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Abstract 
The goal of this project is to perform a pre-study for taking a step toward 

implementing CT-scanners into medical transportation, and to answer 

the following questions. Can a miniaturized CT-scanner be created from 

lower end hardware without compromising image quality? Which image 

filters are optimal to obtain the clearest, least noisy images from the cre-

ated CT-scanner? To answer these questions, a literature study is per-

formed and the study shows that a highpass filter combined with flat field 

correction and a contrast enhancing filter is the most efficient way to in-

crease the image detail in an X-ray image. The image filter is created in 

MATLAB and the CT-scanner software is created with Python. This pro-

ject concludes that it is possible with the right hardware and software im-

plementations, to create a miniature CT-scanner as images of both organic 

and inorganic objects are taken, filtered and their internal structure dis-

played.  

Keywords: CT, X-ray, MATLAB, Python, highpass, flat field 
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Terminology 
This section will describe the acronyms and abbreviations used in this 

project. 

Acronyms & abbreviations 

ADC Analog to Digital Converter 

CMOS Complementary Metal-Oxide-Semiconductor 

CT Computed Tomography 

EMR Electromagnetic Radiation 

IC Integrated Circuit 

Inf Infinite (refers to an infinite value) 

IP Internet Protocol 

NaN Not an Number 

TCP Transmission Control Protocol 

TOT Time over threshold 

UV Ultra Violet 
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1 Introduction 
Today's society constantly strives for innovation, pushing the limits to 

close the gap between the theoretical and the practical, whether it be in 

the form of building faster modes of transportation, building taller 

buildings or developing more efficient energy sources. One major issue 

with innovation is the ever-increasing risk on the population’s health and 

welfare. Faster cars and taller buildings in turn means greater risk for fatal 

injuries if an accident were to occur. According to the World Health 

Organization roughly fifteen million people suffer from a stroke 

worldwide each year. From these fifteen million victims, five million die 

and another five million are disabled.  

 

When an incident such as a stroke occurs, society relies heavily on the 

power of modern medical technology to diagnose and cure the injured, 

but most clinics and hospitals in smaller cities don’t have the resources to 

perform a CT-scan or operate on a patient. Also, the transportation time 

of a patient can be fatal as they cannot be diagnosed while being 

transported to a hospital. A modern CT-scanner can cost anything from 

50 000 dollars to as much as 1 000 000 dollars which makes it impossible 

for smaller clinics to afford a machine at that price. 

 

One solution to this problem is to develop a smaller CT-scanner 

constructed with more affordable hardware a reduced in size without 

greatly compromising on the accuracy and quality of the scan. This idea 

could lead to a step towards mass producing low cost, scalable, high 

quality CT-scanners. 

 

The main goal of this project is to take a step toward commercial, scalable 

CT-scanners that can be applied in smaller clinics and ambulances by 

creating a prototype miniaturized CT-scanner. This is advantageous as a 

diagnosis can be set in an ambulance on the way to the hospital, allowing 

doctors to focus on treatment instead of diagnosing patients.  

 

This project describes the prototype development process of a 

miniaturized, cost effective CT-scanner, developed at Mid Sweden 

University as a part of the bachelor’s thesis course for electronic engineers. 
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1.1 Problem formulation 

The projects main goal is to create a prototype for a size reduced, auto-

mated CT-scanner which takes a series of two dimensional images of a 

subject. The prototype hardware consists of a Timepix radiation detec-

tor, an X-ray source and a stepper motor which rotates horizontally to 

allow the detector to acquire images of the subject from various angles. 

The images are then filtered to enhance image quality and detail. Fi-

nally, the images are reconstructed into a three-dimensional representa-

tion of the image series.  

 

1.2 Project limitations 

This project will focus on the hardware programming and automation of 

the CT-scanner and the image filtering to prepare the image for recon-

struction. The image resolution is limited to a specific radiation sensor 

and X-ray source. 

Image filtering will be done by developing multiple sub-filters using a 

tool called MATLAB as it has built in image processing tools.  

The automation of the CT-scanner is written in Python code due to its 

simplicity and versatility. Also, python does not require a compiler to run, 

although the sensor software uses a compiler. The stepper-motor used in 

this project is a THORLABS NR360S and is the only motor for the image 

acquisition used throughout the entire project. 

 

1.3 Concrete and verifiable goals 

The purpose of this project is to verify and accomplish the following goals: 

• Automation: Create a program which fully automates the scan-

ning process for the CT-scanner, including communication be-

tween the motor and the radiation detector. 

• Image acquisition: Acquire images with the radiation detector 

with detailed distance parameters for optimal image quality. 

• Image filtering: Create a filter that highlights areas of interest in 

the image whilst removing background noise to increase clarity 

and detail.  
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1.4 Question formulations 

The following questions will be answered in this report: 

• Can a size reduced CT-scanner be created from lower end hard-

ware without compromising image quality?  

• Which image filters are optimal to obtain the clearest, least noisy 

images from the created CT-scanner? 

 

1.5 Essay structure 

Chapter 2 delves into the theory behind the Timepix radiation detector, 

describing how it functions and what it consists of. The theory behind the 

image filtering is also described. 

Chapter 3 describes which methods have been used to best validate the 

project goals. A description of the construction of the hardware and soft-

ware for the project is written in chapter 4. Chapter 5 demonstrates the 

results of the project, chapter 6 processes the analysis and chapter 7 dis-

cusses the project method and result, and presents a conclusion. 
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2 Theory 
To understand the project, the theory behind both the CT-scanner, X-

rays and their interaction with matter, the radiation sensor and the im-

age filtering is described in detail.  

2.1 CT scanner 

A CT scanner is a machine that consists of an X-ray source and a detector 

and it is most commonly used in medical practices to test patients without 

performing any invasive procedures. The procedure is performed by pro-

jecting a beam of X-rays from an arbitrary small point which rotates 

around the subject which are then detected and processed by a computer 

to create cross-sectional images, or tomographic images of the subject[1]. 

The tomographic images are filtered and reconstructed into a single 

three-dimensional image of the subject using an established reconstruc-

tion algorithm. The three-dimensional reconstructed image is used to de-

tect abnormalities in the subject such as broken bones and hemorrhag-

ing.[2]  

2.2 X-rays 

X-rays are a form of electromagnetic radiation (EM) that fall in the range 

between ultra violet light (UV) and gamma-rays, with wavelengths that 

range from 0.01 nanometers (nm) to 10 nm.  X-rays are classified into two 

groups, soft X-rays and hard X-rays, where the former ranges from UV 

light, roughly 10 nm to 0.1 nm, whereas the latter occupies the same range 

of the EM spectrum as gamma-rays.[3] 

Although hard X-rays and gamma-rays are confined to the same range in 

the EM spectrum, their sources differentiate them. X-rays are defined as 

EM radiation which is emitted because of events outside the atomic nu-

cleus, whilst gamma-rays are emitted as a result of nuclear interactions.[4] 

X-rays are generated when a metal is hit by a beam of electrons, or more 

precisely, cathode rays. When the cathode rays collide with the atoms of 

a solid body, the electrons in the cathode rays lose a portion of energy. 

The result of this energy loss are X-rays.[3] The maximum energy loss of 

an electron versus the minimum wavelength of an X-ray can be described 

using the Planck relation, see equation 1. 

𝐸 =
ℎ𝑐

𝜆
 (1) 

Where E is the photon energy, h is the Planck constant, c represents the 

speed of light and 𝜆 is the wavelength of the X-ray. 
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X-rays interact with matter in three different ways, photoelectric absorp-

tion, pair production and Compton scattering, which will be explained in 

section 2.2.1. 

2.2.1 X-rays interaction with matter 

Pair production is the formation of an electron pair, one positron and one 

electron, from a beam of photons traveling through an atomic nucleus. 

The electron pair produced is a result of a direct conversion from radiant 

energy to matter causing the photon to be destroyed in the process. Pair 

production occurs when the energy in a photon is equal to or greater than 

the mass of two electrons, which is equivalent to 1.02 MeV of energy. The 

energy of the electron is calculated by using Einstein’s mass-energy 

equivalence formula, see equation 2.[5] 

𝐸 = 𝑚𝑐2 (2) 

 

Where 𝑚 is the mass of the electron and 𝑐 the constant representing the 

speed of light. Excess energy above 1.02 MeV is distributed between the 

electron pair.[5] 

When an X-ray photon interacts with an atom, the atom can absorb the 

photon entirely causing an energetic photoelectron to be released from 

one of the atom’s bound shells. This is known as photoelectric absorption. 

The energy from the released photoelectron is calculated by subtracting 

the binding energy of the photoelectron in its original cell from the energy 

of the photon which interacted with the atom, see equation 3.[6] 

𝐸𝑒− = ℎ𝑣 − 𝐸𝑏 (3) 

 

Where ℎ𝑣 is the photon energy and 𝐸𝑏 represents the binding energy of 

the photoelectron in its shell.[6] 

Upon releasing a photoelectron, the atom becomes an ionized absorber 

which can capture a free electron or rearrange the electrons bound to the 

atom to fill the vacancy of where the photoelectron is released. The result 

of this process is the generation of X-ray photons.[6] 

Compton scattering is a process where a photon with a specific wave-

length strikes an electron and is deflected, causing it to scatter, changing 

its path with an angle 𝜃. When the photon is deflected, a portion of its 

energy is absorbed by the electron causing the photon’s wavelength to 
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decrease. Since the scatter angle 𝜃 can take any value, the resulting energy 

loss can vary from small to large portions of the photon’s kinetic energy. 

The scattered photon’s new wavelength can be calculated using equation 

4.[7] 

𝜆′ − 𝜆 =
ℎ

𝑚𝑒𝑐
(1 − 𝑐𝑜𝑠𝜃) (4) 

Where 𝜆′ is the wavelength of the photon after scattering, 𝜆 is the photons 

initial wavelength, ℎ is Planck’s constant, 𝑚𝑒 is the mass of the incident 

electron and 𝑐 is the speed of light.[7] 

2.3 TimePix radiation detector 

The TimePix radiation detector consists of two chips, a semiconductor de-

tector chip and a bump-bonded readout chip. The detector chip uses com-

plementary metal-oxide-semiconductor (CMOS) technology, meaning 

that it is constructed with a front side matrix of pixels, in this case 256 x 

256 pixels, where every pixel is an electrode connected to its own analog 

circuitry and analog to digital converter (ADC), making each pixel an “ac-

tive pixel”.[8]  

Each individual pixel is hardwired to the readout chip via a bump bond-

ing, which only produces an output when a signal input exceeds a fixed 

value, and a digital counter. The circuitry, consisting of an analog and 

digital section for each individual pixel, is displayed in figure 1.[8] 

 

Figure 1: Pixel cell circuitry for TimePix radiation detector. From “Timepix, a 

65k programmable pixel readout chip for arrival time, energy and/or photon 

counting measurements”[8] 
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The sensor can be used with two different measuring modes; the Medipix 

mode and the Time over threshold (TOT) mode. During a measurement 

in Medipix mode, the sensor counts the number of incoming particles 

while the TOT mode is used to directly measure the energy in each pixel 

of the sensor. The former is used in this project as energy measurements 

are not needed to perform the image acquisition process. 

2.4 Transmission Control Protocol 

The TCP works over a network by connecting to a server’s internet pro-

tocol (IP) address, or on the same machine using localhost. When the 

server and client are connected, they can send and receive data from one 

another, triggering certain sections of a program depending on what is 

sent or received. Figure 3 demonstrates the foundation of TCP communi-

cation. 

 

Figure 3: Demonstration on how TCP communication functions. [18] 

 

2.5 Image filtering 

An important part of medical imaging is acquiring clear images with little 

to no noise or distortion. This is crucial for diagnosing patients as noisy 

images can lead to a misdiagnosis. To acquire clear images, they must be 

filtered to remove noise and distortion, but without compromising image 

quality or clarity.  

2.5.1 Median filter 

The most commonly used noise reduction filter in image processing is the 

median filter. The median filter is an order-statistic filter which replaces 

the value of a pixel by taking the median intensity of the surrounding 

pixels. See equation 5.[9] 
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𝑓(𝑥, 𝑦) = 𝑚𝑒𝑑𝑖𝑎𝑛
(𝑠,𝑡)∈𝑆𝑥𝑦

{𝑔(𝑠, 𝑡)} (5) 

Where (𝑥, 𝑦) are the coordinates of the pixel which is to be filtered.[9]  

A median filter is effective against salt and pepper noise. Salt and pepper 

noise is random pixels with white highs and low blacks. The filter adjusts 

the low blacks to the median of the white pixels surrounding it, and vice 

versa.[10] 

2.5.2 Highpass filter 

In image processing, a highpass filter is used to sharpen images by atten-

uating the lower frequencies of an image. Since the filter works in the fre-

quency domain, the image must be transformed into said domain using 

the Fourier transform [11]. The Fourier transform represents an image in 

the frequency domain by decomposing said image into its sine and cosine 

components[12].  

Commonly used highpass filter models are Gaussian, Ideal and Butter-

worth highpass filters, and they each have different characteristics. A 

highpass filter is often described by using the relationship between it and 

the lowpass filter. See equation 6. 

𝐻ℎ𝑝 = 1 − 𝐻𝑙𝑝 (6) 

Where 𝐻ℎ𝑝 and 𝐻𝑙𝑝 are transfer functions for the highpass filter and low-

pass filter respectively.[11] 

2.5.3 Bandpass filter 

A bandpass filter is a filter which removes a specific range of frequencies 

from a signal. This filter is effective for removing specific frequencies 

which cause noise and distortion. To apply a bandpass filter, the signal or 

image must be converted to the frequency domain to find the specific fre-

quencies which are desired to be removed. Figure 2 represents the fre-

quency domain of the absolute value of a 2D image.[9]  

Figure 2: Frequency domain of the absolute value of a 2D image 
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The frequency spike in figure 2 represents the object in the image and 

each side of the spike at a certain frequency, represents the noise in said 

image. A bandpass filter is used to attenuate the noise around the spike 

and thus removing a section of noise in the image resulting in a clarified 

image. 

To obtain a bandpass filter, the transfer functions of a lowpass and 

highpass filter are multiplied as they each attenuate a specific range of 

frequencies. The result of this multiplication is a band of frequencies 

which are passed through the filter, whilst frequencies beyond the band-

width are attenuated. A bandpass filter can be described by using the re-

lationship between it and a bandreject filter, See equation 7.[13] 

𝐻𝑏𝑝(𝑢, 𝑣) = 1 − 𝐻𝑏𝑟(𝑢, 𝑣) (7) 

Where 𝐻𝑏𝑝(𝑢, 𝑣) and 𝐻𝑏𝑟(𝑢, 𝑣) are transfer functions for the bandpass fil-

ter and bandreject filter respectively.[13] 
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2.5.4 Flat field correction 

Flat fielding corresponds to correcting the variation in sensitivity between 

each pixel in a sensor array thus resulting in each pixel responding 

equally to a source with the same photon flux.  

In flat field correction, a sample image and a reference image are taken, 

where the reference image must contain identical parameters to the sam-

ple image. Every element in the sample image matrix is then divided with 

the corresponding elements of the reference image, thus removing large 

portions of noise caused by dust and scratches on the sensor surface, var-

iations in pixel sensitivity and vignetting.[15]  

The noise reduction is a result of the sample image and the reference im-

age having identical parameters, causing the pixel values in the back-

ground of both images to be very similar. A division of the two images 

results in a value close to or equal to 1.[14] 
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3 Method 
This chapter presents the methods that are chosen to most effectively 

perform each area of the project. Each subchapter will give a general 

understanding of the method of each component in a CT-scanner. 

Chapter 4 will describe in detail the construction of each element in this 

project, using the method as the backbone for construction. 

3.1 Preliminary study 

To achieve the goals of this project, a thorough literature study is per-

formed to best obtain knowledge about each aspect of this investigation. 

The literature study delves into the theory behind each key component of 

a CT-scanner, including the image filtering. Google Scholar, Primo and 

Mid Sweden University library are primary sources of previous research 

within different areas of this project.  

The literature study has resulted in knowledge within the entire project 

and how to most effectively and efficiently accomplish each project goal. 

The result of the literature study also scientifically justifies the filter de-

sign and implementation. 

3.2 Implementation 

To implement the automation of the CT-scanner, two separate programs 

are first created and run separately from each other, where one controls 

the sensor and the other controls the rotor stage. When both programs 

function as planned, they are interlinked by two different methods dis-

cussed in chapter 4. The construction and implementation of the automa-

tion software is discussed in detail in chapter 4.3. 

There are two possible methods for constructing the CT-scanner; fixing 

the sensor and X-ray source to a rotational motor, having them rotate 

around an object, similar to a commercial CT-scanner, or rotate the object 

only, and fix the sensor and X-ray source to a stable surface. In this project, 

it is most efficient to use the second option as the alignment of the sensor, 

object and X-ray source is much more difficult if they all rotate.  

The filter design relies heavily on the results of the literature study to de-

termine which filters that are most effective in X-ray imaging. From the 

result of the study, the filter is implemented using a software, which is 

determined in chapter 4. The filter is designed by using sample images as 

the filter is designed prior to the construction of the CT-scanner. The filter 

is then implemented to the acquired images from the CT-scanner setup 

and the result of the filter displayed in chapter 5. 
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4 Construction  
The construction of the CT-scanner consists of three separate parts, which 

when connected, result in a fully automated system for X-ray imaging. 

The three parts of the scanner are an X-ray source, a rotor stage and a 

radiation sensor.  

The selection of the radiation sensor and rotor stage are based on simplic-

ity, accessibility and if they can be linked via software, whilst the selection 

of the X-ray source is based on availability.  

4.1 Selection of X-ray source 

There are two X-ray sources available for use in this project, one designed 

for imaging with a <2 µm [16] focal point named Feinfocus FXE-160.51 

and a smaller source with a larger 400 µm [17] focal point named Moxtek 

Magpro 60 kV, which is not optimal for imaging. The Feinfocus X-ray 

source is not working, which will result in the Magpro being used for this 

project. The reason for the Magpro not being particularly useful for im-

aging is because of its large focal point. The focal point on an X-ray source 

is the point from which the X-rays emit. A large focal point causes the X-

rays to spread more resulting in noisy, blurred images, whilst a smaller 

focal point reduces spreading, thus resulting in more detailed images 

with less noise. 

To put the difference between the two sources into context, see equation 

6. 

𝑓𝑜𝑐𝑎𝑙𝑝𝑜𝑖𝑛𝑡𝑀𝑜𝑥𝑡𝑒𝑘

𝑓𝑜𝑐𝑎𝑙𝑝𝑜𝑖𝑛𝑡𝐹𝑒𝑖𝑛𝑓𝑜𝑐𝑢𝑠
=

400

2
≈ 200 𝑡𝑖𝑚𝑒𝑠 (6) 

This corresponds to the Magpro X-ray source having a focal point which 

is roughly 200 times larger than that of the Feinfocus. Although the Mag-

pro X-ray source has a much larger focal point, its physical dimensions 

are advantageous to one of the project goals of reducing the size of the 

entire CT-scanner.  

A method of reducing the spreading of the X-rays with the Magpro is to 

use a pinhole and place it in front of the focal point. The pinhole will re-

duce the size of the focal point to 10 µm allowing fewer X-rays to pass 

through, which in theory should reduce the spreading.  

Unfortunately, the pinhole reduces the number of X-rays that pass 

through the object resulting in very little detail. The pinhole is therefore 

not a viable option for this project.  
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4.2 Selection of radiation sensor rotor stage 

A requirement for the radiation sensor and the rotor stage is that they 

both can be programmed in a common programming language. If they 

cannot, it will overcomplicate the automation of the CT-scanner.   

The radiation sensor chosen for this project is called TimePix 2, and is 

developed in a CERN collaboration. It is chosen for its availability, price 

and ability to be programed using Python or JavaScript. This sensor has 

a 256 x 256-pixel CMOS sensor where each pixel is 55µm x 55 µm. The 

sensor is powered by a universal serial bus (USB). The voltage from the 

USB is split into two, powering the analog and digital sections of the sen-

sor separately.  

The software Pixelman, which is developed to accompany the sensor, has 

a built in Java IDE, making it possible to program the sensor from within 

Pixelman. Although the TimePix 2’s native program language is Java, 

there are plugins available to translate Python into Java, allowing the sen-

sor to be programmed in Python. There are also Python libraries available 

for the TimePix 2 software Pixelman, enabling Python scripting in the 

sensor software. Python is optimal for the simplicity requirements of this 

project, due to it having simple syntax, high readability and a vast num-

ber of libraries to program both hardware and software.  

The rotor stage chosen for this project is a NR360S, developed by 

Thorlabs. This rotor can function with up to 50 kg of on-axis load and 

can rotate continuously up to 360 degrees. The rotor stage has a rota-

tional error of roughly ±0.5 degrees per cycle, meaning that it does not 

move the number of degrees of which it is set to rotate. Although the 

software does not support hardware programming, third party develop-

ers have developed a Python library for this rotor, making it possible to 

automate through programming within the Python IDE. 
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4.3 Software implementation 

The sensor software Pixelman, supports native programming and third-

party libraries developed for the sensor, but does not support third-party 

libraries for other hardware such as the rotor stage. The software is there-

fore written as two separate programs which are interlinked via two sep-

arate methods, to examine which is more reliable and time efficient. The 

two methods are; using a command named “OS.system” and using TCP 

communication.  

The operating system (OS) command in Python triggers an external event 

using the system’s OS, essentially launching a program externally when 

it is triggered. The performance and time efficiency of the OS function is 

entirely reliant on the efficiency of the PC hardware and software, thus 

making this method of software interlinking unpredictable.  

TCP is used by creating a client program and a server program, where in 

this project, the rotor stage script is the former and the sensor script is the 

latter. The two programs are interlinked over a network allowing them to 

send messages to one another to trigger various sections of the programs. 

An initial connection is established and then the client sends a message 

to the server telling it to acquire an image. When the image is taken, the 

client rotates the motor a set amount of degrees and the process loops 

until the desired number of images are acquired. 
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The software for the X-ray source is controlled separately using a 

graphical user interface (GUI) developed by the creators of said source. 

The GUI is displayed in figure 4. 
 

 
Figure 4: X-ray source software 

 

4.4 CT-scanner setup 

The CT-scanner setup is built onto an optical table fixed with a matrix of 

screw holes. The optical table is designed to reduce or eliminate any am-

bient or accidental vibrations, preventing them from affecting the image 

acquisition process. This is necessary as vibrations in the sensor lead to 

blurred images.  

The CT-scanner requires that both the sensor and object that is to be 

scanned are aligned with respect to the focal point of the radiation source. 

If they are not aligned, the image reconstruction process will result in ar-

tifacts in the reconstructed images.  



Size Reducing the Conventional CT-scanner  

A pre-study for scalable CT-imaging 

Cameron Muir 2018-06-11 

16 

To align the rotor and sensor horizontally, they are both fixed onto sepa-

rate horizontally moving motors. These motors are developed by 

Thorlabs and are used solely for alignment. To center the sensor, the X-

ray source is activated and the sensor continuously acquires images and 

the horizontal motor is then shifted from left to right of the X-ray source. 

This process displays images of the change in intensity of X-rays that 

reach the sensor.  

Whilst the sensor moves, the intensity in the images change, and when 

the intensity peaks, the sensor is aligned horizontally. The same method 

of alignment is used for vertical alignment of the sensor with a vertical 

motor placed onto the horizontal motor. Physical distance measurements 

of the sensor and horizontal motor are then taken with respect to the edge 

of the optical table and the radiation source. These measurements are 

used to adjust the sensor’s distance from the source without affecting the 

alignment. The horizontal and vertical alignment of the sensor is dis-

played in figure 5. 

 

Figure 5: Sensor center alignment 

To align the object on the rotor stage with respect to the radiation source, 

the object is mounted onto a horizontal motor and moved from left to 

right. The radiation source is then activated and the sensor is set to take a 

continuous stream of images. The sensor output displays the object 

sweeping from left to right, like the sensor alignment. When the object is 

within the sensor’s frame, the object is displayed in the sensor software. 

The object is then rotated to examine if it has a bias with respect to the 

rotor stage. If a bias is found, the object is adjusted accordingly.  The rotor 

stage is displayed in figure 6. 
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Figure 6: Aligned rotor stage with respect to sensor and radiation source 

Since the X-ray source emits X-rays in a form of a cone-beam, the object 

which is to be scanned will have a magnification depending on the dis-

tance between it, the source and the sensor. The measurements taken dur-

ing the horizontal alignment with respect to the X-ray source are used to 

calculate the object magnification. Ideally, the object magnification 

should be as close to one as possible. The reason for this is a lower mag-

nification results in a lower impact of the trace angle while imaging, re-

sulting in a less complicated reconstruction process. The object magnifi-

cation is determined using equation 7. 

𝑀 =
𝑑𝑠𝑡𝑠

𝑑𝑜𝑡𝑠
=

0.21

0.15
= 1.4 𝑡𝑖𝑚𝑒𝑠 (7) 

Where 𝑑𝑠𝑡𝑠 is the distance from the sensor to the X-ray source in meters 

and 𝑑𝑜𝑡𝑠 is the distance between the object and the X-ray source in meters. 

The object magnification can be reduced by increasing the distance of the 

sensor and object with respect to the X-ray source. If said distance is too 

great, the images of the object will lose detail and distort. After testing, 

the distance between the sensor and the X-ray source is set to 0.31 meters, 

yielding the new magnification in equation 8. A distance beyond 0.31 me-

ters causes a drop in the intensity in the X-rays lowering the image quality. 

0.31 meters is not optimal but it is the best compromise between image 

quality and magnification. 

𝑀𝑎𝑑𝑗𝑢𝑠𝑡 =
𝑑𝑠𝑡𝑠2

𝑑𝑜𝑡𝑠2
=

0.31

0.25
= 1.24 𝑡𝑖𝑚𝑒𝑠 (8) 

Where 𝑑𝑠𝑡𝑠2 is the new distance from the sensor to the X-ray source and 

𝑑𝑜𝑡𝑠2 is the new distance between the object and the X-ray source.  

The final prototype of the X-ray source is displayed in figure 7. 
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Figure 7: Final prototype of CT-scanner 

4.5 Filter construction 

The goal of the image filter is to reduce as much noise as possible without 

compromising image detail and quality. MATLAB is used to create the 

image filter as it has built in image processing tools and capabilities to 

create functions that work as filters.  

A literature study is performed where a combination of previous research 

and testing determines which filters are optimal for X-ray imaging. Chap-

ter 2.4 explains the theory behind each filter that has been part of the lit-

erature study and testing. The filter is designed prior to the image acqui-

sition and sample images are instead used to design the foundation of the 

filter. The sample image is displayed in figure 8. 

 

Figure 8: Sample X-ray image of a shell 

Figure 8 is corrupted by salt and pepper noise which can be filtered using 

a median filter or flat field correction. The median filter will only set a 

specific pixel to the value of the median of the pixels surrounding it, 
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whilst the flat field correction divides the value of a pixel by a value very 

close to it, changing the pixel value to ~1.  

To apply frequency filters to an image, the image must be converted into 

the frequency domain. This is done by taking the two-dimensional Fou-

rier transform of said image. In the frequency domain, filters such as 

highpass and bandpass can be used to remove or attenuate specific fre-

quencies of an image, thus changing the characteristics of the image.  

A bandpass filter can attenuate a specified range of both low and high 

frequencies. This is useful to an extent but since low frequencies contain 

the noisy areas of an image, the bandpass filter is a less optimal choice for 

this project. 

A highpass filter can be used to sharpen an image by attenuating low-

frequency components of the Fourier transform of said image. The 

highpass filter does not affect the high frequencies of an image thus re-

sulting in a sharper image. The image contrast is then optimized for max-

imized detail for displaying the filtered image. The results of the image 

acquisition and filtering are presented in chapter 5. 
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5 Result 
The result of this project is divided into three subchapters. Subchapter 5.1 

presents the resulting filter of the sample images. 5.2 presents the result 

of the image acquisition and 5.3 presents the result of the filtered acquired 

images. A result analysis is presented in chapter 6. 

5.1 Filtered sample images 

The image filter created in MATLAB contains several subfilters, each 

which fill a specific purpose. Since there are 360 sample images, the sheer 

amount cannot be presented in this report. Instead, only one sample 

image will be displayed in this chapter to see the overall result of the filter. 

The original unfiltered image and the flat field corrected image are 

diplayed in figure 9 and 10. 

 

Figure 9 & 10: Unfiltered and flat field corrected image 

The highpass filtered image and the final filtered images are displayed 

in figures 11 and 12. 
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Figure 11 & 12: Highpass filtered image & contrast enhanced image 

 

5.2 Automation & image acquisition 

The created computer software designed to automate the CT-scanner 

functions accordingly, enabling the image acquisition process to run. The 

two python scripts connect using TCP where the motor stage script works 

as a client and the sensor script as a server. The OS method is also tested 

on a PC with little background processes running and little performance 

being consumed. The OS method is however replaced in favor of TCP. 

The time differences from the client sending a command to the server per-

forming said command using TCP and OS are displayed in table 1. 

Table 1: Time from command sent to command performed, client to server. 

Time Client Server 

TCP (s) 

Time Client Server 

OS (s) 

1.2 6.3 

1.1 7.6 

1.5 6.5 

1.1 7.0 

1.3 8.1 

 

The energy and photon count used for each sample is displayed in table 

2. 

 
Table 2: Energy, photon count and power for each sample. 

 

 

Energy 
(keV) 

Photon count 
(uA) 

Power 
(W) 

IC 20 400 8 

Small 
insect 12 800 9,6 

Large 
insect 10 650 6,5 
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One image is taken per degree on the motor for 180 degrees resulting in 

180 images. A sample of the acquired, unfiltered images are displayed in 

figures 13, 14, 15 & 16. 

 

Figure 13, 14, 15 & 16: Unfiltered images of a reference insect acquired with CT-scanner setup. 

Angles 0, 45, 135 & 180 degrees. 
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5.3 Filtered images 

Three series of images are taken, where two objects are organic and one 

inorganic. The objects are as follows; a large insect, an insect’s upper body, 

and one of an intergrated circuit (IC) with a plastic shell. An unfiltered 

and filtered version of each series of images are displayed below.  

Figure 17 and 18 diplays a large reference insect, which is an organic 

object. 

 

Figure 17 & 18: Unfiltered vs filterd large insect 

Figure 19 and 20 diplays the upper body of a reference insect, which also 

is an organic object. 

 

Figure 19 & 20: Unfiltered vs filtered upper body of an insect 
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To display the enhanced detail, an enlarged version of an antenna from 

figure 19 and 20 is diplayed in figure 21 and 22. 

 

Figure 21 & 22: Zoomed in insect antenna 

Figure 23 and 24 display an IC, which is an inorganic object. 

 

Figure 23 & 24: Unfiltered vs filtered IC 



Size Reducing the Conventional CT-scanner  

A pre-study for scalable CT-imaging 

Cameron Muir 2018-06-11 

25 

6 Analysis 
This chapter is focused on the analysis of the method and result. As the 

project is divided into three separate sections, the results of these sec-

tions will be analyzed separately. 

6.1.1 Automation 

The most important part of the automation is the ping time between the 

two Python scripts, as it essentially dictates the time it takes for the pro-

gram to run, and has a huge impact on time efficiency. Using the TCP 

method, the time from server to client is reduced radically, increasing the 

reliability and time efficiency. Using the OS method not only takes much 

longer to run, but is also unstable and unreliable due to it requiring the 

systems hardware and software to be at peak performance for optimal 

time efficiency. 

Even when the computer used to run the software is using little of its per-

formance, the TCP method is much faster. The TCP method is also more 

applicable as it can connect to any IP-address if the client and server are 

both connected to a network.  

The rotational error of the rotor stage cannot be compensated through 

software and will therefore affect the total rotation of the stage and thus 

affect the result of the image acquisition. A rotational error causes results 

in the acquired images being of different angles than what is set. This can 

cause the reconstruction algorithm set for, in this case, 180 degrees to pro-

duce images with artifacts and error in detail. 

6.1.2 Image acquisition 

The image acquisition process is the most demanding area of this project 

as every part of the CT-scanner construction must be aligned perfectly, 

and if it is not, the reconstruction process can cause image artifacts. Much 

of the image acquisition process is trial and error to align the sensor and 

object, set the right parameters for the sensor and set the X-ray source to 

the optimal energy and photon count. This is an extremely difficult task 

to perform without the correct tools and knowledge and it took roughly 

one full week to get the setup constructed and aligned to near perfection.  

Ideally, the values in table (2) should be decreased as exposure to high 

energy X-rays with a large photon flux is more harmful than a lesser pho-

ton flux. The values in table (2) can be decreased by using an optimal X-

ray source and increasing the image acquisition time.  
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Although the object is aligned, the mechanical stability of the object is 

questionable as it is difficult to stabilize such a small object. The mechan-

ical stability on the object setup determines at what angle the object lies 

and if it will move out of place during the image acquisition process. Low 

mechanical instability can therefore cause the object to become decentral-

ized resulting in poor images with incorrect angles, making the recon-

struction process much more complicated. 

The X-ray source incorporated into the CT-scanner is not optimal for high 

quality, detailed imaging and thus has a large effect on the acquired im-

ages. The images in chapter 5.2 and 5.3 are somewhat blurred and lack 

detail. The antenna of the bugs in 5.2 and 5.3 are very hard to see, and the 

internal structure lacks any form of contrast and detail, making it impos-

sible to accurately perform an analysis of the internal structure of said 

bug. The X-ray source’s wide focal point can be the cause of this error as 

it emits X-rays that spread much more than that of a smaller focal point 

causing shadowing which blurs the images. This error is reduced some-

what in the image filtering process. The images will be of much higher 

quality if the X-ray source with the smaller focal point is used, as it re-

duces X-ray spreading resulting in a sharper image. 

6.1.3 Image filter 

The resulting images from the image filtering process are sharper and dis-

play much more detail than the original images. Although the overall im-

age detail and sharpness is increased from the filtering, there is still a lack 

of sharpness that cannot be fixed entirely by a filter as it is caused by the 

X-ray source. Figures 19 and 20 display how effective the image filter is 

as the antenna is highlighted and sharpened because of the image filter, 

and the contrast in greatly enhanced. 

The flat field corrected images display a significant improvement in back-

ground noise reduction as the entire background is essentially white (~1). 

This renders the median filter obsolete as the flat field correction removes 

much more noise and is thus more effective in X-ray imaging. Some of the 

pixel values of the acquired images overstep the maximum value of the 

sensor value classing them as infinite. The filter sets all infinite values to 

1 to prevent any errors during the Fourier transform.  

The black pixel clusters displayed in the images in chapter 5 are the result 

of dead pixels in the sensor. These pixel clusters have no value and are 

classed as not a number (NaN). These values are set to 0 in the filter as 

the Fourier transform cannot handle infinite or NaN values. This is not 
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particularly effective as the black clusters can be in the white area of the 

image making them stand out. A solution to this is to set each black pixel 

to the median of its surrounding pixels. 
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7 Discussion 
This chapter presents a discussion of the project, a conclusion and possi-

ble further research. The project goals will be discussed and analyzed 

and the question formulations will be answered according to the result. 

7.1 Discussion 

Although the automation part of this project plays a major role in the CT-

scanner, it is not as time consuming as the other areas of the project as it 

does not require a literature study beforehand. Although the automation 

software is effective, it is not without room for improvement. To improve 

the software runtime, the two scripts should be written into one script 

since the networking delay can increase the runtime. Unfortunately, this 

cannot not be done during the time of this project as the sensor software 

Pixelman does not permit external third-party libraries that are not de-

signed for the sensor.  

The sensor produces good images, considering the X-ray source, but there 

are newer sensors available that could potentially produce higher quality 

images. This is left for further research. With the proper X-ray source for 

imaging, the photon throughput is higher, making the image acquisition 

time possible to reduce. This is important as time is a pressing matter 

when it comes to medical imaging, especially if the scanner were to be 

used in an ambulance. If the time can be reduced by minutes, it can po-

tentially be the difference between making a diagnosis on the road to the 

hospital or not.  

Since the rotor stage has an angular margin error that cannot be compen-

sated, the rotor does not move the exact distance that is set in the software. 

This could be fixed with a possible firmware update enabling error com-

pensation, but that is beyond this project.  

The filtered images in the result proves that MATLAB is a tool capable of 

processing images effectively because of its versatility. It can be used to 

create a vast amount of image filters and image processing tools and is 

therefore optimal for this project. The result and analysis of the image 

filter also proves that the combination of flat field correction and a 

highpass filter produces an enhanced image with greater detail and 

sharpness compared to the acquired images. These filters combined with 

a contrast increasing filter produce the final filtered images.  

The contrast enhancer is used to increase the variations between black 

and white to highlight the object that is scanned. In a regular CT-scanner, 
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it is not uncommon to use a dye as contrast to increase the detail of the 

area which is to be scanned.  

Although the image filter functions correctly and the image quality is 

increased, the image filter can be improved, but the duration of this 

project does not leave time for further improvement. 

 

7.1.1 Ethical aspects 

Although the acquired images were good considering the X-ray source 

used, more detailed images can be taken using fresh insects and samples. 

The reference insects used are a few years old and their internal structures 

have dried up and degraded over time. This results in less detailed im-

ages as they do not have the same structure as live or fresh subjects. Alt-

hough this may have benefited the project, it is wrong from an ethical 

standpoint to put a live insect through a CT-scanner. It is also ethically 

wrong to take the life of an insect for the research purposes of this project 

as this project is meant for medical advancement and not to cause harm.  

It is important that if this idea is to be developed into a fully commercial 

system, that it doesn’t cause harm to those who operate it. In a regular 

CT-scanning process, the doctor would leave the room to not be contam-

inated with X-rays. This is not possible as ambulances are much smaller 

than a hospital room for CT-imaging. The ambulance personnel must be 

shielded off from the X-rays as the can, over an extended exposure, result 

is serious medical consequences. The system must be developed to re-

duces the X-ray flux as much as possible, without compromising the di-

agnosis process, to prevent any unnecessary harm to the patient. 

Although these aspects must be taken into consideration, the benefits of 

the system for society are immense. Reducing the time of the diagnosis 

process by even 10 minutes could be the difference between life and death. 

This system is also great for those who live far away from any hospital as 

the unnecessary waiting times of medical transportation and the testing 

are reduced into one factor. 

7.2 Conclusion 

There are three goals in this project, all of which are researched in detail 

and completed. The constructed CT-scanner is a fully automated system 

that acquires a set number of images over a set rotational distance. Each 

acquired image is then filtered in MATLAB for noise reduction, increased 

clarity and detail and object highlighting.  
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Can a miniaturized CT-scanner be created from lower end hardware 

without compromising image quality? Yes, to an extent. The X-ray source 

used in this project is not optimal for medical imaging thus compromising 

detail and image quality. If the proper X-ray source is used, the image 

quality can potentially be improved rather radically. Although there are 

newer sensors available, with the right X-ray source, the sensor can 

potentially be ideal for medical imaging. 

 

Which image filters are optimal to obtain the clearest, least noisy images 

from the created CT-scanner? Flat field correction and a highpass filter 

combined with a contrast enhancer. This conclusion is drawn as a result 

of the literature study, result and analysis.  

In summary, the main goal of creating a fully functional miniaturized 

CT-scanner is completed. Thus, proving that a modern CT-scanner is 

scalable and applicable in medical transportation and in smaller insti-

tutes.  

7.3 Further research 

The next step for further research in this area, is to design and build a CT-

scanner which is large enough to scan parts of the human body. A larger 

detector and/or multiple detectors or multiple stages are required for this 

stage, and an X-ray source with a smaller focal point, optimal for medical 

imaging. Multiple stages are not optimal but it is a possibility. It will be 

beneficial to have the whole system integrated into one single case, to in-

crease the mechanical stability of the entire system. This is important as 

ambulances or any vehicle for that matter are not free from vibrations.  

Another aspect that can be further researched is total software integration. 

Combining the sensor, rotor, x-ray and filter software can make for a 

much more time efficient and stable product. 
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Appendix 1: MATLAB code  
This code is used to generate an image filter for the acquired images from 

the CT-scanner. 

clear all; 

close all; 

addpath('Projections') 

addpath('OB') 

addpath('Filtered') 

projection = dir('Projections\*.txt'); 

nProj = length(projection); 

flatField = importdata('OB\OB_12s.txt'); 
  

%Filter each projection 

for i = 1:nProj 

    currentProjection = load(projection(i).name); 
     

    %Display original image 

    figure, imshow(currentProjection(:,:,1),[]);  
     

    %Flat field correction 

    currentProjection = currentProjection./flatField;  
     

    %Set Inf to 1 and NaN to 0 

    currentProjection(isnan(currentProjection)) = 0; 

    currentProjection(~isfinite(currentProjection)) = 1; 
     

    %Display flat field corrected image 

    figure, imshow(currentProjection(:,:,1),[]); 
     

    %Convert image to frequency domain using Fourier transform 

    projTrans = fftshift(fft2(currentProjection)); 
     

    %Apply highpass filter 

    filter = fftshift(hpfilter('ideal', 256, 256, 0.001, 2)); 

    projTrans = projTrans.*filter; 
  

    %Inverse Fourier transform image 

    iprojTrans = ifft2(fftshift(projTrans)); 
     

    %Adjust image and apply contrast enhancer 

    iprojTrans = imadjust(abs(iprojTrans)); 

    filteredProj = adapthisteq(ifTrans,'clipLimit',0.1,'Distribution','uniform'); 
     

    %Display filtered image 

    figure, imshow(imrotate((1-filteredProj), 270)); 
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    %Save image as .PNG file 

    fileName = sprintf('Projection #%d.png', i); 

    fileNameDir = fullfile('Filtered', fileName); 

    imwrite(filteredProj, fileNameDir); 

end 
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Appendix 2: Python code 
Sensor Python script 

This code works as a server using TCP between the sensor and motor. The 

code receives a message from the client and acquires images when the 

message is received. 

##Import libraries 

import pixelman_regfuncs  

import jmpxctrlui  

import mpxutils 

import mpxframe  

import socket 

 

##Establish IP and port 

ip = 'LOCALHOST' 

port = 2993 

buffer_size = 1024 

 

##Create socket and listen for client 

s = socket.socket(socket.AF_INET, socket.SOCK_STREAM) 

s.bind((ip, port)) 

s.listen(1) 

 

##Connect to client 

conn, addr = s.accept() 

print ('Connection address:', addr) 

 

data = conn.recv(buffer_size) 

print ("recieved data:", data) 

conn.send(data) 

 

##Set sensor parameters 

devID=0   

acqTime=1  

acqCount=1  

i = 0 

 

##Take 180 images 

while i < 180: 

    data = conn.recv(buffer_size) 

    print "recieved data:", data 
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    conn.send(data) 

    fileName 

="C:\Users\Cameron\Downloads\pixelman_win_2_2_3_x64\Pixelman

_2013_09_25\scripts\Bachelors Thesis\Samples\\rep%02d_.txt" % i 

    pixelman.mpxCtrlPerformFrameAcq(devID, acqCount, acqTime, 

pixelman.FSAVE_ASCII, fileName) 

    i+=1 

 

Rotor stage Python script 

This code works as a client using TCP between the sensor and motor 

scripts. It first connects to the server over an IP-address and then sends a 

message to the server to acquire an image and then rotate a 

predetermined angular distance. 

##Import libraries 

import time 

import socket 

import thorlabs_apt as apt 

 

##Establish IP and port 

ip = 'LOCALHOST' 

port = 2993 

buffer_size = 1024 

 

##Connect to server 

s = socket.socket(socket.AF_INET, socket.SOCK_STREAM) 

s.connect((ip, port)) 

s.send(b'Connection established') 

 

##Connect to rotor stage 

apt.list_available_devices() 

[(50, 40812101)] 

motor = apt.Motor(40812101) 

 

##Rotate motor to initial position 

motor.move_home(True) 

 

##Set parameters 

time.sleep(2) 

acqTime = 1 

x = 0 
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##Move 1 degree per image for 180 images 

while x <180: 

    s.send(b'Acquire images') 

    time.sleep(acqTime + 2) 

    motor.move_by(10) 

    x+=10 

 

##Sleep then move to initial position 

time.sleep(2) 

motor.move_home(True) 


