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DESIGN AND CONTROL OF VISUAL SERVOMECHANISM SYSTEM FOR 

AUTOMATING CORNEAL CROSS LINKING TREATMENT ON 

KERATOCONUS PATIENTS 

SUMMARY 

Keratoconus is a serious illness of the cornea, which usually bilateral and progresses 

over time. In general population 1 in 2000 people is a Keratoconus patient. There are 

many treatment option for Keratoconus patients. Most of these solutions are for 

improving patient’s vision. None of these techniques stops the progression of 
Keratoconus except Corneal Cross-Linking surgery. CCL surgery is the unique 

solution for Keratoconus patients. The method of CCL operation is still improving 

and many surgeons try to improve success of the operation. 

The regular CCL treatment has two fundamental elements, which are riboflavin with 

dextran and UVA irradiation. The operation has two 30 minutes periods. In first 30 

minutes period the Riboflavin drops applied to the cornea in every 3 minutes. It is 

also continued in the second 30 minutes period. In addition, the UVA irradiation 

source is applied in this second part. The deficiency of the regular CCL treatment 

occurs on applying the UVA source. The UVA source is stable, it is asked to the 

patients to look directly inside of the source but because of the long treatment period 

and external disturbances such as light or sounds, patients lose their concentrations. 

Therefore, the laser source is applied to the sclera (white part of the eye). The UVA 

source damages the healthy cells in sclera. Moreover, application of UVA irradiation 

has direct effect on the success of the treatment. These movements decrease the 

success of the treatment. Hence, a computer-controlled system is designed to 

compensate errors.  

The automated system is a mixture of electronic, mechanic and programming skills. 

OpenCV library is used for detection of the eye position. This position data is send 

with serial communication to the PIC controller. The PIC controller has PID 

algorithm inside, with these algorithm motors are driven by PWM pulses calculated 

in PID controller. Motors are attached to platforms which can move in X and Y axes. 

With these movements, errors are compensated. 

The performance of the system is tuned by system identification and PID controller 

design techniques. There are many mechanical components are used such as motors, 

shafts, screw and nuts. Mathematical modeling these elements would decrease the 

accuracy of the simulation process. Thus, the characteristic of the system is obtained 

by input-output relation. The system is driven by randomly generated inputs and 

outputs were measured. With ARX algorithm, an estimation is made for obtaining 

the transfer function of the system. The obtained transfer function is used in 

MATLAB for tuning the discrete PID controller. 
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This system can not be directly experimented on human eye without proper approval 

and certification. Thus, the system is experimented with an eye pattern in order to 

obtain the performance. The results of experiments were discussed with medical 

advisors. The medical consultants found the results satisfying. 

The computer-controlled system for CCL operation would make significant 

improvement on the treatment and the system would reduce the workload of the 

operator. Moreover, none of the studies on Keratoconus has taken the human factor 

into consideration. This device would make improvement on accuracy of the future 

refractive surgery studies. 

In this thesis, the design of the mechanic, electronic components and software will be 

explained. Identification and calibration processes of the system will be detailed and 

the usability of the system will be introduced. 
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KERATOKONUS HASTALIĞINDA UYGULANAN CCL TEDAVİSİ İÇİN 
GÖRÜNTÜ İŞLEME TEMELLİ OTOMATİK BİR SERVOMEKANİZMA 

SİSTEMİNİN TASARIMI VE KONTROLÜ 

ÖZET 

Keratoconus korneanın zaman içinde sivrileşmesi ve incelmesiyle oluşan ciddi bir 
göz hastalığıdır. Yeryüzünde 2000 kişiden biri Keratoconus hastası olmaktadır. 
Keratoconus hastaları için farklı tedavi seçenekleri bulunmaktadır. Bu tedaviler 
(ICR, Sert-Yumuşak lensler, PRK) hastalığın ilerleyişini durmamakta, sadece 
hastanın Keratoconus yüzünden bozulan görüşünü düzeltmeye çalışmaktadır. 
Corneal Cross-Linking (Korneal Çapraz-Bağlama, CCL) tedavisi hastalığın 
ilerleyişini durduran yegâne seçenektir. Bu operasyon günümüzde geliştirilmeye 
devam edilmekte ve başarısı birçok cerrah ve bilim adamları tarafından arttırılmaya 
çalışılmaktadır. 

CCL tedavisinin başarısında Riboflavin (Dextran ile birlikte) ve UVA ışını çok 
önemli iki faktördür. Operasyon iki otuz dakikalık aşamadan oluşmaktadır. İlk yarım 
saatlik aşamada göze üç dakika aralıklarla Riboflavin damlatılmaktadır. İkinci 
aşamada Riboflavin üç dakika aralıkla damlatılmaya devam edilmekte buna ek 
olarak göze UVA ışını uygulanmaktadır. Güncel tedavideki eksiklik ışının göze 
uygulanması aşamasında oluşmaktadır. Işın kaynağı sabit bir şekilde 
konumlandırılmakta ve hastaya ışının içine bakması söylenilmektedir. Fakat gerek 

uzun tedavi süresi gerekse dış etkenler (ışık, ses gibi) hastanın dikkatinin 
dağılmasına ve gözünü oynatmasına yol açmaktadır. Operatör bu göz hareketlerini el 
ile ışını veya hastanın baş konumunu tekrar konumlandırarak ışının istenilen bölgeye 
tekrar düşmesini sağlamaktadır. Bu düzeltmeler operatörün iş yükünü arttırmaktadır. 
Ayrıca operatörün de bu geniş süre içerisinde dikkatinin zayıfladığı ve düzeltmelerin 
yavaş kaldığı görülmektedir. Göz hareketleri sebebiyle ışın gözün istenmeyen 
noktalarına uygulanarak sağlıklı hücrelere zarar vermekte ve ışının uygulanması 
gereken noktaya uygulanmamasından dolayı tedavinin etkisi azalmaktadır. UVA 

ışınının uygulanmasının tedavinin başarısında en büyük etken olması sebebiyle göz 
hareketlerinden kaynaklanan hataları ortadan kaldıracak bir sistemin geliştirilmesi 
amaçlanmıştır. 

Geliştirilen sistem,  elektronik, mekanik ve programlama tekniklerinin birleşimi olan 
bir projedir. Gözün konumunu belirlemek için görüntü işleme yöntemi kullanılmıştır. 
Görüntü işleme için OpenCV kütüphanesinden yararlanılmıştır. Kullanıcı arabirimi 
C# programlama dilindedir fakat OpenCV C++ dili için geliştirilmiştir. OpenCV 
kütüphanesini C# dilinde kullanabilmek için OpenCVSharp çeviricisi kullanılmıştır. 
OpenCVSharp yardımıyla oluşturulan algoritma ile gözün konumu belirlendikten 

sonra, konum bilgisi geliştirilen protokol yardımıyla PIC kontrolcüsüne seri iletişim 

yolu aktarılmıştır. PIC kontrolcüsü bünyesinde barındırdığı PID algoritması ile 
konum bilgisi kullanılarak uygun PWM dalgaları hesaplanmış ve bu dalgalarla iki 
DC motor sürülmüştür. Bu motorlar iki platforma bağlanmış ve bu platformların 
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hareketleri ile X ve Y düzlemindeki düzeltmeler yapılmıştır. Geliştirilen seri iletişim 
protokolü konum bilgisini transferinin dışında, PID kontrolcü kazançlarının 
ayarlanması, sistemin operatörün istediği şekilde yönlendirilmesi, sistemin 

simülasyon ayarlarına geçirilmesini de sağlamaktadır.  

Sistemin performansı sistem tanımlama ve PID kontrolcüsü tasarım teknikleriyle 
geliştirilmiştir. Sistem  bünyesinde farklı aktarma elemanları barındırması ve bu 
elemanlarım matematik modellemesinin daha zor olacağının düşünülmesinden 
dolayı, sistem giriş çıkış ilişkisine dayanılarak gerçeklenmeye çalışılmıştır. Sistem 
rastgele girişlerle sürülmüş ve çıkış verileri ölçülmüştür. Bu bilgiler ışığında ARX 
algoritması ile sistemin transfer fonksiyonu elde edilmeye çalışılmıştır. Sistemin 
mertebesini ve en uygun modeli belirlemek amacıyla farklı yaklaşımlar ve 
mertebeler denenmekle birlikte sisteme ikinci dereceden yaklaşmak uygun 
bulunmuştur. Yaklaşılan sistem gerçek sisteme %87 oranlarında uyumludur. 

Kaynaklanan hata sistemin fiziksel eksikliğinden kaynaklanmaktadır ve bu tezde 
detaylandırılmıştır. ARX algoritmasıyla elde edilen transfer fonksiyonu ayrık PID 
kontrolcüsünün tasarımında kullanılmıştır. Kontrolcü tasarımında köklerin yeri 
dolayısıyla sistemin kazanç ile kararlı hale getirilebileceği gözlenmiş. Daha sonra 
PID kontrolcüsü en kısa düzeltme zamanı ve en fazla %10 aşma olacak şekilde 
ayarlanmıştır. 

Sistem gerekli onay alınmadıkça ve sıkı test prosedürleri gerçekleştirilmediği sürece 
yasal olarak insan üzerinde test edilememektedir. Bu sebeple sistemin performansı 
bir göz modeli ile test edilmiştir. Göz farklı hata ile konumlandırılmış ve sistemin 
tepkisi ölçülmüştür. Bu tepkiler PID kontrolcüsünün son ayarlarının yapılmasında 
yol gösterici olmuştur. Sistem son kontrolcü ayarlarıyla test edilmiş ve bu test süreci 
görüntüleri kaydedilmiştir. Deneylerin sonuçları danışman doktorlarla tartışılmış ve 
sonuçların başarılı olduğu kanısına varılmıştır. 

Bilgisayar kontrollü bu sistemin CCL operasyonunun başarısında önemli bir etki 
yapacağı düşünülmekte ve bunun yanı sıra operatörün çalışma yükünü azalacağı 
öngörülmektedir. Bugüne kadar CCL operasyonu üzerinde yapılan tüm çalışmalar, 
insan faktörünü göz ardı etmiştir. Bu çalışma, operasyon sonuçlarının tutarlılığını 
arttıracağı için gelecek refraktif çalışmalara önemli katkılarda bulunacaktır. 

Bu tezde, mekanik, elektronik sistemler ve geliştirilen programlar açıklanacaktır. 
Sistemin tanımlanması ve ayarlanması süreci detaylandırılarak sistemin 
kullanılabilirliği test edilecektir. 
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1.  INTRODUCTION 

Keratoconus is a non-inflammatory cone-like ectasia of the cornea, which is usually 

bilateral and progresses over time. Its reported frequency is approximately 1 in 2,000 

in the general population [1]. This illness can cause distortion of vision, if the 

process of Keratoconus is not seriously controlled, Keratoconus can cause worse 

results such as penetrating keratoplasty (corneal transplantation). It is reported that 

penetrating keratoplasty is needed on %20 of Keratoconus patients [2,3].  Photo-

refractive surgeries (Excimer Lasers), intra-corneal ring (ICR) surgeries, hard and 

soft lenses are other treatment options for Keratoconus patients [1, 4-7]. However, all 

of these surgeries mentioned are only able to correct refractive errors (improves 

vision). Furthermore, none of these techniques are able to stop the progression of 

Keratoconus [8]. Thus, Corneal Cross Linking (CCL) operation is the unique and the 

most important treatment on Keratoconus patients. 

This system is designed under consultancy of Efekan Coşkunseven (MD) and Baha 

Toygar (MD). There are more than 500 CCL operations performed in World Eye 

Hospital (Istanbul) since August 2009. Moreover, %85 of these CCL operations were 

performed by Dr. Coşkunseven who is also the surgeon general in World Eye 

Hospital. As a member of surgical team, Onurcan Şahin has assisted Dr. 

Coşkunseven and Dr. Toygar in these CCL operations.  Moreover, Mr. Şahin has 

taken responsibilities on more than 5000 other refractive surgeries such as Intra-

Lasik, PRK. 

The CCL operation is conducted under sterile conditions in an operating theatre. The 

treatment has two 30 minutes period. At the beginning of surgeries, topical anesthetic 

eye drops are applied and interval the doctor abrades 7mm epithelium on cornea. 

During 30 minutes riboflavin (B2 Vitamin) with dextran is applied to cornea in every 

3 minutes [9]. 

In the second 30-minute interval, similarly riboflavin solution is applied to cornea. 

Besides, an optical system, which consists of seven UVA diodes, performs 
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Ultraviolet-A irradiation on the cornea. In details, “Irradiance is performed for 30 

minutes using 3 mW/ , corresponding to a surface dose of 5.4 J/  from a 

working distance of 6 cm” [9]. 

Application of riboflavin and UVA irradiation showed important results on 

Keratoconus patients. The rigidity of treated corneas (in %70) showed a significant 

increase in consideration between untreated patients [8, 10-11]. Results are similar in 

the studies of Dr. Coşkunseven. 

Moreover, Corneal Cross-Linking (CCL) operation is such an efficient solution for 

Keratoconus patient that; there is no observation of any complications or adverse 

event. In addition, no decrease in endothelial cell density or cataract formation is 

observed [8,9]. 

Application of UVA Irradiation has such a significant importance on the success of 

the treatment. In many studies [8-9, 12-14] it is mentioned that “%95 of UVA 

Irradiation will be observed within the cornea”. In fact, this is the ideal case. 

Therefore, the deficiency of the current treatment occurs in the application of UVA 

Irradiation source.  

 

Figure 1.1 : Regular corneal cross-linking treatment. 

Figure 1.1 shows the regular treatment. In the regular CCL treatment, the UVA 

Irradiation source is stable (Figure 1.2). In the treatment patient should look directly 

to the UVA Irradiation source during 30 minutes. However, patients lose their 

concentration because of long operation time, external light-sound sources and these 
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disturbances can make patients move their eyes. Therefore, these movements 

decrease the effect of UVA Irradiation and decrease the success of the treatment. 

Moreover, the UVA Irradiation is dangerous for healthy cells in sclera (white part of 

the eye). These movements also harm healthy cells in sclera.  

 

Figure 1.2 : Regular cross linking device setup. 

In surgery, the operator should carefully compensate these movements. The 

computer-controlled system would make significant improvement by comparing the 

manual treatment. In fact, in all studies correspondingly all results ignore the human 

factor. Therefore, this paper would also give a chance other studies to improve their 

results more consistent and more accurate with considering the human factor.  

There is no automated device for CCL operation. This project aims to design an 

automated device and improve the success of the treatment. Thus, an eye-tracking 

algorithm has been developed on OpenCVSharp library [15-16]. The algorithm 

identifies the position of the eye from a camera and in case of an eye movement a 

mechanical system, driven by two DC motors, moves the UVA Irradiance source to 

desired position. Thus, the system prevents the damage on the eye. Moreover, the 

system improves the quality of the treatment and reduces the workload of the 

operator. 

Section 2 describes the mechanical system, electronic system and the developed 

algorithm. In Section 3 identification, estimation methods, obtaining transfer 

function of the system is explained. After obtaining the system characteristic the PID 

controller design is also detailed. In section 4, results of experiments of tuned system 

were investigated. The final section the simulations and experiment were compared. 



 
4 

 



 
5 

2.  SYSTEM DESIGN 

The deficiency of the manual system  diagnosed. The requirements for the automated 

system discussed with the medical advisors. Then it is decided to build a system that 

UVA source can directly be plugged. Then the subsystems of the project are defined. 

Figure 2.1 shows the working diagram of the system. The system has electronic, 

mechanical subsystems. Moreover, user interface has been the most challenging 

subsystem in the project. Additionally, PIC programming skills are also used for 

system-computer communication and digital PID controller design. Each subsystem 

is detailed in related sections. 

 

Figure 2.1 : Working diagram of the system. 

2.1 Mechanical System 

The system is required to follow the patient’s eye movements. The developed system 

is modeled similar to the manual system, where the patient lays face-up on a bed, and 

the laser is facing down the patient. The UVA Irradiation source can easily be 

plugged to the prototype. 

The mechanical system, which has two motors and platforms, is shown at Figure 2.2. 

Each motor is connected to a screw by a shaft (Figure 2.3 detailed). On the screws 

there are nuts which are connected to platforms. With motors rotation, the rotational 

movement is transferred to screws by a shaft. However nuts are fasten to platforms 

and platforms do not let rotations. By this way rotation of screw is transferred to 

linear motion. This linear motions of platforms gives the ability compensate error in 

X or Y axes. 
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Figure 2.2 : Mechanical System. 

Actually, each platform can move in 25 cm. but this is an unnecessary distance for 

the treatment. The overall size of the eye to track is approximately 12 mm. 

Furthermore, The highest error which system is going to face with is approximately 

10-15 mm. However, the regular movements on treatment are approximately 1-5 mm 

to compensate. Rotational movements of motors are advantageous in this sensitive 

correction.  

 

Figure 2.3 : Motor-shaft-screw derailed connection. 
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There are two 750 RPM DC motors are used to drive the system. In each rotation of 

the motors 1 mm linear movement is made. Desired motion data which is calculated 

from PID controllers are transferred to Pulse Width Modulation (PWM) pulses and 

the Motors are driven by PWM. 

2.2 Electronic System 

In this section, the designed electronic system will be introduced. To be able to use 

the electronic system safely on the field and to make it compact and movable, a 

hardware box is designed (Figure 2.4). The whole system is designed just for this 

project but during the designing procedure, designed PCBs have abilities for 

improvements. For having these abilities, the electronic circuits are produced as 

separated modules. Moreover, circuits designed separately in case of a problem. 

Thus, that module can easily be replaced with new ones. These modules have their 

own proper voltage regulators and the fuse circuit protects modules for any voltage 

current oscillations. Board layouts of the circuits can be found at APPENDIX A.1.  

 

Figure 2.4 : Electronic circuits and hardware box. 
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2.2.1 Serial Communication Circuit 

Serial communication is used for Computer-System data transmission. However, in 

new notebooks and computers there are not any RS232 ports available. For this 

reason, a USB to RS232 converter cable is used to have desired COM port. Real 

COM ports use -15 V to 15 V signals. But USB-RS232 converter are not capable to 

use these signals. Therefore, a MAX232 (Figure 2.5) integrated circuit is used for 

reducing communication errors and protect PIC for any voltage-current irregularity. 

By using MAX232 IC [17], RS232 level signals are transferred to TTL level signals.  

 

Figure 2.5 : Schematic diagram of MAX232 integrated circuit. 

A communication protocol (Figure 2.6) is defined for identification of the correctly 

transferred data. Moreover, the table of all protocols used can be found a 

APPENDIX A.2. A byte array, which has 10 elements, is transferred computer to 

system. The PIC algorithm checks the first two bytes. If this password is correct, 

other 8 byte elements are stored into the data array. First and last two bytes are the 

password data. This password, also specifies the type of the transmitted data. 

Moreover final two elements also help the algorithm to separate corrupted data. 

 

Figure 2.6 : Communication protocol used in serial communication. 
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2.2.2 PIC Circuit 

The PIC circuit is designed for PIC 16F877A (Figure 2.7 A) [18]. With this module, 

all I-O pins can easily used by using pin connectors. In this project 4 bits (Figure 2.7 

B) for direction of motors, 2 bits (Figure 2.7 D) for PWM output for the motors and 2 

bits (Figure 2.7 C) for serial communication I-O are used. 20 MHz crystal oscillator 

is used. Detailed schematic diagram can be seen at Figure 4.1. Customizability is 

especially important for PIC circuits. Because the PIC circuit is the first step of 

improvement which should be adopted. 

 

Figure 2.7 : PCB layout of PIC circuit. 

2.2.3 Motor Diver Circuit 

L298 IC [19] is used for driving two DC motors. This integrated circuit has the 

ability to drive two motors up to 2 A. For directions 4 logic inputs is used (2 for 

each). Rotations of motors are controlled by PWM signals, which are generated by 

PIC. The PWM signals are connected to enable pins of the each motor. Schematic 

diagram for one motor can be seen at Figure 2.8. 
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Figure 2.8 : Schematic diagram of L298 for one motor. 

Pulse width modulation (PWM) is a technique in which a series of digital pulses is 

used to control an analog circuit. The length and frequency of these pulses 

determines the total power delivered to the circuit.  

 

Figure 2.9 :PWM Signal-Average Voltage relation 

In this project 24V is used to drive motors. The duty cycle is defined by pulse wildth 

divided by period. The duty cycle is related with driving voltage. As an example if 

duty cycle is %50 the average voltage which drives the voltage is 12V. Which also 

mean motors work at %50 capacity. 

Calculation of PWM inputs and detailed information will be given in PIC section 

which is Section.2.3.3 . 
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2.2.4 Power Circuit 

This circuit converts 220 AC V to 24 DC V for the use of the system. With a 

transformer, the voltage reduced 220 AC V to 24 AC V. Then a bridge diode is used 

to obtain DC voltage by full-wave rectification [20]. In Figure 2.10 circuit diagram 

for full-wave rectification is showed. Moreover, the transformation is also briefly 

explained in the figure. 

 

Figure 2.10 : Circuit diagram for full-wave rectification. 

With 6800 uF capacitor are used for voltage regulation. In final +24 and -24 DC V is 

obtained up to 5 A. DC to DC transformations are made in all circuits due to their 

working characteristics by voltage regulators 78XX series. 

2.2.5 Fuse Circuit and Information Circuit 

The fuse and the information circuits are not necessarily to be used. The fuse circuit 

has one fuse for each circuit’s protection. Each circuit has their own current 

characteristic. Due to these characteristic suitable fuses are placed for each (total 4) 

to prevent any short-circuit. 

The information circuit has many LEDs on. These LEDs give information about 

circuits if they are online and available. 

The importance of these circuits emerges in case of an error. These two circuits had 

unique importance in building process for solving problems and making system 

working properly. There are many mistakes made during designing and producing 

process and these circuits protected the other circuits. 

2.3 Software 

There are many programming languages and compilers were used. For user interface 

C# language is used.  Microsoft Visual Studio 2008 compiler is used as C# compiler 

[21].  
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An open source library for image processing, which is called OpenCV [15], is 

chosen. However, OpenCV library is designed for C++ language. To be able to use 

OpenCV library in C# language a wrapper is needed. For this purpose OpenCvSharp 

[16] wrapper is embed to the Visual Studio. 

A PIC device is used as computer-system I-O interface and digital PID controller. As 

a compiler CSS C [22] is used. With this compiler, the HEX files for PIC and 

Proteus electronic simulation program [23] is generated. 

The software will be detailed in three sections; image processing (OpenCvSharp), 

user interface (C#), PIC (CSS C). 

2.3.1 Image Processing  

The first step of automated CCL operation is detection of the eye. There are many 

projects and researches on eye-gaze detection, pupil detection for many purposes. 

Moreover, patents of other refractive treatment devices (excimer lasers; wavefront, 

wavelight), which use eye tracking, also were examined. The eye-gaze detection are 

commonly used for human-computer interaction for disabled people. Improving 

safety of night drives is the other subject which interests the eye-gaze detection [24-

28].  In these projects, algorithms commonly try to obtain where the eye looks. The 

real time position of the eye is not in the interest of these algorithms. Moreover, these 

experiment setups are strictly connected to the user. Eyes of the user are always in 

the frame of and that frame does not need any correction. For these algorithms, 

detection is enough for their calculation and process. 

The position of the camera is stable in these algorithms, which use the real time 

position of the eye. When a algorithm detects a movement, motors drive a mirror and 

focus the beam in the correct position. Mirrors can also be used in this project but 

using mirror has some disadvantages. There is a lifetime for mirrors. In time, the 

reflection decreases and accordingly the quality of the beam decreases. Then system 

requires service and part replacement. Positioning the mirror is so imported and so 

difficult in these projects. After every replacement this difficult calibration should be 

done. 

There is no mirror needed in this project. The UVA source directly plugged to the 

system and this placement does not require any calibration. The biggest difference in 

this project is the positioning of the camera. Camera is not stable during the process 
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like other projects. The camera is also moves with the system, which is called eye-in-

hand visual servoing. 

Detection and correction in real time has unique importance in this system. The 

algorithm should be adaptive and accurate in tracking. Thus, the image processing 

algorithm (Figure 2.11) uses many filters to avoid any distortions which are caused 

by light, shadows or other environmental conditions.  

First, frames captured from a webcam. Afterwards a background subtraction is 

applied to the frame. “Gaussian Blur” is the first filter used. Then color conversion is 

made to RGB to Gray. Then threshold is applied to the frame. Adaptive and binary 

threshold techniques were tried. It is seem that the binary threshold has a better 

performance on the system. Consequently, adaptive threshold was excluded from the 

system. Finally, “Flood-Fill” filter is added to the algorithm. The Flood fill is 

“Useful function to mark or isolate portions of image for further analysis. A seed 

point is selected from frame, all similar neighboring point colored with uniform 

color. The result of flood fill operation will always be single contiguous region“. 

After all this techniques the final processed frame is capable of detecting the eye. 

The final result can be seen in Figure 2.12 in the 3rd frame.  

 

Figure 2.11 : Flow diagram of image processing algorithm. 

Finally, in the processed frames contours were used to detect the position of the eye. 

A min enclosing circle is drawn around the detected contours, which has defined 

suitable circle size criteria. The difference calculation is made between desired 
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position and the actual position. This data is send to the controller by using serial 

communication. 

 

Figure 2.12 : Developed eye tracking algorithm and the graphical user interface. 

With user interface, the image-processing algorithm can easily be calibrated. 

Threshold value, min-max sizes of the detection circle, enabling-disabling the filters 

which are used in image-processing algorithm. The user interface give the ability to 

user choosing filters. 

For the calibration of the eye, an eye pattern with specific radius is used. The camera 

is calibrated with the help of this eye pattern and information module. In the 

information module user can see actual size of the eye pattern. This size is used to set 

the calibration value by taking the position of the camera closer or further. 

In details, image processing algorithm is the most important section of the project on 

stability of the system. Thus, the calibration of the image processing algorithm has 

unique importance. The calibration of the algorithm starts with the calibration of the 

camera. The algorithm and PID controller works with pixel data. The relation 

between distance and pixel is calibrated with an eye pattern. This pattern is placed 

under camera. From information  module gives the size of the eye pattern. The 

camera is placed until detected radius is equal to 20 pixel. The eye pattern is 1 cm 

radius. After this placement is done, 1 pixel is equal to 0.5 mm. 
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2.3.2 User Interface 

System has a user-friendly graphical user interface (GUI) (Figure 2.12) written in C# 

language. This interface gives many abilities to the surgeon and the design engineer 

for operation or for simulation.  

 

Figure 2.13 : Calibration module. 

In Figure 2.13, calibration module is detailed. This module gives many abilities to 

user for Image Processing algorithm (Section.2.3.1 ) and hardware calibration. User 

can define the COM port and the camera. 

 

Figure 2.14 : PID controller calibration. 

Calibration module is very useful module for engineer for improving and testing 

performance and stability of the system. When PID button is pressed in calibration 

module, PID form opens (Figure 2.14). Via this form user can input desired 

controller gains to the algorithm. After pressing the save button PID gain data is 

saved. The data is saved but not sent. After pressing calibration done button click, an 

array is send to the PIC with a specific protocol (Figure 2.15). 

 

Figure 2.15 : PIC calibration protocol. 
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With calibration protocol, PIC can identify the data and use it for PID controller 

calibration. The first two bytes are password bytes, which must be in every data, for 

running the PIC algorithm. Every element of the array can store 255-bit data. For 

each gain, there are two elements located. This combination can store “255*kx1 + 

kx2” which means 0 to 65280 data range. 

 

Figure 2.16 : Information module. 

Information module gives real time data about the tracking process and the system. 

In (Figure 2.16 A) gives real time data about position and radius of the eye of the 

patient. Position and radius data position of laser is displayed in (Figure 2.16 B). 

(Figure 2.16 C) is the calculation of the differences (errors). (Figure 2.16 D) is the 

time information. Finally (Figure 2.16 E) is controller gains of the digital PID 

controller. 

The GUI has recording ability for use of treatment or simulation. System can obtain 

more than one camera. Both of these cameras recordings can be exported to a desired 

position. 

 

Figure 2.17 : Simulation module. 

The simulation module (Figure 2.17) had major importance on system identification 

and controller design processes. With pressing simulation button image-processing 

algorithm and the system gets to simulation setup. With send PWM button system 

can be limited to a desired PWM value and characteristic of the system due to that 

PWM value can be obtained. PWM setting protocol can be found at APPENDIX 

A.2. Moreover, when simulation mode is on, the image-processing algorithm 

continues to track the object but the mechanical system does not. Engineer can take 



 
17 

the test object to a desired position (with hand or with keyboard input) which 

corresponds to step input. By pressing start simulation button the mechanical system 

runs and compensates the given error. Thus, engineer can test the PID algorithm and 

the system performance for different eye positions. Moreover, by pressing export 

data button, engineer can export the simulation data which obtains errors on X and Y 

axes and the simulation time data on ms. 

2.3.3 PIC 

The PIC 16F877A [18] from microchip devices is used for the system,. This PIC is 

used for many reasons. It is cheap and can easily be found, it has two PWM modules, 

it can work up to 20 MHz frequencies and it has RS232 serial I-O support. 

For a PIC compiler CSS C compiler is used. This compiler has C like programming 

syntax and user-friendly interface. For programming the PIC US-Burn interface and 

USB PIC programmer is used. 

The PIC algorithm has a main and getdata, setpid, setpwm, cleardata, motorpwm, 

pid1 and pid2 modules. The workflow of the PIC algorithm can be seen on Figure 

2.18. 

 

Figure 2.18 : PIC algorithm workflow. 

When the PIC circuit is online, the algorithm set ups the PIC. Then the main routine 

waits for computer output data. The computer sends array and the “get data” 

algorithm checks first two element of the algorithm if these two data is correct it 

continues to take all ten elements of the array. This data array is first passed to “set 

PID” module. The “set PID” module checks the protocol and identify if it is for 
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changing the PID constants. If it is, it changes the PID constants, otherwise the data 

is passed to PID controllers. The PID controllers calculate the output signal. Then the 

data is passed to “set PWM” module. If the data is for limiting PWM output, the 

motors are directed with that specified output with the desired direction. If it is a 

regular position data, “the motor PWM” module checks the data last time for any 

corruption and finally motors are driven due to PWM outputs which are calculated 

by PID controllers. 

The resolution of PWM output of the PIC is 10 bits. Via CSS C compilers syntax this 

modulation is represented as 0 to1023data configuration. Which means no-rotation 

for 0 and 1023 is full power. However, in theory, any PWM pulse should give an 

output but because of the load and friction, during tests it is observed that lower 

values than 300 do not create enough torques to drive motors. Due this test PID 

controller constants are tuned by taking this issue into consideration. 

 



 
19 

3.  SYSTEM ANALYSIS AND CONTROL 

When electronic system’s simulations and manufacturing of the PCBs are complete, 

the components are assembled on the mechanical and electronic subsystems. The 

system was ready to be analyzed to obtain its characteristic (transfer function) with 

the system identification toolbox on MATLAB [29-31]. 

Obtaining mathematical model of system would have many difficulties. There are 

two motors used but the rotational movement, the shaft screw alignment, different 

loads on the platforms would cause difficulties. Thus, system is threaded as black 

box for obtaining the most efficient and realistic model of the system. 

In system identification the transfer function of the system is tried to obtain from 

input output relation (Figure 3.1).  

 

Figure 3.1 : Black box system. 

3.1 System Identification 

The system identification toolbox is useful to estimate the system transfer function. 

The input and the output data is on discrete time domain. The system is driven by 

randomly generated inputs and outputs measured (Figure 3.2). The randomly 

generated inputs were also applied in random periods. 
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Figure 3.2 : Input – Output relation. 

ARX algorithm [29] is selected as estimation algorithm. The ARX model structure 

can be seen at equation (3.1). 

 (3. 1) 

In this model  represents output at time t,   is number of poles,   number of 

zeros plus one,  is number of inputs samples before the input affects the output 

which is also called dead time.  are previous outputs, 

 are previous and delayed inputs, white-

noise disturbance. 

System identification toolbox is used to obtain the best ,  and  values. 

Different combination of these values were tested by functions “struc, arxstruc, 

selstruc” [31] combination. With “struc” we obtain different combinations of ,  

and  values.  “arxstruc” command uses calculated “struc” data and estimates 

system for each order. The “arxstruc” returns loss for each model. The loss is 

normalized sum of squared prediction errors. “arxstruc” output is used in “selstruc” 

command. This command opens a user interface (Figure 3.3) which user can choose 

the best model order with the best model performance.  
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Figure 3.3 : Selstruc user interface. 

This graph represents unexplained output variance (in %) [31] which is ARX model 

prediction error for a specific number of parameters ( +  + ). This prediction 

error is the sum of squares of differences between the validation data and the model 

output. In other words unexplained output variance (in %) is the data which can not 

be explained by the model.  

The system has a direct term, which means relative degree is zero. Then it is become 

essential for this system to use  for this system inputs. This is verified by 

proper values on “selstruct” command. Moreover, “advice” [31] command also gives 

the same explanation for users to take into consideration. 
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Figure 3.4 : ARX estimations with  

Figure 3.4 shows that, number of parameters greater than four does not make such 

significant difference on the estimation. Moreover, if number of parameters increase 

the order of system increases and this increase costs more calculations for the same 

system for a low difference.  

The accuracy of the estimated system and the real system is also checked with 

“compare” [31] command. The “compare” command processes on the system output 

“y” and the model output “yh”. The percentage of the output variation is obtained by 

equation (3.2). 

 (3. 2) 

In the Figure 3.5, the estimated system corresponds the real up to %86.7. There is a 

%13.3 miscalculation between the real system and the estimated system. This 

difference occurs because of the PWM values which are lower than 300. This values 

does not create enough torque (explained at Section.2.3.3 ). For these inputs, the real 

system gives zero outputs. At these values, it gets difficult to approximate for 

estimation algorithm and this %13.3 misfit occurs. 
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Figure 3.5 : Comparison of ARX [2 2 0] on Y axes with real system data. 

The equation (3.3) is the transfer function on Y axes. Moreover, the transfer function 

of the noise is also obtained and showed at equation (3.4). 

 (3. 3) 

 (3. 4) 

This ARX [2 2 0] model is used for obtain and tune the PID controller. Moreover, 

the same techniques is used to obtain the transfer function for X axes (Figure 3.6). 

 

Figure 3.6 : Comparison of ARX [2 2 0] on X axes with real system data. 
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The equation (3.5) is the transfer function on Y axes. Moreover, the transfer function 

of the noise is also obtained and showed at equation (3.6). 

 (3. 5) 

 (3. 6) 

There is a %0.56 better approximation on X axes. Both of the systems will be 

examined at PID controller design part on Section.3.2. 

3.2 PID Controller Design 

Designing a treatment device for patients has to obey some constraints. The system 

should be fast enough to track the eye and compensate any errors, but also (since the 

treatment is applied to a patient who is awake) the system should not disturb or scare 

the patient. Designing a fast and stable system has such a unique importance by 

taking consideration of the patient’s condition. 

The control system uses the center coordinates of the patients eye, and control two 

motors to compensate the error along x and y axes. While controlling the motion 

along these axes the two motors drive loads, leading to I-O characteristics. The 

system can be treated as two independent SISO systems for control and a PID 

controller can be developed and tuned for each SISO system. Many digital PID 

algorithms were studied [32-36] and a discrete PID controller (Figure 3.7) with 

forward Euler method is preferred and implemented in MATLAB.  

 

Figure 3.7 : Simulink design of the system . 
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 (3. 7) 

The equation (3.7) shows the transfer function of the PID controller. is the 

integrator method and  is the filter method for sampling time Ts. There are many 

different methods for this calculation. 

 Forward Euler 

Method 

Backward Euler 

Method 

Trapezoidal 

Method 

a(z)    

b(z)    

Forward Euler method (Table 3.1) is used for the system. The system has two zeros 

at 0 and 0.9434. Moreover, system has two poles at 1 and 0.9423 which means there 

is a critical pole which has unique importance for the stability of the system. With 

pole placement techniques with it is seen that with a proportional gain this instability 

can be compensated. Moreover, the performance of the system should be improved.  

Then the system is tuned basing on system requirements (max %10 overshoot and 

min settling time), which does not relies strict rules. The system should be stable, fast 

and should not oscillate. Because oscillations can disturb patients. Simulations 

results will be introduced on simulations Section.4.1. 

3.3 Digital PID Algorithm 

The PID algorithm should be embedded to the PIC device with C programming 

language.  Figure 3.8 shows the position data protocol which PIC device uses for 

PID calculations. 

 

Figure 3.8 : Position data protocol. 

Table 3.1 : Integrator and filter method for discrete PID controller 



 
26 

This transmission is made on byte structure and the byte structure is unsigned. Thus 

an element is assigned to declare the position of the eye. The other element is 

assigned for the distance data. 

The algorithm first checks the data and due to position, it gives proper sign and sends 

the data to PID controllers. 

PID controllers store data, this position data is used with proportional gain. Then 

algorithm takes the last stored data and makes a differentiation for using the 

derivative effect. Finally, every position data is added and this addition is used for 

integral effect. 

There is a limitation on PWM values. The data is limited between -1000 and 1000. 

Higher/lower values are given this min/max values. Moreover, it is mentioned that 

mechanical system does not give response lower than 300 PWM values but motors 

make some noises at that values. For PWM values between -300 and 300 the PID 

outputs are 0 to avoid these disturbing noises.  
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4.  SIMULATIONS AND EXPERIMENTS 

4.1 Simulations 

In this project different simulation programs  were used to design the system.  

Proteus-ISIS software is used for electronic system design, MATLAB system 

identification toolbox is used to obtain system transfer function, and MATLAB SISO 

tool is used to design the SISO controllers [36]. 

For electronic system testing, Proteus-ISIS software was used. All elements are 

embedded to simulation software (Figure 4.1). The PIC code and the electronic 

components were tested.  After the successful simulation of the electronic circuits on 

this software, the system was also tested on breadboard for successful operation. 

Then these PCB’s were produced.   

 

Figure 4.1 : Electronic simulation software. 

First, a compensator designed for controlling the system first. Both systems (X and Y 

axes) have a pole at 1 which means systems are at the stability limit. With root locus 
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techniques it can be seen that with a proportional gain the system can easily 

stabilized. In Figure 4.2, simulation results for system and system with compensated 

system, which has proportional gain equals to 2, is showed.  

 

Figure 4.2 : Stabilization of the system with small proportional gain. 

With root locus techniques a system with min settling time and overshoot lower than 

%10 is designed. Figure 4.3 and Figure 4.4 show the simulation results with PID 

controller. Figure 4.3 shows the error between reference and position for 10 pix or 

5mm.  

 

Figure 4.3 : MatLab Simulation result for 10 pixel (5 mm). 

Figure 4.4 shows the error between reference and position for 50 pix or 25mm. 
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Figure 4.4 : MatLab Simulation result for 50 pixel (25 mm). 

The PID gains which satisfies the design requirements has obtained with %5 

overshoot. PID gains are 180 for Kp, 50 for Ki, 1 for Kd. These gains are used in PIC 

controller and the results are detailed in experiments Section.4.2. 

4.2 Experiments 

The developed system can not be directly experimented on human eye without 

proper approval and certification. The initial field tests during the certification will 

involve experiments performed on animal eyes, such as pigs and rabbits.  

In order to show the success of the proposed vision, electro-mechanical system, and 

the SISO controllers, a prototype of the system has been developed. An eye pattern 

had been moved to simulate the eye movements of the patient in the experiments. In 

experiments the system could detect and follow the pattern accurately in real-time. 

For different values of correction experiments are recorded (Figure 4.5). These 

recordings can also be found as videos at [37]. 
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Figure 4.5 : Correction algorithm recordings. 

There are many experiments are made for different errors. Compensation results for 

10 pixel (5 mm), 50 pixel (25 mm) and different disturbances is showed at Figure 

4.6-9. 

 

Figure 4.6 : Correction experiments for 10 pixel error. 

Figure 4.6 shows the characteristic of the system for small errors (10 pix or 5 mm). 

the simulation results are consistent with experiment results. It is can be seen that 

system compensates the error less than a second. The same PID gains for both axes is 

good enough to drive the system. From simulation and experiment results it is seen 

that the differences between X and Y axes can be omitted.  
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Figure 4.7 : Correction experiments for 50 pixel error. 

Figure 4.7 shows system response for higher errors (50 pix or 25mm). For 5 mm the 

experiment and simulation results were consistent. However, consistency does not 

continues for 25 mm. Experimented system has faster characteristic than the 

simulated system.  

 

Figure 4.8 : System responses for different disturbances. 

The system response for different disturbances [37] are showed at Figure 4.8. In all 

figures, there are 1 pixel oscillations observed. These small oscillations occur 

because of the image-processing algorithm. These small oscillations do not effect the 
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performance of the system and can be omitted. In videos at [37] the reason for these 

oscillations can be observed clearly on the these videos.  

In conclusion, simulation and experiment results are consistent in 0-5 mm which is 

desired working distance. For higher distances simulation and experiment results are 

slightly different. However, the experiment results gave better characteristic than the 

expected simulation results.  
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5.  CONCLUSION 

Proposed system aims to automate the manual corneal cross linking treatment on 

Keratoconus patients, therefore to increase the efficiency in treatment and eliminate 

any potential side effects and risks of the treatment.  

The developed prototype of the system is completed and working efficiently. In 

simulations, it can be seen that results of the estimated system are consistent with the 

real system. The %13.3 error does not cause major deficiency. Moreover, as 

explained in Section.3.1 this error does not depends on the algorithm. It depends on 

the load on the motors. Using different motors can reduce this disability of the PWM 

pulses. Moreover, there are screws and nuts were used for obtaining the motion. 

Many other options can be used for the mechanical system such as ball-screw but 

these solutions were too expensive for the project. Thus, screw-nut solution is used in 

the system but it caused some side effects. The friction had significant importance on 

identifying the system and designing the PID controller. The kinetic and static 

friction can cause nonlinearity in system responses. Replacement of these elements 

with would give a better estimation and better designing opportunities. 

The simulations (Section.4.1) guided us to design a control algorithm. This control 

algorithm directly used in the system (Section.4.2). As we expected the system did 

not give the exact same characteristic on the simulations. In simulations, the system 

gave %5 overshoot and the error (50 pixel or 25 mm) compensated approximately at 

3 sec. In experiments, the same with the same PID gains compensated 25 mm error 

approximately at 2 sec with less than %10 overshoot. These experiment results, 

which are faster then simulation results, are in the limits of our designing criteria. 

Moreover, obtained PID characteristic satisfies demands of the CCL treatment basing 

on opinions of our medical consultants. However, we think to implement different 

control techniques to the system. Creation of this experiment platform (software, 

hardware) would give us the opportunity designing faster and more accurate control 

algorithms. Moreover, every part of the system is designed flexibly. The 

improvements can easily be implemented the system and can easily set to be used.  
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The difference between simulations and experiments depends on the experiment 

setup, which decreases the performance of the estimation process. However, the 

simulations can give opinions on improving performance of the system. Basing on 

this knowledge the final controller characteristic can be obtained and the fine-tuning 

can be made with experiments as we did in this project. 

As a future work, we plan to improve the system with encoders. This improvement 

would give additional and more accurate information to control position data. 

Furthermore, these additional data would give a better control ability to the system. 

Moreover, we plan to implement an IR camera to the system. Pupil (black part of the 

eye) can easily be separated under IR LED illumination and the IR cameras give 

clearer visual data for image processing algorithm to work with. One other planned 

addition to the system is to add a vision computer to the system to eliminate the 

dependence to a PC on the field. 

In final words, this designed system is complete and working properly basing on 

opinions of our medical consultants. Unfortunately, as we said before this system can 

not be directly experimented on human eye without proper approval and 

certification. The initial field tests during the certification will involve experiments 

performed on animal eyes, such as pigs and rabbits. The real success of the prototype 

can only be seen by a comparable clinical study, where the treatment with the 

proposed system can be compared to manual treatment in medical setting. This is 

expected to be a topic of other researches, which has significant importance on the 

refractive surgery.  
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APPENDICES 

APPENDIX A.1 : PCB Layout Simulations of the Electronic Circuits 

APPENDIX A.2 : Protocols of the Serial Communication. 
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APPENDIX A.1  

 

Figure A.1 : Layout simulation for PIC circuit. 

 

Figure A.2 : Layout simulation for serial communication circuit. 
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APPENDIX A.2  

 

Figure A.3 : PWM data transmission protocol. 

 

Figure A.4 : Protocol for driving the system right manually. 

 

Figure A.5 : Protocol for driving the system left manually. 

 

Figure A.6 : Protocol for driving the system upwards manually. 

 

Figure A.7 : Protocol for driving the system downward manually. 

 

Figure A.8 : Position data protocol. 

 

Figure A.9 : PID calibration protocol.
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