and are outlined in Table 1. Mirrors were used to direct the beams from each of 

these sources to pass through a ground-glass diffuser (DG10-1500-MD; Thorlabs, Inc.) to 

provide an even illumination of the flow samples (Fig. 10). In addition to the ground glass 

diffuser, a beam expander constructed from free lenses was used following the diffuser in the 

experiments conducted to investigate the effect of polarization on LSCI’s depth-sensitivity (Fig. 

16). The mirrors were positioned so that the beam from a mounted source was directed toward 

the ROI of the sample at an angle to minimize specular reflections from reaching the camera 

used to image the scattered light. Specular reflections are those that reflect from the surface of 

the flow sample rather than the scattering particles embedded in the fluid. This means that the 

specular reflections do not contain information about the flow rate of the medium and should be 

avoided.  Neutral density filters were used if necessary to avoid saturation of the detector which 

can be detrimental to LSCI [16]. The filters were mounted in the path of the illuminating light. 

The speckle intensity should be distributed within the dynamic range of the camera being used to 

image the sample so that all speckle fluctuations can be sensed by the photodetectors. 

 

 

Laser
Illumination

Optics

Camera

Flow Sample
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Table 2. Description of the coherent sources used to illuminate flow samples 

Wavelength Description Manufacture (Product #) 

785 nm Stabilized laser diode 
Innovative Photonics Solutions, 

NJ (I0785SH0100B-TH-L) 

633 nm HeNe laser Melles Griot; USA 

532 nm Laser diode Aixiz.com (AD-532-25ADJ) 

405nm Laser diode Aixiz.com ((AH405-201230) 

 

   

2.1.2- Imaging Setup 

A CMOS digital camera (SME-B012-U; Mightex Systems, Pleasanton, CA) was used to image 

the speckle scattered from the flow samples. The camera had a 1280x960 array of pixels with a 

single pixel area of 14 μm2 and an 8-bit depth. A focusing lens with a variable aperture was used 

to focus the camera on the sample. The focal length and aperture size used for each experiment 

are provided below. In each setup, the camera was positioned such that the imaging axis was 

normal to the surface of the flow sample to avoid specular reflections. If the flow sample was a 

tube, the tube was positioned such that the axis of the tube ran parallel to one of the edges of the 

captured image. This allowed a rectangular ROI within the tube (as described in Section 2.3) to 

be easily indexed using MATLAB during the computational analysis.   

The software provided from the manufacture was used to control the imaging parameters 

including the exposure time, frame rate, and image resolution. The IR filter that was mounted in 

front of the detector was removed when the 785nm source was used. The software saved each 

captured frame as a bitmap image to the controlling computer. Appendix D provides a 

description of how to control the camera and its settings.  

 

2.2- Imaging Parameters 
In this section, I provide a description of three imaging parameters that must be considered to 

successfully conduct LSCI. These include the uniformity of the illumination, exposure time of 

the camera, and the size of the speckle. 

  

 2.2.1- Uniform Sample Illumination 

It is important to have an evenly illuminated region of interest (ROI) with LSCI. This was 

accomplished here with the use of a diffuser in the path of the illumination. It is important to 

have a constant mean intensity in the speckle image because the speckle contrast is dependent on 

the mean intensity (Eqn. 1). 

In preliminary work of this thesis, three factors that lead to uneven illumination were 

avoided in the experimental setups of this work. The first was the presence of shadows in the 

speckle images. A tube was used in the flow phantoms for these experiments. Such a tube could 
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cause shadows in the images if positioned to run perpendicularly to the axis of the illumination 

as demonstrated in Fig. 6a. If the contrast outside of the tube is of interest, the shadows cast by 

the tube must be avoided. These shadows were prevented by positioning the tube parallel with 

the axis of illumination such that the areas beside of the tube were uniformly illuminated.  

The second cause of nonuniform illumination that was noticed when the illumination was 

passed through a multi-mode optical fiber. A mode describes the optical path that light travels 

down the fiber. In multi-mode fibers, it is possible for light to take different paths from one end 

of the fiber to the other. This means that the different modes could be out of phase when leaving 

the fiber. Interference of the various modes leaving the fiber caused the intensity of the 

illumination to be nonuniform as shown in Fig. 6a. This was corrected in the presented 

experiments by using free optics and a diffuser to illuminate the samples. 

The final source of nonuniform illumination was noticed when the beam from the 785 nm 

source was expanded using a beam expander (described in Section 5.2.1). The source did not 

have a Gaussian intensity pattern, Fig. 6b. This was corrected by positioning a ground-glass 

diffuser (DG10-1500-MD; Thorlabs, Inc.) before the expander.  

 

 

 

2.2.2- Exposure Time 

The spatial variance of imaged speckle is the time average of the autocovariance of the intensity 

signal over the exposure time (Eqn. 1.11). Therefore, LSCI is dependent on the exposure time 

used to capture speckle images. Specifically, the speckle contrast is dependent on the ratio of the 

speckle decorrelation time and exposure time (Eqn. 1.12 or 1.14). Previous work has investigated 

Fig. 6a Fig. 6b

Figure 6. This figure shows speckle images that were captured with nonuniform 

illumination. Fig. 6a was illuminated through a multimode optical fiber. The 

interference from the various modes can be observed throughout the image. In 

addition, shadows (such as those partially highlighted by orange circles) can be 

seen. In Fig. 6b, the nonuniform illumination caused by the transverse modes of the 

source was observed when the 785 nm beam was expanded with a beam expander. 
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the noise and sensitivity in LSCI for detecting flow changes associated with the exposure time 

[41]. Commonly used exposure times with LSCI (6 ms and 10 ms) for biomedical applications 

were used in these studies [4]. In preliminary studies, it was observed that the sensitivity of LSCI 

measurements to increasing flow rates decreased as the flow rate increased. In addition, it was 

found that this relationship between LSCI’s ability to distinguish between flow rates is 

dependent on the exposure time used to image the speckle. For higher flow rates, a shorter 

exposure time is required to be able to differentiate between flow rates. This dependence is why 

the flow rates in the study discussed in Chapter 6 were significantly decreased compared the 

rates used in the study described in Chapter 5.  

2.2.3- Speckle Size 

With LSCI, the photodetectors within the imaging array are used to spatially sample the speckle. 

Therefore, the ratio between the size of the pixels to the size of the speckle must be considered 

when imaging the speckle [42]. The minimal ratio to meet the Nyquist theorem is 2. With this 

pixel-to-speckle ratio, it is assumed that the intensity measurements spatially sample the speckle 

intensity at a higher frequency than the highest spatial frequency present in the speckle pattern. 

Thus, it is ensured that a single pixel is not sensing the intensity of multiple speckles and aliasing 

the real spatial frequency of the speckle.  

 The size of the speckles in an image is dependent upon the wavelength of light used to 

illuminate the sample, λ, and the optics used to image the sample (specifically, the size of the 

aperture through which the sample is imaged, f/#, and the magnification of the lens, M). In many 

studies, the minimum size of speckle is estimated by [4, 42] 

 

   𝜌𝑠𝑝𝑒𝑐𝑘𝑙𝑒 = 2.44𝜆(1 + 𝑀) 𝑓
#⁄ . (2.1) 

 
 Since this equation approximates the size of the speckle, it is beneficial to be able to 

experimentally calculate the size of the speckle in captured images. This can be done by 

calculating the full width at half max (FWHM) of the spatial autocovariance function or power 

spectral density of intensity in a speckle image [43, 44]. A MATLAB function (see Appendix B) 

was created to calculate the FWHM of the spatial autocovariance to provide an experimental 

estimation of the average speckle size of an image as demonstrated in Fig. 7a. The function first 

spatially convolves the speckle image with itself. It then fits the middle 7 lag steps (-3 to 3 

pixels) to a Gaussian curve. The fit parameters are then used to estimate the FWHM of the 

autocovariance curve of the speckle image. The function repeats this analysis in both the 

horizontal and vertical directions of the 2D speckle image. The horizontal autocovariance is 

obtained by offsetting the image horizontally with itself for a range of lags equal to twice the 

number of columns in the image plus one in units of pixels. The range of the vertical lags is 

equal to twice the number of rows in the image plus one. This allows the function to estimate the 

speckle size in both the vertical and horizontal directions. With this code, it was ensured that the 

captured images were sufficiently sampled. Fig. 7b provides a plot of the experimental 
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estimation and theoretical estimation (Eqn. 2.1) of the speckle size as a function of aperture size 

for three f/#’s (4, 8 and 16). It was observed that the experimental speckle sizes as a function of 

aperture size had a smaller slope than the theoretical estimation. This suggests that the aperture 

size influences the size of the speckle in experimental setups to a lesser manner than given by 

Eqn. 2.1. 

 

Figure 7. This figure is the normalized spatial autocovariance function of the static 

speckle image shown in Fig. 3b (Fig. 7a). The FWHM of the curve is an empirical 

estimation of the average speckle size (2.65 pixels here). Fig. 7b compares the size 

of the speckle estimated by Equation 2.1 (dashed lines) to the speckle size 

calculated from the FWHM of the autocovariance function of raw speckle images 

captured at three aperture sizes for two wavelengths [632nm (red stars/black line) 

and 533 nm (green stars/blue line)].  

 

 

 

2.3- Computational Processing 
LSCI requires post-processing of the captured speckle intensity images to calculate the speckle 

contrast and provide a flow index of the scattering medium. MATLAB was the programming 

platform that was selected to compete the laser speckle contrast analysis (LASCA) for this thesis.  

The bitmap files of the capture speckle images were uploaded into the MATLAB 

workspace as two-dimensional matrices. The local speckle contrast (Eqn. 1) was calculated from 

a 7x7 region of pixels surrounding each pixel in the image, creating a contrast map of the 

sample. The contrast at each pixel was then fit to either Eqn. 1.12 or Eqn 1.14 to provide a flow 

index. To provide a single measured flow rate of the sample for each captured image, the mean 

flow index value was found within a rectangular ROI. 

MATLAB functions used to compute the contrast maps are provided in Appendix C. A 

significant amount of work that lead to the completion of this thesis was directed to optimizing 

the computational tools needed to conduct LSCI experiments. Many speckle images are captured 

in each of the experiments described in this thesis. Therefore, it was important to create a 

Fig. 7a Fig. 7b
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MATLAB function that calculated the speckle contrast of an image as fast as possible. Two 

different functions are presented to demonstrate the progress that was made to improve the speed 

of the analysis during the completion of this thesis. Appendix C.1 provides the first version of 

the LASCA function that was used. In this function, the contrast is found for each pixel by 

looping through the indices of each pixel in the 2-D array of intensity values. This function was 

replaced by the function provided in Appendix C.2. The updated function avoids looping through 

the indices of each pixel and computes the contrast using element-by-element computations. This 

increased the rate at which contrast maps can be generated. The original function takes 160 ms to 

compute the contrast map for a 100x100 pixels speckle image compared to the 15 ms that it takes 

the updated function to compute the same contrast map. 
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Chapter 3– Quantifying Post-Occlusive Reactive Hyperemia 

 

3.1- Introduction 
The purpose of Chapter 3 is to provide a validation of our LSCI’s ability to sense in-vivo changes 

of blood flow. The chapter outlines the work that was presented at the 2016 SPIE Photonics 

West conference. A complete description of the study titled Quantitative assessment of reactive 

hyperemia using laser speckle contrast imaging at multiple wavelength is provided in the 

conference proceedings [26].  

Post occlusive reactive hyperemia (PORH) describes an increase in blood flow within 

tissue following the release of a local occlusion. This physiological response can be used as a 

health indicator for various medical conditions including atherosclerosis, age, and hypertension 

and could predict cardiovascular risks [45-48].  This response was chosen to be studied for this 

study because it can be readily induced in subject’s and has been assessed with LSCI by others 

[24, 27, 29]. The primary goals of the study presented here were to assess the utility of LSCI to 

quantitatively evaluate PORH and examine the impact of using light sources at different 

wavelengths. 

 

3.2- Methods 
Blood perfusion in the forearms of 3 healthy, young adult volunteer subjects (aged between 20-

21 years) was measured with LSCI before, during, and after a 60-second occlusion was applied 

to their upper arm at pressures greater than their systolic blood pressure with a standard blood 

pressure cuff [26]. Free optics were used to direct the beam from the illuminating source through 

an expanding lens and optical diffuser to evenly illuminate a 20 cm2 area on the ventral side of 

their forearm. 

Beginning 30 seconds before the application of the occlusion, the camera captured 650 

raw speckle images with an exposure time of 10 ms at a rate of 4.3 Hz.  The aperture of the 

camera was set to have a f-number of 4. This process was repeated for each subject for the 633 

nm, 532 nm, and 405 nm sources described in Table 1. Between each PORH test using different 

wavelengths, the subjects were given time to rest to allow for the blood flow in their arms to 

completely recover to baseline values.  

LSCI analysis was performed over an ROI of 800 × 700 pixels for each of the raw 

speckle images acquired. A LSCI flow index for each image was calculated using the mean of 

the inverse of the contrast squared (Eqn. 1.15) within the selected ROI. Calculating this flow 

index for each image provided a time sequence of blood perfusion measurements.  
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3.3- Results and Discussion 
Fig. 8 shows the results of a PORH test obtained from the subjects for all three wavelengths. The 

results of the 633 nm and 532 nm wavelength trial produced expected results in patterns of 

reactive hyperemia. The flow measurements quickly peaked above the baseline flow following 

the release of the pressure. However, the results obtained using the 405 nm wavelength showed a 

much different time-course. These blood flow measurements decreased following the release of 

the occlusion before returning to baseline.  

 

Figure 8. These figures show the repeated LSCI flow measurements while 

conducting a PORH test for all three subjects. The three plots on each figure 

correspond to the three wavelengths used in the study-  405 nm (blue), 533 nm 

(green), and 633 nm (red). The vertical lines approximate when the occlusion was 

applied and released. Note the decrease in flow measurements following the 

occlusion release while using the 405 nm and the sharp increase for the 533 nm 

and 633 nm sources. 

 The results of this study demonstrated that our LSCI setup could sense and quantify 

induced changes in blood perfusion in-vivo in highly scattering tissue demonstrated in the skin of 

the forearms. They also indicated that the LSCI measurements were dependent on the 

illumination wavelength. One explanation for the wavelength dependence could be the 

wavelength-dependent nature of the scattering and absorptive properties of the tissue. Varying 

Fig. 8a Fig. 8b

Fig. 8c
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the optical properties of the flowing media is known to change LSCI flow measurements for a 

single illumination wavelength [36]. Therefore, it would be expected that induced changes in 

optical properties caused by varying the wavelengths would also affect the LSCI measurements. 

 This investigation raised the question whether the wavelength of light affected the depth 

of the microvasculature of which LSCI was detecting the flow. For example, could a longer 

wavelength, which is known to penetrate tissue deeper, be experimentally chosen if the flow 

rates of deeper vasculature were of interest. On the contrary, could a shorter wavelength, which 

would be assumed to be scattered more from superficial vasculature, be used to selectively sense 

flow through microvasculature in the most superficial tissue? Such inquiries lead to the 

completion of experiments to investigate the depth-sensitivity of LSCI using flow phantoms in 

which the optical properties of the samples and depth of flow could be controlled.  
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Chapter 4– Investigating the Sensitivity of LSCI to Buried Flow 

 

4.1- Introduction 
The objective of this work presented in this chapter was to experimentally investigate spatial 

LSCI’s sensitivity to flow through a channel embedded within an optical phantom of slow-

moving scatterers (i.e. only thermal motion present). Two separate experiments were conducted 

in this study. The first investigated the sensitivity as a function of the depth at which the channel 

was buried for a constant surrounding media. The second examined the effects the optical 

properties of the surrounding media had on LSCI’s depth-sensitivity as the scattering and 

absorption properties of the surrounding media were varied. These experiments were completed 

with 633 nm and 785 nm illumination (see Table 1 for details) to examine the wavelength-

dependence of the flow sensitivity through scattering media. The goal of the work presented in 

this chapter is to experimentally investigate the depth-sensitivity of LSCI for detecting fluid flow 

embedded in controlled turbid optical phantoms. 

 

4.2- Methods 

LSCI was used to measure flow through a flow channel embedded in a turbid medium to assess 

the effect that the buried depth of the channel and the optical properties of the media surrounding 

the channel had on LSCI’s ability to sense flow.  The setup used in this study allowed for control 

of both the optical properties and depth of the flow phantom. 

 To construct the flow phantom for this study, a clear, plastic tube (inner diameter (ID): 

1.6 mm; outer diameter (OD) = 3.2 mm) was fixed to the bottom surface of a rectangular 

chamber (6.5 cm x 6.5 cm x 1.0 cm tall) to function as a flow channel. Fig. 9 shows an image of 

the setup and phantom used in this study. A syringe pump (75900-00; Cole-Parmer Instruments 

Co., Vernon Hills, IL) was used to flow a solution of 1 μm-diameter polystyrene microspheres 

(Polybead microspheres, 07310, Polysciences Inc., Warrington, PA) [49, 50]in water through the 

channel at 0, 3, and 6 mL/min for each of the experimental setups described below. For all 

experiments, the flowing medium had a reduced scattering coefficient, μs’, of 24 cm-1 at 785 nm 

(27 cm-1 at 633 nm) as calculated using Mie theory [51] and a negligible absorption coefficient, 

μa. 
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Figure 9. An image of the flow phantom and imaging setup used in the depth-

sensitivity study. The grey arrows in the figure indicate the direction of flow from 

a syringe pump to a sink. LSCI images were captured with a CMOS camera using 

one illumination wavelength at a time while the other source was blocked. The 

beams were expanded using a ground glass diffuser to illuminate the phantom, and 

the intensity of the beam were controlled using neutral density filters. 

  

For the first set of experiments, the buried depth of the channel, d, was varied by adding 

constant volumes of a surrounding fluid to the chamber. The fluid added to the chamber was 

composed of a solution of 1 μm-diameter polystyrene microspheres with a μs’ of 6 cm-1 at 785 

nm (7 cm-1 at 633 nm) with negligible absorbance [49, 50]. The depth of the channel from the 

surface of the surrounding media was increased from a baseline depth (at which the tube was just 

covered) in increments of 0.3 mm to a maximum of 2.4 mm (these nine phantoms are referred to 

as D1 (d=0 mm) through D9 (d=2.4 mm).). 

To investigate the effect that the optical properties had on the LSCI flow measurements, 

the chamber was filled to a fixed depth of 600 μm while the optical properties of the surrounding 

were varied. Four combinations of scattering and absorption coefficients were used as displayed 

in Table 2.   The absorption coefficient was controlled by dissolving Bovine Hemoglobin 

(H3760; MilliporeSigma, MO) in the polystyrene solutions [49, 50]. The absorption coefficients 

were determined from the measured absorbance of a stock solution of the hemoglobin with a 

spectrophotometer (Cary 100 UV-Vis, Agilent Technologies, Wilmington, DE). 
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Table 3. Description of the optical properties of the surrounding medium. 

Phantom ID Absorption Coefficient (cm-1) 
Reduced Scattering Coefficient 

(cm-1) 

 633 nm 785 nm 633 nm 785 nm 

P1 0.10 0.02 3.4 3.0 

P2 0.39 0.08 3.4 3.0 

P3 0.10 0.02 6.7 6.0 

P4 0.39 0.08 6.7 6.0 

 

Only one source (either 633 nm or 785 nm) illuminated the sample at a time. A series of 

mirrors mounted on flip-mounts was used to control which source illuminated the sample as 

shown in Fig. 10. The other beam was blocked using absorbing beam blocks. Neutral density 

filters were place in the optical paths of the beams to prevent saturation of the camera imaging 

the samples. A ground-glass diffuser was used to evenly illuminate flow samples over a ~6 cm-

diameter area with an average power of 0.20 mW and 0.38 mW of power at 633 nm and 785 nm, 

respectively, at the surface of the phantom. The backscattered images were captured using the 

Mightex Camera described in Section 2.1.2. The camera was focused to the phantom’s surface 

using a focusing lens (f/8, focal length 8 mm). All speckle images were collected with an 

exposure time of 10 ms.  The pixel-to-speckle ratios were measured to be 2.6 and 3.0 for the 632 

nm and 785 nm sources respectively with the MATLAB function described in Section 2.2.3 

(Appendix B), satisfying the Nyquist Theorem [42]. For each sample in both sets of experiments, 

15 speckle images were captured at 100 Hz for all three flow rates (0, 3, and 6 mL/min). 

 

 

Figure 10. Schematic of the imaging system used to collect speckle images. Flip 

mirrors were used to select the illumination source. FM: Flip mirror; BB: Beam 

block; M: Mirror; ND: Neutral density filter; GD: Ground-glass diffuser; d: 

channel depth 

LSCI
Camera

633 nm

785 nm

BB FMFM

d

GD

M
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 The MATLAB function provided in Appendix C.2 was used to find the speckle contrast 

for the pixels within a 100x10 pixel ROI selected directly atop the flow channel in each image as 

indicated in Fig. 10. The values were fit to Eqn. 1.12 using T = 10 ms, to find the inverse 

decorrelation time (1/τc) for each pixel. The LSCI flow index, FLSCI, for each image was taken to 

be the mean inverse decorrelation time within the selected ROI for each image. The error 

associated with each measurement was taken to be the standard deviation of FLSCI across the 15 

repeated images. To compare the relative changes in the flow measurements, all LSCI flow 

indices were normalized by the flow index derived from the phantom used in the depth study at d 

= 0.0 mm. 

 

Figure 11. The raw speckle image (Fig. 11a) and the LSCI flow map of 𝜏c-1 (Fig. 

11b) computed using Eq. (1). Horizontal blue lines indicate the inner diameter of 

the flow channel and black (or gray) boxes the ROI used to compute average LSCI 

flow value. Images show data for one LSCI image at 785 nm illumination for at the 

baseline depth, at a flow rate of 6ml/min. 

 

4.3- Results and Discussion 

Fig. 12 shows a panel of representative LSCI flow images obtained for the phantoms D1, D3 and 

D5 (rows) at flow speeds of 0 mL/min (left column) and 6 ml/min (right column). Visually, it is 

easy to perceive the demarcation of the flow channel for the flow speed of 6 mL/min relative to 

no flow (top row) for shallow depths, but the ability to do so decreases as the flow is buried 

under the scattering media.  

Fig. 11a Fig. 11b
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Figure 12. Panel of representative LSCI contrast images obtained with the 785 nm 

source as the depth of the flow channel was varied shown for D1, D5 and D10 

phantoms at two pump flow speeds. The blue bar indicates the flow channel’s outer 

diameter while the grey boxes show the ROIs used for quantifying these data. 

The normalized FLSCI data for all the phantoms D1-D9, for both illumination sources 

(Fig. 13a: 633 nm illumination, Fig. 13b: 785 nm illumination) are plotted as a function of depth 

in Fig. 12. The normalization values (the mean FLSCI from the D1 phantom) were 6.85 x 103 s-1 

and 2.27 x 103 s-1 for the 633 nm and 785 nm data respectively. LSCI measurements 

distinguished 0 mL/min flow from both the 3 mL/min and 6 mL/min flow, but it was not possible 

to correctly distinguish the two flow speeds.  
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Figure 13. LSCI data for the data collected using the 633 nm (Fig. 13a) and 785 

nm (Fig. 13b) sources for all three flow rates (see legend) normalized to the 

corresponding wavelength’s measurement of the D1 phantom with zero flow. 

 

The normalized flow indices for the four phantoms that possessed different optical 

properties of the surrounding media (P1-P4) are displayed in Fig. 14. The data shows that the 

normalized LSCI flow parameter at 785 nm was in general more sensitive and was on average 

nearly 1.60 times greater than the corresponding 633 nm values. It is also seen that for both 

wavelengths and both flow rates, the normalized LSCI flow sensitivity was greatest for phantom 

P1 – which was the phantom with the lowest scattering and absorption coefficients (see Table 2). 

The mean, normalized LSCI flow index for all phantoms and wavelengths was higher for 6 

mL/min than 3 mL/min except for P4 with 785 nm illumination.  

 

Figure 14. LSCI normalized flow indices for the nonzero flow rates in each optical 

phantom outlined in Table 1. Two illumination wavelengths (785 nm and 633 nm) 

were separately used to collect LSCI experimental data was used to collect data for 

each phantom and flow rate at a fixed 600 μm depth.  

 

Fig. 13a Fig. 13b
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The results obtained during this investigation indicate that differences in optical properties of 

an optically turbid medium, and the depth of the embedded flow-channel both impact flow 

parameters derived from LSCI measurements. As the depth of the flow increased, the LSCI 

measurements of the flow through the buried channel decreased for both illuminations. These 

results agree with previous studies that have shown that increasing the amount of static scattering 

above a flow sample diminishes LSCI ability to sense the flow beneath [19, 42].  This 

investigation also demonstrated that the 785 nm illuminate provided greater sensitivity to the 

buried flow at all depths, suggesting that the wavelength of light should be considered when 

applying LSCI to detect buried flow [52]. The results from the phantoms with varying optical 

properties also show that the 785 nm was more sensitive to the buried flow. Both illuminations 

were negatively impacted by an increase in either the scattering or absorption coefficients of the 

surrounding media.  

The experimental investigation described in this chapter have demonstrated that LSCI is 

sensitive to more than just the flow rate of the scattering particles. The results demonstrate that 

LSCI is sensitive to the optical properties of media surrounding the flow through which the light 

is scattered which is in turn dependent on the wavelength of light that is scattered. In general, 

this displays a difficulty that prohibits from being able to practically assess the absolute flow in 

biomedical tissue. The work described here suggests the measurements would have to be 

calibrated to the optical properties of the tissue in which the vasculature of interest is embedded 

in.  
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Chapter 5– Polarized Laser Speckle Contrast Imaging 

 

5.1- Introduction 
In Section 1.3.1, it is mentioned that having a field that is partially polarized changes the 

underlying statics of speckle and decreases the maximum speckle contrast. In LSCI, this 

parameter leads to a change in the statistics of the temporally integrated speckle that is imaged 

(See Goodman, Section 4.6.4) [9]. In this chapter, I present an experimental investigation of the 

effect that the state and direction of polarization relative to that of a linearly polarized 

illumination source has on LSCI’s sensitivity to flow through a buried channel like the one 

described in Chapter 4. The data presented those far in this thesis have all examine the LSCI 

measurements obtained from the scattered field at all polarization states. 

 Polarizing filters have been commonly used with laser speckle imaging techniques to 

limit the amount of specular reflections that reaches the imaging plane because surface 

reflections would be highly polarized [53]. The more polarized light is multiply scattered, the 

light will become less polarized. Light that experiences many scattering events should contain 

photons that are polarized perpendicular to the illuminating light than light that has been singly 

scattered. This means that the polarization of light back-scattered from a turbid media should be 

less polarized compared to the illuminating source as it is scattered from deeper in the media. 

Therefore, it could be expected that LSCI’s sensitivity to buried flow could be increased by 

selecting for photons with cross polarization. The study outlined here seeks to address this 

hypothesis.  

 

5.2- Methods 

5.2.1- Optical Setup 

LSCI measurements were obtained by using a 785 nm laser source (See Table 1) to illuminate 

the flow phantoms. The optical path of the beam passed through a ground glass diffuser followed 

two beam expanders consisting of lenses with 19 mm, 50.2 mm, 25.4mm and 100 mm focal 

lengths. To construct the beam expanders, the two lenses were positioned such that the distance 

between them was equal to the sum of their focal lengths as demonstrated in Fig. 15. The light 

then passed through a neutral density filter and linear polarizer (LPNIRE100-B; Thorlabs, NJ) 

before being directed with a mirror to illuminate a roughly 2 cm diameter area of the phantom. 
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Figure 15. This image shows the two beam expanders used in the polarized LSCI 

setup the is shown in Fig. 16. The ground-glass diffuser, four lens, and polarizer 

were mounted to a 30 mm optical cage system (Thorlabs, Inc.). The red, dashed 

lines represent a ray diagram through the expanders. D: Ground diffuser; L1: 19 

mm lens; L2: 50.2 mm lens; L3: 25.4 mm lens; L4: 100 mm lens; P1: Polarizer.  

 

Fig. 16 provides an image and schematic of the optical setup used in this study. This first 

polarizer was used to ensure that the incident illumination was completely polarized. The 

backscattered images were captured with the Mightex camera described in Section 2.1.2. The 

camera was focused on the flow channel using a focusing lens (f/8, focal length 8 mm). The 

pixel-to-speckle sizes were estimated to be 2.7 using the analysis outlined in Section 2.2.3. 
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Figure 16. Fig. 16a provides a schematic of the imaging system that is pictured in 

Fig. 16b used to collect speckle images. D: Ground diffuser; BE: Beam expander; 

P1: Illumination linear polarizer; M: Mirror; P2: Imaging linear polarizer; C: 

Camera. 

 

In front of the imaging lens, a second linear polarizer (LPNIRE100-B; Thorlabs, NJ) was 

mounted on a rotating mount. This was used to control which polarization was used to image the 

sample. Three different sets of images were acquired, each having a different angle of 

polarization. The three states are referred to as- (1) unpolarized, (2) parallel, and (3) cross. The 

parallel polarization was defined to be the angle at which the intensity of specular reflections 

from the position of the sample to the camera was maximized. The cross polarization was 

defined as the polarization angle at 90° to the parallel angle. To capture the unpolarized images, 

the rotating polarizer was removed from in front of the detector. This met that the imaged light 

was expected to be partially-polarized. The neutral density filter in the illumination path was 

adjusted to compensate for changes in the intensity when the imaging polarizer was added or 

P2
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M
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C D

785 nm

d
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removed from the setup. The power of light reaching the detector was 9.8 μW, 10.8 μW, and 

10.3 μW for the unpolarized, parallel, and cross state respectively. 

 

5.2.2- Phantom Construction 

Fig. 17 shows a picture of the flow chamber used in this investigation. The flow channel was the 

same as that described in Section 4.2 and was attached to the bottom surface of a plastic chamber 

(4.9 cm long x 4.9 cm wide x 1.0 cm tall). The flow channel was attached to a syringe pump that 

was programed to pump a scattering media through the phantom at various rates, as described 

below. The flow chamber was fixed on top of a scattering, plastic block that provided a semi-

infinite layer beneath the flow. To bury the flow channel at increasing depths, a scattering fluid 

was added to the flow chamber at constant volumes. 

 

Figure 17. An image of the flow phantom (Fig. 17a) and captured raw speckle 

image (Fig. 17b) using cross polarization at the baseline depth (+0.0 mL). The 

yellow rectangle indicates the ROI in which the mean flow index was found to 

quantify the LSCI flow measurement. 

The fluid used to flow through the channel and surrounding fluid used to bury the 

channel were the same. It consisted of 1.0 μm diameter polystyrene microspheres (Polybead 

microspheres, 07310, Polysciences Inc., Warrington, PA) suspended in deionized water with 

𝜇𝑠
′  of 12 cm-1 at 785 nm as calculated using Mie theory [51] and dissolved bovine hemoglobin 

(H3760; MilliporeSigma, MO) with μa of 0.08 cm-1, measured using a spectrophotometer (Cary 

100 UV-Vis, Agilent Technologies, Wilmington, DE).  

 

5.2.3- Data Collection and Analysis 

LSCI measurements were collected at 5 different volumes of scattering media added to the 

chamber. The smallest volume (8 mL) used to bury the flow was determined by adding media to 

the flow chamber such that the flow channel was just covered by the fluid. Using a fluid to bury 

the channel limited the precision at which the exact thickness of media covering the top of the 

Fig. 17a

Fig. 17b
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channel could be measured, however it allowed for a simple method to increase the depth. This 

was accomplished by adding increments of 0.5 mL of the media to the chamber once the baseline 

depth was determined. Based on the geometry of the chamber, it was estimated that the depth of 

the channel increased by about 200 μm each time the 0.5 mL of fluid was added to the chamber. 

The five depths will be indicated by the volume of fluid added to the chamber after the baseline 

depth. (+0.0 mL, +0.5 mL, +1.0mL, +2.0 mL, and +2.5 mL.). For each depth and polarization, 

images were captured for 5 pump flow rates ranging from 0 to 8mL/hr (0 to 1.1 mm/s). 

Speckle images collected for these experiments were obtained with an exposure time of 6 

ms at a frame rate of 30 ms for each depth, flow rate and polarization. 60 frames were captured 

for each experiment. LSCI analysis was performed over an ROI of 25x150 pixels for each of the 

raw speckle images acquired. A LSCI flow index, F, for each image was calculated using the 

mean of the inverse of the contrast squared (Eqn. 1.15) within the selected ROI. 

A LSCI flow-sensitivity parameter, FS, was then developed to quantify LSCI’s sensitivity 

to relative changes in flow as a function of polarization and depth using Eq. 5.1. This parameter 

normalized the change in LSCI’s flow measurement for each depth, (d), polarization (p), and 

flow (f) from the measurement with the pump turned off (i.e.  f = 0 mL/hr) to the measured 

change between pump rates of 8 and 0 mL/hr at the baseline depth (d = +0.0 mL) with the 

unpolarized imaging. 

 

𝐹𝑆 =  
𝐹(𝑝,𝑓,𝑑)−𝐹(𝑝,0 

𝑚𝐿

ℎ𝑟
,𝑑)

𝐹(𝑢𝑛𝑝𝑜𝑙.,8
𝑚𝐿

ℎ𝑟
,+0.0 𝑚𝐿)−𝐹(𝑢𝑛𝑝𝑜𝑙.,0

𝑚𝐿

ℎ𝑟
,+0.0𝑚𝐿)

=  
Δ𝐹𝑓

𝑝(𝑑)

Δ𝐹𝑚𝑎𝑥
𝑢𝑛𝑝𝑜𝑙.

(𝑑=0)
 (5.1) 

 

 In addition, the speckle images of the flow phantom, a series of static speckle images 

were captured of the backscattered light from the plastic block on which the flow phantoms were 

positioned. These images were used to first calculate the average speckle sizes (2.7 

pixels/speckle) and examine the statistics of the speckle images of the three polarizations. 

 

5.3- Results and Discussion 
 

 According to probability theory, a PDF of a sum of two independent, random variables is 

the convolution of the PDFs of those two variables [12]. I first present results that examine 

whether this relation holds true for the assumptions that- (1) the unpolarized speckle intensity 

images are the sum of the orthogonally polarized images (Eqn. 5.2) and (2) the two orthogonally 

polarized speckle fields are independent of one another.  

 

 𝐼𝑡𝑜𝑡𝑎𝑙 =  𝐼⊥ + 𝐼∥ (5.2) 
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Fig. 18 shows that PDFs of 100x100 ROIs of the plastic block for the cross, parallel, and 

unpolarized speckle intensities. This ROI was selected because it was the middle of the 

illuminated area within the captured image and included the ROI selected to find the mean LSCI 

measurement was found when the tube was positioned under the camera. It can be observed that 

the PDFs of the polarized speckle follow that expected negative exponential for intensities 

greater than about half of the mean intensity, but quickly decay of intensities less that than half 

the mean (Fig. 18a). The unpolarized speckle PDF does not follow the negative exponential 

throughout the entire range of intensities (Fig. 18b). In addition, Fig. 18b shows the convolution 

of the two polarized PDFs (purple). This function has the same shape of the unpolarized PDF, 

however twice the convolution (green) seems to better match the values of the unpolarized PDF. 

It is currently unsure why it is double the convolution that matches the unpolarized PDF, 

however these results could suggest that the unpolarized speckle field is in fact an independent 

sum of the two polarized speckles.  

 

Figure 18. The figure on the left (Fig. 18a) shows the PDFs of the cross (red) and 

parallel (blue) static speckle images. The figure on the right (Fig. 18b) shows that 

of the unpolarized static speckle (black). Fig. 18b also displays the convolution of 

the two polarized speckle PDFs (purple) as well as twice the convolution (green). 

 Next, the results from the LSCI flow measurements of the optical phantom at all three 

polarization states are presented. The LSCI flow measurements, F, are shown as a function of 

pump flow rate (Fig. 19) and as a function of the volume added to the chamber (Fig. 20). The 

data markers indicate the mean LSCI flow index across the 60 repeat images at each volume 

added, polarization, and flow rate combination. The error bars indicate the standard deviation of 

the flow index across the 60 images. From Fig. 19, it can be observed that the unpolarized 

speckle had a significantly smaller contrast that the polarized speckle images (indicated by the 

larger flow measurement values). This means that examining the scattered light in all 

polarization directions artificially increases the flow measurements relative to using a linear 

polarization of the scattered field. The cross polarized speckle has a larger mean flow 

measurement than the parallel speckle, though the difference is not as large as the difference 

Fig. 18bFig. 18a
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between either of the polarized measurements and the unpolarized. It can also be observed that 

the measurements of the flow follow a linear trend with an increasing pump rate from 1 mL/hr to 

8 mL/hr at the three displayed depths.  

 

Figure 19. These figures show the LSCI flow measurements as a function of the 

pump rate with +0.0 mL, +1.0 mL, and +2.5 mL of surrounding fluid added to the 

chamber above the baseline depth for the unpolarized (black), parallel (blue), and 

cross (red) (~400μm depth/1 mL). 

 

 Fig. 20 provides a further investigation of how the measurements changed as a function 

of depth. From these figures, it can be observed that the relation to depth was dependent on the 

flow rate of through the tube. With the pump turned off (i.e. 0 mL/hr) adding volume to the 

chamber increased the LSCI measurements (Fig. 20a). At the highest flow rate (8 mL/hr), the 

flow measurements decrease for all three polarizations as the depth increased (Fig. 20c). At an 

intermediate flow rate (2 mL/hr), the measurements peaked at a maximum at a depth of +1.0 mL 

added to the chamber. These results were very intriguing to observe. The sensitivity parameter 

defined by Eqn. 5.1 was used to examine these trends. 

 

Figure 20. This set of figures show the LSCI flow measurements as a function of 

the volume of scattering media added to the chamber above 8 mL at flow rates of 0 

mL/hr, 2 mL/hr, and 8 mL/hr through the flow tube for the unpolarized (black), 

parallel (blue), and cross (red) (~400μm depth/1 mL). 

 

The sensitivity parameter for all the flow rates (except 0 mL/hr) are shown in Fig. 21.  

The height of the bars and error bars represent the mean and standard deviation of the FS across 

Fig. 19a Fig. 19b Fig. 19c

Fig. 20a Fig. 20b Fig. 20c
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the 60 frames captured for each combination of volume added, polarization, and flow rate. The 

color of the bars indicate the volume of media added to the chamber above 8 mL (see legend). 

The figure is separated into 4 separate bar plots, each one for the 4 pump flow rates (excluding 0 

mL/hr).  At three flow rates (excluding 1 mL/hr), the unpolarized condition had a larger FS than 

the 2 polarized conditions at each depth. This indicates that for the same change in flow rate 

through the flow channel, the contrast of partially polarized speckle experienced a greater change 

than the polarized speckle.  At the 2 highest flow rates (4 and 8 mL/hr), all the polarizations 

displayed a downward trend in sensitivity as the depth increased above baseline, suggesting that 

LSCI’s sensitivity to flow rates greater than 4 mL/hr is significantly diminished as the flow is 

buried by more static media. At 1mL/hr and 2 mL/hr, the unpolarized and parallel polarizations 

showed an interesting trend in sensitivity. The sensitivity increased from +0.0 mL to a peak at 

+1.0 mL and then decrease as more scatterers were added to the chamber. The cross polarization 

was nearly constant from baseline to the +1.0 mL and then declined at +2.0 mL.  

 

Figure 21. The four bar plots show the LSCI sensitivity parameter (Eqn. 5.1) for 

all three polarizations as a function of buried depth (bar color) for four flow rates: 

1 mL/hr (Fig. 21a); 2 mL/hr (Fig. 21b); 4 mL/hr (Fig. 21c); 8 mL/hr (Fig. 21d).  

 These results demonstrated that many parameters need to be taken into account while 

using LSCI to sense flow. Both the optical properties of the sample and imaging properties affect 

LSCI meausrements. This exemplifies why is is difficult for LSCI to be a method of obtaining 

absolute flow rates. The results displayed in Fig. 19 show that LSCI is able to sense relative flow 

changes in a constant sample and imaging setup when the imaging is correctly setup. The results 

Fig. 21a Fig. 21b

Fig. 21c Fig. 21d
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displayed in Fig. 21 show that the LSCI measurements are influenced by the flow rate, buried 

depth of the flow, and the polarization of light.  
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Chapter 6 – Future Directions  

 The most pressing work to be completed is to obtain an understanding of the results 

discussed in Chapter 5. I hope that the physical explanations of the observed trends, such as 

those shown in Fig. 20, can be understood. The work is currently being formatted so that it can 

be published in a peer-reviewed journal such that the results can be shared with the academic 

community.  

 There is work that has been begun to continue the work discussed in Chapter 3. An 

Internal Review Board (IRB) application was submitted to use LSCI to assess PORH to compare 

the vascular health of individuals that regularly exercise versus individuals that do not. The IRB 

application #01603r titled Non-invasive assessment of microvascular function via laser speckle 

contrast imaging in athletes vs. non-athletes was resubmitted with revisions to the university and 

is expected to be approved. This will be a thorough study that hopes to demonstrates LSCI’s 

ability to be applied to biomedical studies.  

 Flow measurements using DCS were collected during the completion of the work 

described in Chapter 3 with the hopes of comparing DCS and LSCI. The two techniques possess 

similar underlying theory. Therefore, it would be intriguing to compare the two methods which 

vastly differ experimentally. An initial comparison was submitted to Biomedical Optics Express 

but was rejected from publication. It would be intriguing to complete a more thorough 

comparison of the two techniques in the future. 

 The prospectus that preceded this thesis proposed that a multi-wavelength LSCI system 

be constructed. Unfortunately, this was not accomplished in the time of this work. However, I 

still believe that it would be a useful tool to have. Such a system would allow studies that 

investigate the effects that the illumination wavelength has on LSCI more efficiently. The 

difficulty that comes with this task is designing the electrical system that is needed to externally 

trigger multiple Mightex cameras simultaneously. I would suggest that developing an external 

trigger system for the camera be one of the next tasks to be completed to better the LSCI set up 

described in this thesis. 

 As displayed in the above chapters, many parameters affect LSCI. In Section 1.5, I 

outlined a few of the variations of LSCI that are being developed by others. It would be of value 

to investigate how the parameters discussed in this work affect both multi-exposure LSCI and 

spatial frequency LSCI. However, these techniques do require more complex instrumentation. 

With the great number of parameters that affect LSCI and the range of variations of the 

techniques that are being developed, there is no shortage of LSCI research that needs to be 

completed in the future. 
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Chapter 7 – Conclusion 

In Chapter 1, an introduction and outline of the theory underlying LSCI was presented, and the 

experimental approach was presented in Chapter 2. Chapter 3 presented an experimental 

validation of the technique as a blood flow measuring technique that can detect induced changes 

in flow rates. It was also demonstrated that such measurements are dependent on the wavelength 

of illumination used to image the sample. This observation of wavelength dependence lead to the 

work discussed in Chapter 4. The multi-wavelength investigation showed that LSCI flow 

measurements are significantly affected by the media surrounding the flow. The depth of the 

flow, optical properties of the surrounding media, and the illumination wavelength impacted the 

LSCI measurements of the flow through the channel embedded in the optical phantom. Chapter 6 

provided a further depth-sensitivity study of LSCI. It demonstrated that the polarization state of 

the observed scattered light impacts the flow measurements and that the sensitivity of the flow is 

a function of both the buried depth and flow rate.  

An important experimental adjustment was made between the study outlined in Chapter 4 

and Chapter 5. In Chapter 4, the flow rate through the channel was 0 mL/min, 3 mL/min, and 6 

mL/min, and the exposure time of the camera was 10 ms. One of the negative results observed 

using these parameters was that LSCI could not confidently distinguish between the 3 mL/min 

and 6 mL/min. For this reason, the flow rates were decreased to range from 0 mL/hr to 8 mL/hr 

(a decrease by a factor amount 60 compared to the study outlined in Chapter 4). The exposure 

time was also decreased in Chapter 5 to 6 ms. As shown in Fig. 18, LSCI was able to 

significantly distinguish between the flow rates and displayed a linear relationship. As discussed 

in Section 2.2.2, LSCI is dependent on the ratio between the exposure time and the flow rate of 

the scattereres. By varying the flow rates and exposure time, the LSCI’s ability to detect changes 

in flow was increased. This is just one example of how LSCI is dependent on a complex 

relationship between many parameters.  

This thesis shows experimental results that demonstrate the dependence of LSCI’s 

sensitivity to flow on the depth of the flow, the optical properties of the surrounding media, and 

polarization of light. Each of these parameters and many more must be considered to optimize 

LSCI’s sensitivity to flow. 
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APPENDICIES 

A.  Speckle Simulation 
This appendix contains a MATLAB function that simulates a fully-developed speckle pattern. 

 

function [speckle] = speckle_sim(N, r); 

  

%function [speckle] = speckle_sim(N, r); 

% 

%This function generates simulated speckle. Following the discription 

of: 

%Duncan, et. al "Statistics of local speckle contrast." J. Opt. Soc. 

Am. 

%(2008) 

% 

%Inputs: 

%   N = the length of the final NxN matrix of the speckle filed. 

%   r = parameter controlling the size of the speckle (2r = N; speckle 

= 

%   2*pixels) (larger r = smaller speckle) 

% 

%Outputs: 

%   speckle = NxN array of simulated speckle 

  

[x,y] = meshgrid(1:N); 

c = double(sqrt((x-N/2).^2+(y-N/2).^2)<=r); %select circular region 

a = fft2(c.*exp(1i*(2*pi.*rand(N)-pi))); %fill with random phasor 

speckle = a.*conj(a); 

speckle = speckle./max(speckle); %normalize intensity value 

  

figure(1);clf; 

imagesc(speckle); 

colormap('gray'); 
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B.  Speckle Size Calculation 
This appendix contains a MATLAB function that estimates the mean speckle size of a static 

speckle image. 

function [H_spec, V_spec,H_norm_cov, V_norm_cov,lag_H,fitH, 

fitH_stats,  lag_V, fitV, fitV_stats] = OSIM_specklesize(I) 

%function [H_spec, V_spec,H_norm_cov, lag_H,fitH, fitH_stats, 

V_norm_cov, lag_V, fitV, fitV_stats] = OSIM_specklesize(I) 

% 

%Outputs the normalized autocovariance of the matrix I for each 

%each column of I, producing the autocovariance function. The FWHM of 

this 

%function is related to the mean horizontal speckle width present in 

I. 

%This function plots the reulting autocovariance, a best fit to a 

Gaussian, 

%and the autocovariance produced by Mathworks SpeckleSize function. 

  

I = double(I); 

  

[H_norm_cov,lag_H, V_norm_cov,lag_V] = OSIM_autocov(I); 

  

% H_inds = find(H_norm_cov >= 0); 

% V_inds = find(V_norm_cov >= 0); 

  

gauss1 = fittype('gauss1'); 

[fitH, fitH_stats] = fit(lag_H(lag_H>=-3 & 

lag_H<=3)',H_norm_cov(lag_H>=-3 & lag_H<=3)',gauss1); 

[fitV, fitV_stats] = fit(lag_V(lag_V>=-3 & 

lag_V<=3)',V_norm_cov(lag_V>=-3 & lag_V<=3)',gauss1); 

  

H_coef = coeffvalues(fitH); 

H_sigma = sqrt(H_coef(3)); 

H_spec = 2*sqrt(2*log(2))*H_sigma; 

% disp(sprintf('Horizontal Speckle Size = %0.2f pixels', H_spec)); 

  

V_coef = coeffvalues(fitV); 

V_sigma = sqrt(V_coef(3)); 

V_spec = 2*sqrt(2*log(2))*V_sigma; 

% disp(sprintf('Vertical Speckle Size = %0.2f pixels', V_spec)); 

  

end 

%=====================================================================  

function [H_norm_cov,lag_H, V_norm_cov, lag_V] = OSIM_autocov(I) 

  

%function [H_norm_cov,lag] = OSIM_autocov(I) 

% 

%Produces the autocovariance function of the row (or column) vector I 

by 

%computing the correlation function of I reduced by mean(I) 
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mean_I = mean(I(:)); 

I_reduced = I - mean_I; 

[H_cov,lag_H, V_cov, lag_V] = OSIM_autocorr(I_reduced); 

H_norm_cov = H_cov/max(H_cov); 

V_norm_cov = V_cov/max(V_cov); 

  

end 

%===================================================================== 

function [H_corr,lag_H,V_corr,lag_V] = OSIM_autocorr(I); 

[N,M] = size(I); 

%Calc the correlation by sliding the intesity image horizontally 

across 

%itself 

I_f_H = zeros(N,3*M-2); 

I_f_H(:,M:2*M-1) = I; 

H_corr = zeros(1,2*M-1); 

H_corr_row = zeros(1,2*M-1); 

for n = 1:N 

    for m = 1:2*M-1 

        A_H = I(n,:).*I_f_H(n,m:m+M-1); %multiply overlapping rows 

together 

        H_corr_row(1,m) = sum(A_H(:));%Sum product across the row 

    end 

    H_corr = H_corr + H_corr_row; %Sum correlation down column 

end 

lag_H = -(M-1):(M-1); 

%Calc the correlation by sliding the intesity image vertically across 

%itself 

I_f_V = zeros(3*N-2,M); 

I_f_V(N:2*N-1,:) = I; 

V_corr = zeros(1,2*N-1); 

V_corr_col = zeros(1,2*N-1); 

for m = 1:M 

    for n = 1:2*N-1 

        A_V = I(:,m).*I_f_V(n:n+N-1,m); %multiply overlapping columns 

together 

        V_corr_col(1,n) = sum(A_V(:)); 

    end 

    V_corr = V_corr + V_corr_col; 

end 

lag_V = -(N-1):(N-1); 

end 
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C.  Speckle Contrast Calculations 
This appendix contains a MATLAB functions used to calculate the speckle contrast.  

C.1 Original LSCI Function 

This MATLAB function uses for loops to calculate the contrast within each spatial window. 

function [contrast_K, flow_map, evpome_im] = lasca_original(fname, pt, 

offset, wsize) 

  

%function [contrast_K] = lasci_analysis(fname, pixelsize, p1, offset) 

% 

%This function allows a user to preform a speckle contrast analysis on 

%a rectangular ROI of an image designated by a single point 

%(p1) and lengths given by [offset(1),offset(2)]. It loops 

%through each x and y pixel 

% 

%inputs: 

%fname = name of image or previously read intensity image 

%windowsize = size of LSCI sliding window (7x7 default) 

%p1 = top right corner coordinate of ROI 

%offset = x and y length of ROI 

% 

%outputs: 

%flow_img = 2D matrix of flow values 

  

if ~exist('wsize1', 'var') %if not inputted, window is 7x7 

    wsize = 7; 

end 

if isa(fname,'char') 

    raw_im = double(imread(fname)); 

else 

    raw_im = double(fname); 

end 

if ~exist('pt','var') 

    pt = [4 4]; %entire image 

end 

if ~exist('offset','var') 

    size_im = size(raw_im); 

    offset = [size_im(2), size_im(1)]-[8 8]; %entire image 

end 

  

xr = [pt(1) pt(1)+offset(1) pt(1)+offset(1) pt(1) pt(1)]; 

yr = [pt(2) pt(2) pt(2)+offset(2) pt(2)+offset(2) pt(2)]; 

  

evpome_im = double(raw_im); 

xrange = floor(xr(1)):floor(xr(2)); 

yrange = floor(yr(1)):floor(yr(3)); 

add_offset = unique(round([ceil(-wsize/2):0.5:floor(wsize/2)])); 

%find range of sliding window in which to find contrast 

xind = 0; 

for x=xrange %loop through each pixel 
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    xind = xind+1; 

    yind = 0; 

    for y=yrange 

        pix_x = (x)+add_offset; 

        pix_y = (y)+add_offset; 

        im_sl = evpome_im(pix_y, pix_x); 

        yind = yind+1; 

        mean_I = mean(im_sl(:)); 

        contrast_K(yind, xind) = std(im_sl(:), 1)./mean_I; 

        %calclate the contrast for each pixel 

    end; 

end 

flow_map = 1./contrast_K.^2; %Calc flow 

end 

 

C.2 Updated LSCI Function 

This MATLAB function provides a more efficient method of finding the speckle contrast. 

function [K,flow_map,I] = GetLSCI_OSIM(fname, ws, fig_num, pt,offset) 

  
%function [K,flow_map,I] = GetLSCI_OSIM(fname, ws, fig_num, pt,offset) 

% 

%Updated 5/16/2018 by Anthony Young 

% 

%This function generates a LSCI flow map from an inputted raw image. 

%Instead of sliding a window (ws-by-ws) around each pixel, this 

function 

%generates a 3-dim matrix where each layer is the selected ROI of 

%intensities shifted by 1 row or column.  

%Input: 

%   fname = either the name of the raw file or the matrix of the read 

image 

%   pt = top left point of ROI [x1,y1] 

%   offset = size of the ROI [xrange, yrange] 

%   ws = window size of sliding window (7 by default) 

% 

%Output: 

%   flow_map = LSCI flow map 

  

if ~exist('fig_num', 'var') 

    fig_num = 1; 

end 

if ~exist('ws', 'var') %if not inputted, window is 7x7 

    ws = 7; 

end 

  

if isa(fname,'char')  %can input image filename or read image 

    raw_I = double(imread(fname)); 

else 

    raw_I = double(fname); 

end 
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if ~exist('pt','var') 

    pt = ceil(ws./2) + [0 0]; %overestimate the overhang in ROI 

end 

if ~exist('offset','var') 

    size_im = size(raw_I); 

    offset = size_im(2:-1:1)-2.*pt; 

end 

  

xr = [pt(1) pt(1)+offset(1) pt(1)+offset(1) pt(1) pt(1)]; 

yr = [pt(2) pt(2) pt(2)+offset(2) pt(2)+offset(2) pt(2)]; 

  

  

xrange = floor(xr(1)):floor(xr(2)); 

yrange = floor(yr(1)):floor(yr(3)); 

  

I = zeros(length(yrange), length(xrange), ws^2);  

%create ws^2 nbym matrices each with select_I shifted about sliding 

window 

  

shift_inds = unique(round([ceil(-ws/2):0.5:floor(ws/2)])); 

count = 1; 

for xs = shift_inds  

    for ys = shift_inds 

                I(:,:,count) = raw_I(yrange+ys,xrange+xs); %shift and 

add to the 3rd dim 

        count = count+1; 

    end 

end 

  

K = std(I,1,3)./mean(I,3); %Calculate contrast  

flow_map = 1./K.^2; %Calc flow 

     

end 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

44 

D. Instructions for Using Mightex Camera 
In this appendix, I present instructions on how to use the software that operates the Mightex 

camera (SME-B012-U; Mightex Systems, Pleasanton, CA) used to capture the speckle images 

for this thesis. Fig. 22 contains a screenshot of the software’s user interface that I reference while 

explaining how to operate and change the settings of the camera. The numbers in the figure 

highlight specific buttons or controls.  

 

Figure 22. A screenshot of the user interface for the Mightex camera (SME-B012-

U). The red numbers indicate the buttons referenced in Appendix D. 

 

1. Once the camera is securely mounted, connect the USB cord to the ontrolling computer 

using a USB cord.  

2. Launch the SSClassicCameraApp application. 

3. Select camera being used (i.e. SME-B012-U) and 8 Bit in the first window that pops up 

and click ok. 

4. Turn the detector on by clicking the blue arrow button at the top left of the camera’s 

interface #1. The button will turn into a red circle. 

1
2

3

4

5

6

7
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5. Open the window viewer by clicking on #2. This will allow the user to view the image 

that the camera is capturing. 

6. Focus the camera on the flow sample and adjust the aperture to the desired f-number. 

7. Select the control file by clicking on #3.  This will be the folder to which the captured 

images will be saved.  

8. Enter the file name of the image in the field next to “File Name:”. 

9. Select the number of frames to grab in the field next to “Grab Frames.” The software will 

save repeat images with the frame number appended to the end of the file name. 

10. Select the resolution of the image using #4. A larger resolution will increase the field of 

view within the captured image, but also increase the size of the file. 

11. Set the exposure time. #5 is a drop-down menu that controls the range of exposure times 

that can be set using the slide control underneath the menu. Be careful not to have an 

exposure time that saturates the camera! 

12. Fix the frame rate. The frame rate is controlled by the H Level, V Rows, and that is 

selected at #6. To calculate the frame rate, click on the blue wrench button #7 and open 

the preferences menu. The frame rate is the sum of the Frame Read Time and Actual 

VBlanking times. 

13. To capture the images, click on the Grab Frames button #7. 

NOTE: Camera setting may be saved and loaded using the respective buttons at the 

bottom of the user interface window. 
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