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Abstract 
 

 

Micromanipulation and microinjection of biological cells are two of the most useful 

techniques for manipulating cells for different applications. One of these applications, 

employed for infertility treatments, is intra-cytoplasmic sperm injection. The current set-

up for this application is designed to be operated manually by an embryologist. In this 

method, a single sperm is deposited into an oocyte. There are a number of non-clinical 

factors affecting the success rate of fertility. These factors can cause cells to be damaged 

at the time of injection and resulting in its degeneration after sperm deployment. This 

thesis focuses on analysing these factors, in particular the creation of deformation of the 

cell at the time of injection. The speed of injection has been considered as critical factors 

linked to the creation of oocyte deformation during injection. The main aim of this 

research is to develop an autonomous cell manipulation and injection system whilst 

minimising cell deformation during injection. A proposed set-up is designed to 

manipulate a single oocyte in three dimensional space to the desired location using a 

minimal number of operations. After the operation, the injection of sperm proceeds and 

is delivered into the desired position inside the oocyte. New software has been designed 

for the polar body and oocyte position and orientation recognition. Furthermore, an FE 

model has been developed to help the analysis of different factors affecting the injection 

process and provides information on the injection force and deformation creation during 

the injection. 
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1.                   CHAPTER 1     

INTRODUCTION 
 

Infertility is defined for a couple who cannot get pregnant, despite trying for more 

than six months for young couples and for a year for those aged over 40. Around one out 

of seven couples may face difficulties with pregnancy in the UK and one out of four in 

developed countries [1, 2]. The chance for a couple who are trying to have a baby for 

more than three years is less than 25% without receiving any treatment. Different causes 

of infertility have been reported and these can originate either from the man or the woman. 

The main cause of infertility in women is lack of regular ovulation and in men is poor 

quality of semen. There are different methods used for the treatment of infertility. Besides 

medical treatments, there are three methods which are suggested for treatment of 

infertility which usually caused by male factor deficiencies. These treatments are named 

as intrauterine insemination (IUI), in vitro fertilization (IVF) and intra-cytoplasmic sperm 

injection (ICSI). Intra-cytoplasmic sperm injection is an invasive method to the cell and 

considered as a microinjection procedure [1, 2]. 

Microinjection is one of the most suitable techniques in introducing foreign 

material into a biological cell. Intracytoplasmic sperm injection (ICSI) is an application          

of microinjection used for infertility treatment. The current set-ups have 

certain drawbacks and may harm the oocyte at the time of the injection. 

This project focuses on the needle/oocyte interaction and is aimed at developing a novel 

integrated technology to address the current deficiencies. 
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There are many researchers who focus on improving the success rate of pregnancy 

using ICSI. They mostly concentrate on the drawbacks of the current methods. There are 

a number of different factors affecting this success rate, including clinical factors and 

non-clinical factors (engineering factors). 

  This project involves with the improvement of the current ICSI operation from 

an engineering point of view. Analysing the mechanical properties of the biological cell 

(oocyte) at the time of injection would be the very first stage of this project in terms of 

understanding the harm inflicted on the oocyte at the time of injection. 

The deficiencies of the current methods and their effects on the oocyte at the time 

of the injection will be mechanically analysed in this project. The research starts with the 

mechanical tests of a real oocyte to obtain it's the mechanical properties. These properties 

can help to simulate and model the injection process. The next step will focus on the 

design of a new set-up for ICSI, which will eliminate the existing drawbacks. This set-up 

will include a holder/injector integrated unit. Reducing the deficiencies of the process in 

the new set-up will be achieved by using the holding and injecting factors. After the 

engineering modelling of the cell and the ICSI procedure, a new design will be proposed 

for the new set-up. The injector and the holding system will be completely automated and 

controlled by a computer based on an integrated injection force feedback system. This 

set-up would have the capability of simultaneous multi injections. 

The other advantages of force feedback will be used for a haptic system to give 

the embryologist the sense of injection by magnifying the amount of the injection force. 

Moreover, this can help to develop an appropriate tele-manipulation system.  
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 The proposed design is an integrated system which includes the cell holder and 

injector. Additive manufacturing, which is 3D printing, is proposed as the fabrication 

method.  

 

1.1 Motivation  
 

 The conventional method of cell injection normally involves a human operator 

who relies on visual feedback using a microscope and also employing two manual 

joysticks to process the injection procedure. To achieve expertise in cell injection it 

requires a long and complex training period (approximately one year) and still the success 

rate is not high enough to trust [3]. Some of the factors considerably affecting the success 

rate are accuracy, speed and also trajectory of the micropipette [4]. Consequently, 

developing automated systems is useful in advancing the cell injection process. 

 Developing an automated system needs different factors to be considered; 

expanding image processing software which is a capable of working with the system, is 

essential as a detector. On the other hand, many researchers focus on developing a 

mechanical model that can: mimic the cell behaviour under the external load, which is 

the injection force; and predict the amount of deformation that may be caused by 

mentioned factors such as speed, as deformation is considered as major damage to the 

cell. This also provides more controllable manipulation of biological cells, considering 

the injection speed and its role in potential mechanical damage to the cell. 
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 These factors motivate this research to develop an automated system integrating 

with vision detection software which is able to process the injection and manipulation and 

minimise the damage applied to the cell. 

 

1.2 Research aim and objectives 
 

The aim of this research is to develop the underpinning principles of the design of 

a novel 3D manipulation and injection technique. The proposed ICSI method is designed 

with the purpose of minimizing the mechanical damages (i.e. deformation) to the oocyte 

during injection. In addition, it is designed with the capability of automatically 

manipulating the oocyte into the desired position followed by single sperm injection into 

it. In particular this research focuses on the design, the development of the technique as 

well as modelling and analysing the factors affecting the injection procedure. The 

research objectives are fourfold, as in the following: 

➢ To derive and develop cell deformation analysis caused by the injection load 

during the microinjection procedure.  

➢ To develop an FE model to analyse the speed of the injection as an important 

factor for the creation of deformation. Additionally, injection speed will be 

analysed in real experiments on zebrafish embryos. The injection forces will be 

measured to investigate the effect of speed on the injection force. 

➢ To develop an oocyte and polar body detection software. This software is essential 

for directing the manipulation of the cell; it can be adapted with different 
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microscopes. The experimental data from images obtained from different 

microscopes will be discussed. 

➢ To design and analyse a 3D micromanipulation system. This will involve the 

design and analysis of a 3D cell micromanipulation and injection system which is 

able to manipulate the oocyte and position it in the right direction and orientation 

with the minimum number of operations. The conceptual design will be developed 

and the operational process will be analysed in detail. 

 

1.3 Research methodology 
 

In this research, a novel method of micromanipulation of the cell is introduced. 

This is a first report of a system which can manipulate and inject at the same time fully 

automatically in one unit. A proposed model is developed to predict the creation of the 

deformation of the embryo’s membrane based on the indentation force during the cell 

microinjection procedure. The real experiment is conducted to understand the effect of 

injection speeds on deformation create and find the optimum injection speed which makes 

minimum damages. Then vision detection software is developed that is compatible with 

different inverted microscopes and can detect the position of the oocyte and polar body 

as well as the orientation of the polar body. Finally, an automated system is proposed and 

the method of manipulation has been analysed for manipulating the oocyte to position the 

polar body with the minimum number of operations. 
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1.4 Thesis structure  
 

This thesis is divided into seven chapters. The structure of the rest of the thesis is as 

follows: 

 Chapter 1 covers the introduction of this thesis, and presents the aims, objectives, 

methodology and total structure of thesis. 

Chapter 2 covers the literature review of different methods of cell injection in the 

application of intra-cytoplasmic sperm injections and factors influencing the injection 

procedure and also different systems of cell manipulation for orienting and positioning 

the cell in any appropriate and desired location.  

 Chapter 3 concerns the analytical modelling of the cell deformation and how it 

affects the degeneration of cells after the sperm injection using current methods. Cell 

deformation analysis helps to find the best methods to decrease the damage to the cell at 

the time of injection. Also this chapter will consider the methods of sperm injection into 

the oocyte. The injection plays a significant role in creating the damage to the cell in intra-

cytoplasmic sperm injection. Different methods of injection will be analysed in this 

chapter. These methods will be compared and the creation of deformation by each method 

will be discussed.  

 

 Chapter 4 covers the speed analysis and effect of different speeds on the creation 

of deformation. The results of this chapter are obtained from the zebrafish embryo 

injections for six different speeds. Also an experimental set-up is designed and developed 

for the speed injection tests. A finite element analysis for the injection process which was 

developed to analyse the effect of different speeds. Accessing real samples is difficult and 
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the purpose of developing this FE model is to analyse the effect of speed in the creation 

of deformation. The model is validated with the experimental results. 

 Chapter 5 reports on the cell vision recognition and integration to the newly 

designed manipulation. In this chapter, the detection method is discussed which is newly 

developed and can recognize the oocyte and its polar body position and then calculate the 

optimum number of actions based on the manipulator end-effectors to deliver the oocyte 

to the right position and orientation. Also the integration of this software to the system 

will be discussed to make it adaptable to this newly developed system.  

 Chapter 6 considers the manipulator system’s design and control. The design of 

the manipulators for manipulating the oocyte by an optimum number of actions will be 

discussed in this chapter. Inverse kinematics, and dynamics are the main factors for the 

design of the manipulators; after discussing the design, the control methods and how the 

manipulators operate in real time will be analysed in the second part of this chapter.  

 Chapter 7 concludes the thesis and suggests future works for this application by 

employing suggested methods.  
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2.                   CHAPTER 2 
 

LITERATURE REVIEW 

 

 

2.1 Introduction 
 

An intra-cytoplasmic sperm injection is a method of delivering a single sperm inside an 

oocyte which is considered for couples who are not able to have a baby naturally. This 

method is mainly employed for couples where the male has a fertility problem. In this 

method, an embryologist selects a single sperm based on its morphological shape and 

motility and then delivers it to the collected oocyte by using a microinjection set-up. The 

current devices function with two manual micromanipulators which are directed by two 

handles to control the movement of the injection micropipette. Also, other joysticks are 

employed to hold the cell in place during the injection procedure. 

 The injection procedure is a sensitive operation. The injection must not happen 

through a specific part of the oocyte called the polar body. The polar body is an 

intracellular object located in the perivitelline space. The injection must not happen 

through this polar body as it would cause deficiencies to the baby. Consequently, the same 

set-up is used to manipulate the oocyte to the correct position and orientation for the 

desired location.  

 There are many researchers who have been focused on improving the success rate 

of pregnancy by developing various methods for injections in ICSI. The schematic view 
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of ICSI is represented in Figure 2-1. They have mostly concentrated on the drawbacks of 

the current methods. They strongly believe there are various factors affecting this success 

rate, including clinical factors and non-clinical factors (engineering factors). Non-clinical 

factors are crucial in the failure of the ICSI outcome and recently they have been the main 

focus of both clinicians and engineers. There have been a small number of developed set-

ups and some methods of injections reported in the literature, which will be demonstrated 

in the following sections. 

 

2.2 Oocyte presentations 
 

 Oocytes are developed and released from a female organ called the ovary. Each 

female has two ovaries and these ovaries are connected to the uterus via fallopian tubes. 

Each month, a female produces a single oocyte which travels from the ovary to the uterus 

via a fallopian tube. Pregnancy occurs when a single sperm enters the oocyte and an 

embryo is formed. 

 Oocytes are trapped at an early stage of the first meiotic divisions prior to being 

released from the ovaries. Following maturation and during each menstrual cycle, 

pituitary gonadotrophin replicates the completion of the first meiosis a day before 

ovulation (as represented in Figure 2-2). Early oocytes are immature and are also known 

as germinal vesicles (GV) or as being at the metaphase I (MI) stage. The GV breakdown 

specifies a continuation of meiosis and polar body extraction signals the completion of 

the first meiotic division in a human oocyte. The released oocyte is surrounded by a thick 

layer called the zona pellucida which has the responsibility of enveloping the intracellular 

objects from the environmental adversity.  
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Figure 2-1. Schematic view of ICSI process indicating oocyte parts [5] 

 

 

 

 

 

Figure 2-2. Oocyte developmental stages [6]   

 

Interphase G Metaphase I 

Metaphase II 
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The polar body is a small intracellular cytoplasmic exclusion object which is 

formed to surround the DNA and is created during the oocyte meiosis. The oocyte which 

extracts the polar body is called an oocyte in stage II or metaphase level II. There is 

another thin layer inside the oocyte named as the oolemma. This layer is much thinner 

than the zona pellucida but more stretchable. The oolemma covers the cytoplasm inside 

in addition to the nucleolus. This layer is also called the vitelline membrane. The cavity 

area between the oolemma and the zona pellucida is called the perivitelline space. The 

polar body is located in the perivitelline space. 

 

 

2.3 ICSI background 
 

During the past decade, the infertility treatment field has been a major focus of the 

researchers in the area of fertility in both clinical and non-clinical aspects. There are three 

different methods considered for the treatment of infertility non-clinically: intrauterine 

insemination (IUI), in vitro fertilization (IVF), intra-cytoplasmic sperm injection (ICSI) 

[5-7]. Among all the problems causing infertility, the main reason stems from the male 

factor, which consequently leads to an in vitro operation for treatment [8-12]. IUI and 

IVF are general treatments for the infertility in these cases, but are not proposed for low 

sperm deficiencies [13].  

 In the last decade different techniques have been proposed for treatments for the 

couples who suffer from severe immobility of the sperm. The intra-cytoplasmic sperm 

injection was proposed as a treatment for this type of infertility. Low sperm production, 

low maturation and low motility are three considerable factors causing infertility of this 
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type. This means the sperm is immature, abnormally shaped, unable to reach the oocyte, 

or not able to penetrate the zona pellucida [14-16]. 

 Microinjection is one of the most suitable techniques for introducing and injecting 

foreign materials into biological cells. ICSI is one of the applications of the 

microinjection. This method was first proposed in 1992 and 1993 and there were reports 

of success for couples who had difficulty in fertilization using IVF. The ICSI has had a 

rapid acceptance around the world [17-19]. 

 In this method, the oocyte is collected from the female patient and subjected to 

the injection using a micropipette to deliver the sperm. This method is currently used for 

infertile couples. The current method has some deficiencies which reduce the success 

rate. These deficiencies can be divided into two main categories: clinical issues and non-

clinical issues [20]. In the proposed set-up, attempts were made to solve the mechanical 

issues by suggesting different methods of injections. The success rate of ICSI in 2010, 

from the NHS, is as the following [21, 22]: 

• 32.2% for women under 35    

• 27.7% for women aged 35-37    

• 20.8% for women aged 38-39     

• 13.6% for women aged 40-42     

• 5% for women aged 43-44   

• 1.9% for women aged over 44  

 As mentioned in the reasons for infertility, there are two main groups of factors 

affecting the outcome of ICSI: clinical factors and non-clinical factors. This project is 
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focused on solving the non-clinical factors in detail; the clinical factors are not included 

here. 

 

2.4 Oocyte deformation analysis and ICSI methods 
 

Micro injection of a biological cell is a crucial step in ICSI systems as a tiny 

excessive force can lead to potential damage to the cell during injection. From the point 

of view of the characteristics, the survival rate of an oocyte depends on the characteristic 

structure of oolemma which is changing with respect to the hormonal environment [23]. 

Therefore, each oocyte’s membrane reacts in its own way to the injection needle such as, 

normal breakage, sudden breakage and difficult breakage [23, 24]. In this case, estimating 

the oocyte membrane hardness and oocyte quality during the micro-injection task would 

be useful in order to have less oocyte degeneration [25]. However, the characteristic 

structure of an oocyte is an important consideration on cell deformation creation which is 

uncontrollable in nature from the engineering point of view. However, numerous 

injection methods have been proposed by researchers to overcome this deficiency, such 

as laser-assisted (LA-ICSI), piezo-assisted (PA-ICSI) and rotationally oscillating drill 

(ROS-Drill) intra-cytoplasmic sperm injection with the purpose of minimizing cell 

damage during the injection task. 

In conventional ICSI, a micropipette penetrates the oolemma through the zona 

pellucida, which causes significant deformation of the oolemma. An excessive 

indentation force in conventional ICSI leads to higher deformation creation which is a 

potential cause of damage to the cell leading to degeneration [26]. This deformation 

would increase the internal hydrostatic pressure in the oocyte during injection. By 
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increasing the internal pressure, the emission of the cytoplasm from the oocyte is induced 

after extraction of the injector and this contributes to oocyte degeneration and therefore 

the oocyte’s death [26, 27]. This deficiency has motived researchers to propose different 

methods of injection to minimise the damage applied to the oocyte during injection. Piezo 

assisted ICSI was proposed to overcome this deficiency leading to increases in the success 

rate greater than the conventional ICSI results [26]. This technique employs a piezo-

activated axial force applied to the pipette to inject the zona pellucida very smoothly and 

then the oolemma is penetrated causing minimal damage during the injection process. 

This technique requires a small amount of mercury in order to decrease the lateral 

vibration at the micro pipette tip when piezo electric pulses are applied [28]. However, 

mercury will cause a toxicity issue on the cell and therefore failure of the process [29, 

30]. To overcome this toxicity issue and high lateral motion of the micro pipette, mercury-

free technology, which is called rotationally oscillation drill ICSI, was proposed [31, 32]. 

In the proposed system, a micropipette containing alcohol is used and driven by a 

microprocessor-controlled rotationally oscillating drill without mercury or piezo. In this 

technique, in order to drill the cell membrane by minimizing the cell deformation, a high 

speed rotation micro injector is used which has rotational vibration at the micro pipette 

tip. The main advantage of this technique is to have less deformation on the oocyte along 

with exclusion of mercury. Despite this technique having a very low deformation and 

similar high success rate as in piezo assisted ICSI, unbalanced eccentricity of the injector 

pipette causes a whirling effect which is not a desired.  

Laser assisted intra-cytoplasmic sperm injection is another method employed to 

overcome the damage applied to the cell at the time of injection. In this method, a hole 

with a diameter of 5-10 μm is created on the zona pellucida using a laser beam to facilitate 
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penetration through the membranes of the oocyte without needing a deformation 

indication. Consequently, the success rate of the oocyte’s survival significantly increases 

[33, 34]. The major problem of LA-ICSI is the impossibility of localizing the laser-

generated hole at the developmental stages [34] in addition of causing the wound on the 

membrane of the cell. 

The previously mentioned techniques have been developed to enable the ICSI 

procedure to penetrate the zona pellucida and oolemma effectively and deliver the sperm 

to the oocyte with minimal damage applied to the cell (i.e. less deformation created on 

the oocyte during the injection procedure).  Although it has been reported that the 

deformation may cause degeneration of the cell in numerous researches, the detailed 

investigation on this deformation creation remains deficient. The mechanical models have 

been developed to understand the cell response to any technique and obtain the 

mechanical properties of the cells. 

It is essential to consider the mechanical properties of the cells to recognize their 

physiology and to model the procedure applied. The mechanical behaviour of the cells in 

different animals varies and also it changes before and after fertilization. Usually the 

creation of deformation is one of the significant behaviours of the cell under an external 

load [35-38]. 

Several methods already exist to understand the mechanical behaviour of 

biological cells. However, it is not possible to perfectly model the mechanical behaviour 

of a biological cell since the cell membrane presents nonlinear characteristics which vary 

over time [39, 40]. Consequently, different types of mechanical modelling have been 

reported to demonstrate the oocyte’s mechanical behaviour during the injection procedure 
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[41-43]. These models are divided into two main categories. There are two popular 

models for bio-membrane behaviour which have been reported as the contact mechanics 

model and the micropipette aspiration model. In the contact mechanics model, the elastic 

behaviour of the cell is considered by utilising atomic force microscopy. Young's 

modulus of the sample is calculated by pushing the tip of the cantilever towards the 

membrane of the cell and analysing the force-distance curves. Micropipette aspiration is 

another method of recognizing the properties of the membrane. These properties are 

essential in modelling any type of cell [31]. The properties are obtained by applying a 

negative pressure on the cell membrane through a micropipette. Both of these models 

consider the cell membrane as a solid body, which is insufficient to provide more accurate 

understanding of cell behaviour. Additionally, the analysis of these models is just for 

small local deformation and the global geometry of the cell remains unchanged. This 

assumption is not sufficient to model the real injection procedure. 

Understanding of the mechanical behaviour of biological cells has been developed 

by proposing different models and validating them. The membrane point load model is a 

mechanical model developed in 2003 which explains the membrane’s behaviour under a 

concentrated load [44]. In this model, the outer membrane of the cell is assumed to be a 

thin film and is subjected to hydrostatic pressure from the inner cytoplasm. The proposed 

force sensing technique and point load model can be implemented for examinations of 

the mechanical properties of other cell types. This model was developed to characterise 

the mechanical properties of the membrane as well as predicting the deformation creation 

on the outer membrane [45, 46]. However, it is assumed the residual stress of the bio 

membrane is zero which is not the situation in the reality. The nonlinear bio-membrane 

cell model proposed in 2008 [47] suggests that the hyper-elastic Mooney-Rivlin material 
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equation should be employed to model the bio-membrane and solved by using the Runge-

Kutta numerical method. In the proposed model, uniform hydrostatic pressure of the 

cytoplasm exerted on the membrane is assumed. However, the large yolks inside the 

embryos is are overlooked which is an essential consideration.  

A biological cell’s response to the external load is usually divided into three 

categories: elastic, viscoelastic and hyper-elastic which refer to the properties of the 

membrane and its behaviour when it is subjected to the external load. Elastic and hyper-

elastic behaviour is not very suitable for cell modelling, as its properties cannot be defined 

for the behaviour of the cell. As a result, most of the models consider the cell as 

viscoelastic; which means that a cell has both elasticity and viscosity properties and 

behaviour. The most suitable representatives for the viscoelastic materials are springs and 

dampers. Different models were proposed based on different configurations. There are 

three established configurations proposed for the behaviour modelling of the cell known 

as the Maxwell, Kelvin-Voigt and Zener standard solid models. In the Maxwell model, 

the spring and damper is connected in series, while the Kelvin-Voigt model indicates a 

configuration with the spring and damper connected in parallel. [48] 

With the purpose of modelling the cell, it is essential to understand the properties 

of the cell membranes during the injection. As mentioned earlier, the pattern of oolemma 

breakage is a significant factor affecting deformation. Based on previous studies, there 

are three different patterns of oolemma breakage: normal breakage, sudden breakage and 

difficult breakage. Group I indicates no resistance to breakage by the oolemma when the 

micropipette enters the oocyte. This group belongs to the specific type of oocytes which 

have fragile membranes. Oocytes with this type of membrane has less ability to extrude 

the second polar body and decondense the cytoplasm inside; consequently, they 
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degenerate. Group II indicates mild resistance which is in the category of normal 

breakage. The micropipette enters the oocyte with gentle resistance from the membrane. 

Group III belongs to the difficult breakage or high resistance category, where the 

micropipette faces high resistance from the membrane at the time of injection and creates 

a funnel shape. Figure 2-3 shows a visual comparison between these categories. 

Rupturing with mild resistance (second category) results in a significant increase in the 

fertilization rate of 87%; in comparison to the other two categories, which are 55% and 

70% for group I and group III respectively [23, 24]. 

   

Figure 2-3 . Different groups of membranes’ responses to the micropipette: (a) Sudden breakage, (b) Normal 
Breakage, (c) Difficult breakage [23, 24] 

    

 

 

2.5 Injection speed effects on cells 
 

Biological cell injection is a laborious process within different areas of research 

which introduces a foreign material into a biological cell with various applications such 

as DNA, ICSI, and cell biopsy. Current cell injection (particularly in ICSI) procedures 

are suffering from low success rates. The conventional method of cell injection is 

operated by a human who relies on visual feedback from the optic devices. The 

conventional method is performed manually using two manual joysticks. In this method, 
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the tip, of the micropipette is moved towards the oocyte to the point it touches the zona 

pellucida and then the oolemma membranes. Afterwards, it moves rapidly until it pierces 

the membrane and delivers foreign material into the desired location in the oocyte [53, 

54]. This method is prone to errors as it relies on the skills of an operator who was guided 

by optical devices. During cell injection, there are some factors which are not possible to 

control manually using joysticks and which have a high impact on the success rate of the 

procedures. During the injection procedure the ICSI needle creates excessive deformation 

of the oocyte. Excessive deformation may induce emission of the cytoplasm into the 

perivitelline space after injection [55]. This causes an increase in the internal pressure of 

the oocyte and therefore leads to oocyte degeneration. Other causes of the low success 

rate are excessive force, which causes additional deformation, and hand tremor. 

Automating the entire process has been the main focus in the literature [56, 57] in order 

to eliminate human involvement and therefore deformation due to excessive cellular 

force. 

Automating and mechanising the whole process aside including haptic feedback 

to the operator in the ICSI operation has been reported in [58-60] as haptic information 

allows the operator to minimize physical damage to the cellular structure and increase the 

success rate of the cell development procedure. Since biological cells are highly 

deformable and irregular in conformation, the biological cells could be damaged seriously 

during non-controlled injection procedure [61]. Various force sensing techniques were 

proposed by researchers to improve cell survivability rates in the microinjection process 

[62, 63]. Cellular force measurement is also essential for evaluating the stiffness of the 

cell membrane which exhibits viscoelastic behaviour during the injection process and a 

3D mathematical model can be derived [64, 65].  Therefore, having force feedback is a 



An Autonomous Cell Recognition and Manipulation System for ICSI 

 

20 | P a g e  
 

prior concern in micro injection tasks so that the operator can achieve better control over 

the micro injection process [66, 67]. 

Although a combination of vision and force feedback provided to operator induce 

a higher success rate in cell injection tasks compared to visual feedback alone [67], 

regulating the penetration force in a desired force trajectory at the time of injection 

becomes more important to increase the cell survival rate [68]. Precise real-time force 

sensing is a requirement for reliable automatic cell injection processes [69].  However, 

the actual role of the indentation force on cell deformation and how this affects the success 

rate of the injection task remains deficient.  

Despite the great developments above, numerous factors playing considerable 

roles in the process have not been entirely discovered while improving the microinjection 

task. Sufficient penetration force, penetration speed and an accurate injection point are 

the key factors to achieve successful penetration in the microinjection process which 

requires sensitive control methods [70]. The role of microinjection speed, force feedback 

on cell deformation in cell penetration tasks is well recognized [71].  However, it has not 

been comprehensively studied.  

Following the role of contact force in micro injection and how it affects the 

outcome of the system, analysing the effect of injection speed in microinjection on cell 

deformation is a must to reduce the deformation of a cell and improve cell survivability 

rate.  Since the micropipette is in contact with a cell at different indentation speeds, the 

contact force and deformation rate are also changing. There is a complex dynamical 

relation among contact force, injection speed and cell deformation. Although, speed 

analysis in microinjection is a promising way to obtain better outcomes in the context of 
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getting less deformation on cells in comparison to constant injection speed [71], force and 

speed analysis on deformation creation in cell injection tasks remains a gap in the 

literature. 

 

 

2.6 Cell detection methods 
 

Positioning and orienting the polar body in conventional ICSI is controlled by an 

embryologist. Currently, cell manipulation in conventional ICSI has been manually 

operated by well-trained embryologists. The oocyte is manipulated by using a 

micropipette and inducing negative pressure to hold and relief the oocyte repeatedly until 

the polar body is positioned in the desired location. This type of manipulation is known 

as a trial-and-error course of action [74]. During the conventional operation, a single cell 

is touched several times until it is located in the desired place and preparing it for 

injection. In cell manipulation, some of the researchers tried to develop this operation to 

an automated process. There are various research projects focusing on automating 3D 

manipulations of biological cells [75-78]. Robotic cell manipulation with a good success 

rate and high degree of accuracy has been reported in some previous publications [77, 79-

81]. However, there are some deficiencies introduced in each method, such as lack of 

correct detection of oocyte. Different methods of manipulations have been reported in 

research which is Lab-on-a-chip using micro fluidic flow advances [82-86], optical 

tweezers [87] and micromechanical grippers [88-91].   

Cell detection is an essential method towards 3D cell manipulation. In the proposed 

application in this chapter, image processing is focused on the oocyte and polar body 
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recognition. The first attempt at a vision detection software for cell manipulating purposes 

was designed to use morphological factors and Bayesian assessment as a classifier of 

texture and shape [92]. The major problem with this method is that it is computationally 

very expensive. Another method, the Hough cell detection algorithm (HCDA) utilised 

high pass filtering to detect the edges of the holding pipette and determine the oocyte size 

value [85]. In this method, polar body detection has not been developed. Again, the 

computational time for this method is high for a real time application which is 22 s in 

detection time. Different algorithms have been proposed for detecting the polar body 

during the manipulation. However, the early stages of these detections recognized the 

polar body when in plane [93]. This method involves the Otsu adaptive algorithm and 

morphological operator for fitting the circle to the cell. Otsu is a clustering based image 

threshold technique which is employed to convert the greyscale image to a binary image. 

A linearization method was employed here for the polar body recognition [94]. The 

failure of this technique happens when the gray scale of the polar body and the oocyte are 

in the same level of surroundings in the image. Later, an algorithm was added to this 

method that estimated the polar body location out of plane using frame by frame motion 

analysis [93]. 

 Image binarization is a method developed to detect the polar body. However, this 

method is highly dependent on the gray level of the neighbourhood pixels in the image. 

Inaccuracy occurs when the gray levels are similar in the surrounding pixels [85]. Another 

method of polar body detection was based on the polar body’s texture data. Oocyte texture 

deficiencies and microscope light regulation limitation are two main disadvantages of this 

technique which cause low accuracy [95]. Here the polar body and oocyte detections were 

proposed based on a machine learning method using image classification. In this method, 
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the improved Histogram of Oriented Gradient (HOG) algorithm is used to extract features 

of polar body images for the prediction of the polar body position in the image, 

determination of this position, and finally detection [96, 97]. Recently, a method has been 

proposed for oocyte and polar body detection which employs template matching followed 

by morphological operations and thresholding [78]. The method is computationally 

expensive based on the sizes of the template and may need new templates.  

 Visual detection algorithms for the purpose of cell injection automation have 

involved the Hough transform to detect the polar body [98], roundness and elongation 

calculations following segmentation to detect the oocyte and injector respectively [99]; 

and a connected neighbourhood method for oocyte detection [100]. 

A new detecting technique for the oocyte and polar body has been proposed by 

our group which is developed using images detection rather than continuous frame 

tracking using video and employs a gradient-weighted Hough transform in the application 

of ICSI. In addition, a new method of gradient based on elliptical fitting has been 

developed for this software [73]. 

 

2.7 Three-dimensional manipulation of a single cell 
 

The interaction between the manipulator and a cell leads to mechanical stress on 

the cell membrane in the micromanipulation task. Hence, the stiffness and Young’s 

modulus of the cell becomes a significant consideration in cell manipulation as well as 

the cell transportation task. Due to the sensitive interaction between a manipulator and a 

cell, cell micromanipulation systems have been developed to prevent the potential 

damage and drawbacks in the current systems [108-112]. Cell micromanipulation has 
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been the focus of research in the last few years. Micromanipulation is defined as a 

combination of tools and techniques for the purpose of cell rotating and positioning. The 

micromanipulation technique plays an important role in the development of devices in 

assisted reproductive technology [13]. There are different applications for three-

dimensional rotation and manipulation of biomaterials in biomedical applications: such 

as ICSI, polar body biopsy and cloning [82-84, and 86]. 

Currently, cell manipulation in conventional ICSI has been manually operated by 

well-trained embryologists. The oocyte is manipulated by using a micropipette and 

applying negative pressure [114] to hold and release the oocyte frequently until the polar 

body is positioned in the desired location. This type of manipulation is known as a trial-

and-error course of action [74]. The method of sucking the cell with negative pressure 

can be utilized to model the cell with an aspiration technique. There are various research 

projects focusing on automating 3D manipulations of biological cells [125-128]. Robotic 

cell manipulation has been reported in a few publications with a considerable success rate 

and high accuracy [79, 117]. However, there are some deficiencies introduced in each 

method, such as lack of correct detection. 

MEMS micro gripper is a form of contact manipulator fortified with a force sensor 

[118-121]. Actuation of a micro gripper could be either electro-thermally [122] or piezo-

electrically [120]. 

Microfluidics is a form of a non-contact manipulation. Technology has recently been 

developed for the cell manipulation task. It provides a higher success rate in comparison 

to conventional methods since it is economical, compact and requires less fluidic medium 

for the cell [123]. Microfluidics can be utilized for cell injection, cell immobilization, and 
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cell transportation etc.  Lab-on-a-chip is a proposed method for cell manipulation on a 

small chip using micro fluidic flow advances [82, 86, 124]. Lab-on-a-chip technology 

combines all necessary micro injection steps into one small chip [114, 125, and 126]. This 

method leads to minimum damage as it is non-contact and also reduces the chance of 

contamination [127-129]. The drawback of using microfluidics is that it is a difficult 

procedure for precise fluid handling. As the lab-on-a-chip method is difficult to use with 

end effectors, another method is proposed which utilises micromechanical grippers for 

pick and place purposes and securing the cell position [88-91, 130]. 

Cell manipulation using optical tweezers is another method used for three-

dimensional rotation of the cells; it uses an infrared laser beam to provide a tangential 

force on the cell in order to rotate it [87]. A single axis rotation, as well as cell various 

sizes are the limitations of this method [131]. In addition, the oocyte is exposed to the 

laser beam which causes damage to the cell. Then a combination technique was proposed 

which employed the combination of optical tweezer technology and an image guide 

robotics technique which saved the cell from a direct attack by the laser and the 

manipulation happens indirectly [132]. 

Ultrasonic vibration technique as a non-contact manipulation provides acoustic 

radiation force fields produced by a piezoelectric mechanism [133] to the suspended cell 

in a fluid. Produced acoustic radiation force fields align the cells into a straight line. After 

that, the aligned cell can be grasped by a MEMS actuator. The drawback of this method 

is that the required voltage to supply the system is high which is a cause of potential 

damage to the cell and reduces the success rate of the manipulation task. 
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Sun et al. proposed an autonomous set-up for the application of biological cell 

injection. This was a 3DoF micro robotic system to direct the injector towards the cell. In 

the proposed system, the holding pipette is assembled on a manual micromanipulator. A 

vision system is also employed to detect the micropipette motion [134]. Then this system 

was developed to an automation system for oocyte positioning and orienting [135]. 

Automating the manipulation of the oocyte in collaboration with injection and 

integrating a vision detection system have been focused on during the last decade [134-

137]. Although there have been many researchers working in this area, still there are some 

difficulties in the manipulation methods, as well as in the integration of the vision 

software and manipulation  in addition to the injection. 

 

2.8 Conclusion 

 

ICSI is one of the most useful techniques in infertility treatments. Certain 

technical aspects in the injection procedure would affect the developmental stages of the 

embryo after injection. This chapter covers different potential damages reported in the 

literature which are applied to the cell during injection emphasising on deformation. To 

minimize these types of damage, some methods have been proposed by researchers; such 

as laser assisted intra-cytoplasmic sperm injection, piezo assisted intra-cytoplasmic sperm 

injection and rotationally oscillating drill intra-cytoplasmic sperm injection. Each of the 

reported techniques have their own advantages and disadvantages which are discussed. 

Different types of mechanical modelling have been reported to model the oocyte’s 

mechanical behaviour during the injection procedure. The most suitable representatives 
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for the viscoelastic materials are springs and dampers. The different models were 

proposed based on different configurations. There are three established configurations 

proposed for the behaviour modelling of the cell known as Maxwell, Kelvin-Voigt and 

Zener standard solid models. 

Also different method of cell manipulation systems have been reported. Currently, 

cell manipulation in conventional ICSI has been manually operated by well-trained 

embryologists.  Robotic cell manipulation has been reported in a few publications with a 

considerable success rate and high accuracy. In addition, there are other different 

techniques which have been proposed for manipulating the oocyte. Lab-on-a-chip is a 

proposed method for cell manipulation on a small chip using micro fluidic flow advances. 

Cell manipulation using optical tweezers is another method used for three-dimensional 

rotation of the cells. 
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3.                    CHAPTER 3  
  

DEFORMATION ANALYSIS AND METHODS OF 
DEFORMATION ELIMINATION 

 

  

3.1 Introduction on deformation analysis 
 

Micro injection of a biological cell is a crucial step in ICSI systems as a tiny 

excessive force can lead to potential damage to the cell during injection. Prevention of 

any oocyte deformation as a potential will reduce the mechanical stresses and applied 

forces on it, which leads to minimising the internal hydrostatic pressure increased during 

injection. Consequently, this leads to minimisation of the mechanical damage during 

injection which therefore reduces the chance of deformations and, therefore, failures of 

the procedure occurring. Despite the improvements in the literature with the objective of 

minimizing the cell deformation during the injection task, the actual role of cell 

deformation from either a negative or positive point of view remains deficient in the 

literature. So in this chapter, initially, a theory is developed to analyse the geometrical 

aspects of the injection procedure. Then the experiments are conducted to validate the 

hypothesis and theoretical model. 
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3.2 Deformation theoretical analysis  
 

As mentioned earlier, this chapter mainly focuses on analysis of the shape and 

geometry of an oocyte before and at the time of injection to illustrate deformation creation 

and its effects on the cell during the penetration of the cell membranes. During cell 

injection, the microinjector moves toward the grasped cell. The injection time is defined 

for the duration when the microinjector pushes the membrane until penetration happens.  

When the injector moves towards the cell as shown in Figure 3-1, it then pushes the cell 

towards the holding pipette. At this stage, the pipette holder acts as a supporting wall 

which provides the counter balance force to the injection force. There are a few 

mechanical damages during the injection which causes the degeneration of the cell after 

being fertilised. Consequently, modelling of this procedure and analysing the cell 

deformation plays important roles in recognising the deficiencies and solving the 

problems. This chapter explains the mechanical behaviour of the cell membrane under 

uniform hydrostatic pressure subject to microinjection. 

There are some assumptions for the modelling of the cells as follows:  

• deformed cell membrane is axisymmetric; 

• two outer membranes are assumed for each cell named as the zona pellucida and 

oolemma;  

• the inner layer encapsulates the cytoplasm;  

• the cytoplasm is incompressible, so the total volume does not change; 

• flexural rigidity is negligible and the membrane stretches during the deformation; 

• there are no initial stresses on the membrane; and  

• cell behaviour is linearly elastic. 
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Deformation occurs during the time the needle touches the outer membrane of the 

oocyte (ZP). The main created deformation on the cell happens on the oolemma layer as 

deformation on Zona pellucida is negligible. Consequently, this mechanical model is 

focused on the deformation of the oolemma which is causing the post emission after 

needle removal. The deformation is analysed in two dimensional form from the vision 

obtained from cell injection and demonstrated in three dimensional form to provide better 

understanding of the phenomenon that happens in this procedure. 

The deformation causes elasticity in the membrane of the cell. This elasticity 

varies in different sections of the cell during the injection. The elongation in the 

membrane nearer to the injection pipette is greater in comparison to other sites. This 

means that the membrane enters the plastic region of its material, behaviour which is not 

willing to revert the deformation in this section and the funnel is remained remains after 

pipette removal. On the other hand, in the other sites of the cell, the stretches are not 

entering into the plastic region and are willing to return to the original shape. The 

difference between the areas of these two regions causes the emission. 
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Figure 3-1. A human oocyte subjected to the injection in ICSI and induced cell deformation  

 

As mentioned earlier, the internal cytoplasm of the cell is incompressible, so the 

total cell volume does not change during the injection. This would be applicable in 2D 

analysis as the total area of the cell does not change. The membrane stretches during the 

injection once the microinjector creates the deformation. This is because of a created 

triangle at the position of injection.  

The original shape of the cell is considered as a circle. The circumference of this 

circle is the initial length of the membrane before the injection. A rounded rectangle is 

considered to calculate the circumference of the deformed shape as is indicated in Figure 

3-2. This geometry consists of two circular segments and two lengths of rectangle 

deducted by the geometry of triangle. The arc length and perimeter of the deformed cell 

are obtained from Equation 3.1 and 3.2. 

 

The plastic deformation 

occurred in this section 

The plastic deformation 

occurred in this section 
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Figure 3-2. Human oocyte before injection and at the time of injection and variable presentations (Oocyte image 
from [25]) 
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𝑃𝐷𝑒𝑓𝑜𝑟𝑚𝑒𝑑 𝐶𝑒𝑙𝑙 = 2𝑆 + 2 × (2𝑎) − 𝐿 + √𝐿2 + 4𝐻2                                                    (3.2) 

where S is circular segment, L, h and a are indicated in Figure 3-2. The elongation of the 

cell circumference is obtained by the difference between the circumferences of the 

original circle and deformed cell geometry. 

𝑋 = 𝑀𝑒𝑚𝑏𝑟𝑎𝑛𝑒 𝐸𝑙𝑜𝑛𝑔𝑎𝑡𝑖𝑜𝑛 = 𝑃𝑑𝑒𝑓𝑜𝑟𝑚𝑒𝑑 𝑐𝑒𝑙𝑙 − 2𝜋𝑟                                                              (3.3) 

Oocytes are trying to compensate for the elongation after the injector removal. 

Consequently, the membrane applies excess force to the internal cytoplasm which is 

increasing the internal hydrostatic pressure which it is believed would then cause 

cytoplasmic emission to perivitelline space. Figure 3-3 illustrates the amount of the forces 

applied to the internal cytoplasm to compensate this elongation. 

As the cell membranes are viscoelastic material, the Maxwell model is the most 

suitable model to represent this behaviour due to the simplicity of this model. This model 
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consists of Newtonian damper and Hookean elastic spring connected in series. Figure 3-

3(a) exhibited the reaction forces preventing the injector which is the main cause of the 

deformation and Figure 3-3(b) illustrates the compensation forces to recover the elasticity 

of the [72]. 

 

Figure 3-3. Schematic view of membrane reaction and created forces due to deformation [72] 

The total force on each element exerted on the membrane is shown in Equation 3.4. 

𝐹 = 𝐾𝑋 + 𝐶
𝑑𝑥

𝑑𝑡
                                 (3.4) 

where C and K are damping and spring constants. The exerted force on the membrane is 

located on the surface of a circle which provides an angle between forces in the vicinity 

which blocks as is indicated in Figure 3-4. The resultant of these forces is the amount of 

force exerted on the cytoplasm to recover the deformation which causes emission. 

a 

b 
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Figure 3-4. Force analysis on membrane and resultant force acting on the cytoplasm inside the cell 

 

𝐹𝑒 = √(𝐹𝑐𝑜𝑠𝛽)2 + (𝐹𝑐𝑜𝑠𝛼)2                                                (3.5) 

 

Fe is the force exerted to the cytoplasm caused by the membrane during the 

compensation phase. Next, in the 3D analysis section, the overall cell membrane volume 

is considered as fully spherical before loading with a radius of r before it is compressed. 

Consequently, the volume of the cell is as mentioned in Equation 3.6. This volume also 

indicates the total volume of the cytoplasm which is not compressible. The cell inner 

structure is uniform and the shape of the compressed cell remains axisymmetric during 

injection. 

𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝐶𝑦𝑡𝑜𝑝𝑙𝑎𝑠𝑚 = 𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝐶𝑒𝑙𝑙 =
4

3
𝜋𝑅3                                       (3.6) 

During the injection, the micro injector occupies a certain amount of volume by 

pressing the membrane towards the centre of the cell. This volume has a similar geometry 

to a cone. Consequently, the total volume of the new geometry is the addition of the initial 

volume and exerted cone volume as indicated in equation. 
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Figure 3-5. Schematic view of deformed cell after injection and variable presentations 

 

Figure 3-5 indicates the schematic view of the compressed cell under injection. 

Point A illustrates the centre of the un-deformed cell and point B indicates the centre of 

new geometry created at the time of penetration. The cell is in contact with the support, 

which is holding pipette here, at point C. The parameters R and R’ is the radius of the un-

deformed and deformed cell respectively. As it is illustrated in Figure 3-5, a, h, and d are 

contact radius, lateral extension and injection depth respectively. The lateral surface 

profile is considered as spherical geometry. By utilising the variables mentioned earlier, 

the surface area of cell can be obtained from the following [51]: 

𝑑𝐴 = ∫ (𝑅′𝑑𝜃)
360

0
. (𝑅′𝑐𝑜𝑠𝜃)𝑑𝜗                                                     (3.7) 

𝐴𝑇 = 4𝜋𝑅′2
𝑅−𝑑

√𝑅′2−(𝑅−𝑑)2
𝑐𝑜𝑠𝜃                                                                                      (3.8) 

where AT is the total surface of the capsule under injection at the time of penetration. 

However, this is not showing the surface area of the cell in 3D. The total surface area of 

the cell at this time is the subtraction of total surface from the cone base and addition to 
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the surrounding the cone. Equation 3.9 indicates the total surface area of the cell at the 

time of piercing. 

𝐴𝐶𝑒𝑙𝑙 = 4𝜋𝑅′2
𝑅−𝑑

√𝑅′2−(𝑅−𝑑)2
𝑐𝑜𝑠𝜃 + 𝜋

𝐿

2
(√𝐻2 + 𝐿

2⁄
2
)                                                             (3.9) 

The new surface area of the cell is demonstrating the expansion of the membrane 

due to deformation.  The volume of the capsule is determined from this as following: 

𝑉 = 2𝜋 [𝑅′2(𝑅 − 𝑑) −
(𝑅−𝑑)3

3
] − 𝜋 (

𝐿

2
)
2 𝐻

3
                                                                    (3.10) 

Due to volume balance and consistency of the cytoplasm as it is incompressible, 

the obtained volume in the equation should be equal to the initial volume of the total 

cytoplasm before injection. So: 

𝑉 = 2𝜋 [𝑅′2(𝑅 − 𝑑) −
(𝑅−𝑑)3

3
] − 𝜋 (

𝐿

2
)
2 𝐻

3
−

4

3
𝜋𝑅3 = 0                                             (3.11) 

For a biological cell as a soft material under the injection, the volume of the 

penetration path will be reduced. However, this volume reduction is transferred to the 

later surface side which is initially compression free and causes extension of the lateral 

surface. This extension causes stresses on the membrane.  

As the wall thickness of the cell is small in comparison to the diameter (r/t>10) 

and the internal pressure exceeds the external pressure, thin shell theory is applied for the 

analysis of the stress which is caused by changing the surface area of the cell during 

penetration. The membrane of the cell is subjected to uniform tensile stresses in all 

directions as illustrated in Figure 3-6. 
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Figure 3-6. Exerted stresses on the cell membrane  

 

Similarly, as mentioned in the previous section, it has been reported that the 

membrane of the cell is either viscoelastic or hyperelastic. In the majority of the area, 

further to the penetration point, the surface tension exists in the elastic zone of the oocyte 

membrane; then after removal of the external force, the membrane reverts to the original 

shape, which is the major cause of emission. Consequently, the distribution of the stress 

and strain in the deformed membrane is not uniform. The outer limits of the deformed 

area tolerate maximum stress in the membrane. At the dimple top, therefore, the 

membrane strain was equivalent to zero. On the deformed cell membrane, as shown in 

Figure 3-7, the strain membrane is on the top of the deformed shape at its most extreme 

and gradually reduces alongside the arched boundary towards the location of the injection. 

The stress is at its maximum level in the location of the injection and gradually decreases 

to its minimum level at the top of the dimple. 
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Figure 3-7. (a) Distribution of stress and strain in deformed membrane (b) parameters description [49] 

As a result the stress applied to the cell due to expansion of membrane during the injection 

is: 

𝜎1 = 𝜎2 =
𝐹𝐻𝑦𝑑𝑟𝑜𝑠𝑡𝑎𝑡𝑖𝑐 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒

𝐴
                                                             (3.12) 

where A is the extended area. The exerted force on the surface is calculated from the 

following: 

𝐹 = 𝜎. 𝑑𝐴 = 𝜎. 𝑑𝑋. 𝑑𝑋                                                         (3.13) 

where dX is the elongation of the membrane in each direction.         

 

               

3.3 Experimental results 
 

In this section, the hypothesis is examined based on testing the theory and also 

real-time experiments.  Analysing the deformation using the developed theory was 

facilitated by using ImageJ software. As illustrated in Figure 3-5, all required dimensions 

of both geometry of the original oocyte and at the time of injection were examined and 
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recorded. The obtained results indicates that the overall surface extension of the cell 

during injection is 25±7% which is a considerable figure. This means the membrane will 

need to compensate for the extension of the cell in the elastic area which will cause 

emission of the cytoplasm from the injection hole as the membrane in the plastic zone is 

not compensated. 

A series of experiments was conducted to demonstrate the effect of deformation 

on increasing internal hydrostatic pressure [50] which will cause cytoplasm discharge and 

validate the hypothesis of this research which was the negative effect of the deformation 

on cell survival in cell injections. To examine the emission of the cytoplasm due to 

deformation creation, low injection speeds were proposed by to inject a zebrafish cell. It 

should be noted that the selected injection speeds for this experiment are not the optimised 

speed which is suitable for injection. The aim was to select slow speeds to verify the 

deformation effects.  

 The zebrafish is an appropriate model for the human oocyte in terms of the 

response and mechanical behaviour. The cells were treated with standard embryo 

preparation procedures [52] and examined randomly to generalise any effect that may 

cause any defect. The zebrafish embryos were at the stage of six to seven hours after 

fertilization.  

In this experiment, two sets of zebra fish embryos were injected with constant 

speed of 50, 100, and 200µm/s and the force and deformation recorded. The experimental 

setup comprises of a precision injection system integrated with an accurate and sensitive 

loadcell to measure the indenting force of a zebrafish embryo. A data acquisition device 

is employed to convert the analogue outputs from the loadcell to digital. The obtained 
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data are analysed using computer software and raw data has been defined as the force 

unit. Figure 3-8 demonstrates the schematic of the experimental set up. 

 

Figure 3-8. Schematic sketch of test rig for deformation experiments 

 

During the experiments, the random selected zebrafish embryo was placed under 

the focal zone of microscope and held in place using 2.5KPa negative pressure through a 

holding micropipette. The embryos were injected automatically using constant injection 

speed controlled by a fully automated injection system and injection force recorded using 

a SS2 Sherborne Ultra Low Force sensor with a capacity of 0.5886 N and resolution of 1 

mN which is utilised for measuring the membrane reaction force during the injection. The 

amount of deformation and force are analysed using computer aided software. The 

amount of deformation is the same as the distance travelled by the micropipette from the 

moment the chorion is touched till the moment the reported force suddenly drops.  

The zebrafish embryos exhibited in Figure 3-9 illustrate the three experimental 

sets. Two captured images on each set are shown which demonstrate the moment before 

puncturing, the time of puncture, and the graph of force deformation. As illustrated in the 
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figures, the experiments conform to the initial hypothesis which was the negative effect 

of deformation. Additionally theory justified the extension of the membrane during the 

injection due to deformation. The graph of force-deformation demonstrates the behaviour 

during deformation creation in three different speeds. Also it reports the value of 

deformation when the injection speed increases. Figure 3-9 a visually exhibits the amount 

of cytoplasm emission after puncturing in the lowest speed. This amount is reduced while 

the deformation is reduced by increasing the injection speed. 

  

   

  

Figure 3-9. Experimental results of the deformation creation due to various speed 
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Additionally, Figure 3-9 illustrates that the higher speed causes less deformation 

which produces less emitted cytoplasm. Figure 3-9(a) has the lowest speed in the 

experiment which has higher deformation. Also, the injection force is higher in 

comparison to other injection speeds. This illustrates that greater deformation is providing 

less injection force. However, the differences between the injection forces are not large 

as illustrated in the following table: 

Table 3-1 deformation creation results based on various speed and comparison of the reduction in deformation and 
force increase by changing the speed 

Injection speed 
(µm/s) 

Deformation Force  

Magnitude  Reduction Magnitude Increase  

50 375 µm 0% 1170 µN 0% 

100 340 µm  10% 1240 µN 6% 

200 310 µm 21% 1265 µN 7% 

 

In table 3-1, the deformation reduces initially to 10% of the original deformation 

where it is created by the injection speed of 50µm/s. Then, by doubling the speed, this 

deformation decreases to 21%. This reduction is an important step to minimise cytoplasm 

leakage due to deformation. On the other hand the injection force increases initially by 

6% and 7% with respect to the recorded force in 50um/s injection speed. The emission of 

the cytoplasm in the images recorded from the experiments is as indicated in the Figure 

3-9(b). The greater amount of cytoplasm emitted from the lowest speed injection is while 

this is decreased by increasing the injection speed which is results in deformation 

decrease.  

Once the external force is removed from the cell, the elastic part tries to 

compensate for the stretches. As two phases occur in the cell, the elastic sections go back 

to their original place and the plastic section remains. So the differences between the areas 
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will be equivalent to the amount of area that is emitted from the wound created by the 

injector. 

3.4 Conclusion 
 

 Cell deformation is a dynamical response to the injection which is highly 

dependent on dynamical factors of injection along with cell properties. Understanding the 

effect of deformation is essential to improve the cell injection success rate.  In this chapter, 

cell deformation was analysed theoretically and experiments were conducted to 

demonstrate the negative effect of deformation. Cytoplasm emission is the main 

drawback of induced deformation on the membrane during the injection which causes 

death. Based on the developed theory and experimental data which is employed by theory, 

the membrane surface tension is 25±7% in comparison to the original surface. 

Additionally, decreasing the deformation by 21% by increasing the injection speed causes 

a 7% increase in injection force. The emission of cytoplasm is exhibited by testing 

zebrafish embryos using the same speed sets. This can be a platform for the researcher 

and practitioner to develop their novel methods to overcome this problem with the aim of 

increasing the pregnancy percentage. 
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4.                    CHAPTER 4   
 

THE EFFECTS OF SPEED OF INJECTION ON 

DEFORMATION  

 

 

4.1 Introduction 
 

 Cell deformation during the injection procedure causes increases of the internal 

hydrostatic pressure which may cause degeneration after cytoplasm emission. 

Consequently, it is essential to study the potential factors which cause this deformation 

and methods that assist in minimising this deformation during the injection. Deformation 

of the cell during injection is highly dependent on numerous factors such as cell 

morphology and operation procedure. Dynamic factors are considered as major 

procedural elements which may cause cell damage and lead to degeneration. The injection 

speed, as the main dynamic factors, is considered as the magnitude of the speed at the 

point where the tip of the micropipette touches the outer membrane of the cell (chorion 

here) to the point of piercing. The displacement of the micropipette tip within the referred 

time is exactly equal to the deformation created upon this displacement. This chapter aims 

to recognize the optimum injection speed to feed automated injection procedures to 

minimise the damage during injection. This speed is fully controlled by the operator of 

the injection system. 
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In this section, analysis of injection speed as a significant factor on deformation 

creation is the aim. Here, it is hypothesized that a higher injection speed would cause 

lower deformation although the speed threshold needs to be analysed. A theory, finite 

element (FE) and experiments have been developed and have validated this hypothesis. 

In this chapter, the FE has been developed to be compared with static theory and also 

provide a reliable platform for further research on the cell injections. The material 

properties for this model have been obtained from literature. Further to this, the FE model 

is able to receive the material properties from the experiments to adapt itself for new cells. 

The dynamic section of the theory is developed to propose a unique equation to 

demonstrate the relation between injection force, deformation creation and velocity. This 

equation will predict the cell behaviour by changing the speed.  Finally an experiment has 

been conducted to validate the results obtained from theory and FE. 

 

4.2 Theory development  
 

This research specifically analyses the injection speed, obtained forces and 

induced deformation due to the speed variation. The aim is to propose a method to find 

the optimum injection speed.  This analysis includes theory, FE and experiments to 

demonstrate and predict the mentioned drawbacks. 

The cell injection procedure theory is demonstrated by static and dynamic models. 

The dynamic model is developed to illustrate the relation between speed, deformation and 

injection force to predict the deformation created by using various speeds. The static 



An Autonomous Cell Recognition and Manipulation System for ICSI 

 

46 | P a g e  
 

model is developed to calculate Young’s modulus and explain the cell-needle interaction 

model. 

In the model development, the following assumptions have been considered and 

taken into account for both theory and FE models:  

• the cell is considered as a proper spherical shape; 

• there is a uniform hydrostatic pressure exerting on the cell membrane; 

• the thickness of the cell membrane is considered as uniform thickness, 

homogenous and isotropic before the injection; 

• the cytoplasm inside is defined as incompressible and the cell volume has been 

kept uniform; and 

• the elasticity of the membrane is changing linearly. 

In theory, deformation created on cell membrane depends on external factors 

(dynamics of injection) along with unique characteristics of the individual cell at the 

time of injection. These characteristics are related to the morphological shape of the 

cell and maturation level which varies between cells. Here the demonstrated theory 

focuses on the mentioned factors separately and then relates them together. Elastic 

modulus, as one of the material factors, is considered as an important element 

affecting cell behaviour in response to external load during injection. On the other 

hand, this is an essential factor to be considered in FE modelling.  The Maxwell-

Wiechert model is employed to demonstrate the cell response behaviour. This model 

has both Hookean spring and Newtonian dashpot which represents the elasticity and 

viscousity behaviours of the cells respectively. The adopted Maxwell-Wiechert model 
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contains two standard linear forms of Maxwell parallel to a one spring as 

demonstrated in Figure 4-1. 

 

Figure 4-1. Maxwell-Wiechert Model representation 

During the needle insertion, all elements are compressed by X amount which 

illustrates the value of the deformation. Consequently, the spring and dashpot 

equation is written as: 

𝐹 = 𝐾𝑋        𝑎𝑛𝑑        𝐹 = 𝐶𝑉 = 𝐶
𝑑𝑋

𝑑𝑡
                                                                 (4.1) 

where K and C are spring and dashpot constants respectively. The overall displacement 

on each arm is equivalent. However, the displacement of the spring and dashpot 

individually is equal to the summation of displacements. The force acted on each arm of 

Maxwell is mentioned as following: 

𝐹(𝑡) = 𝐾𝑋𝑡 exp(−
𝐾𝑡

𝐶
)                                           (4.2)                    

where  

𝑋𝑡 = 𝑋𝑠 + 𝑋𝑑                (4.3)            

where Xs and Xd are spring and damper respectively. The resultant force for Maxwell-

Wiechert model is demonstrated as:  

𝐹(𝑡) = 𝐾1𝑋 + 𝐾2𝑋𝑡 exp (−
𝐾2𝑡

𝐶2
⁄ ) + 𝐾3𝑋𝑡exp (−

𝐾3𝑡
𝐶3

⁄ )                               (4.4)          
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As the induced force on each arm applies the same amount to both spring and dashpot, 

then: 

𝐾𝑠𝑋𝑠 = 𝐶𝑑
𝑑𝑋𝑑

𝑑𝑡
                                  (4.5) 

𝐹(𝑡) = 𝐾1𝑋 + 𝐶2𝑉 exp (−
𝐾2𝑡

𝐶2
⁄ ) + 𝐶3Vexp (−

𝐾3𝑡
𝐶3

⁄ )                                                         (4.6) 

Equation 4.6 illustrates the relation between speed, deformation and exerted forces. The 

constant values mentioned in the model have been obtained from the experimental results.  

In dynamical analysis, the material factors are considered for development of the relevant 

equation. In this, the membrane deformation is presented due to applied forces during 

injection. The Point load model has been employed to model this created deformation on 

the membrane. Considering the assumption mentioned earlier, the force balance on the 

membrane surface is modelled using n Newton’s second law. As the injection happens 

with constant speed, the motion is considered as no acceleration. 

∑𝐹 = 𝑚
𝑑𝑉

𝑑𝑡
= 0                                                                                                                                 (4.7) 

As it is illustrated in Figure 4-2, the injection force is balanced by the reaction of the 

internal hydrostatic pressure preventing the injection. This prevention additionally creates 

the stress on membrane. Consequently, Equation 4.8 demonstrates the equilibrium 

condition: 

 

Figure 4-2. The point load model of injection [39] 
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𝐹 = 𝜋𝑟2𝑝 + 𝜎𝑑2𝜋𝑟ℎ
𝑑𝑤

𝑑𝑟
                            (4.8) 

where F is the injection force in N, Fp is the internal pressure acting on the outer 

surface of the artificial oocyte and σ_d is the stress at the injection section. Also the 

dimple profile is changing due to the changing in radius. 

Elastic modulus of the chorion of zebrafish has been calculated to feed the FE 

model. In order to estimate the elastic modulus of the chorion of the zebrafish embryo, a 

bio-membrane mechanical model is proposed in Equation 4.9. This equation assists to 

find in finding the elastic modulus obtained from the information provided by 

experiments. This modulus will feed FE as a material property. The equation is developed 

that indicates the relation between membrane elastic modulus, and force during injection. 

𝐹 =
2𝜋𝐸ℎ𝜔𝑑

3

𝑎2(1−𝜗)
[

3−4𝜁2+𝜁4+2𝑙𝑛𝜁2

(1−𝜁2)(1−𝜁2+𝑙𝑛𝜁2)3
]             (4.9) 

where ζ=c/a; and F is the injection force; H is the membrane thickness (chorion 

thickness); w is deformation depth; a and c are the geometric parameters and have been 

obtained by the image analysis. The membrane thickness is considered as 3 µm; the 

Poisson ratio is considered as 0.5. 

 

4.3 Finite element model 
 

Finite element model development assists the researcher to examine the cell 

reactions by changing the dynamical factors such as speed during the injection regardless 

of real experiments. However, defining the appropriate mechanical properties for the 

relevant cell is the most challenging segment of the FE model development.  
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In this chapter, a three-dimensional finite element model has been developed 

using Abaqus 16.1. This model employed dynamical explicit analysis to simulate 

zebrafish embryo indentation using three different indentation speeds as 100, 600 and 

1000µm/s which are considered as low, medium and high injection speeds.  A number of 

4287 shell elements (S4R elements) have been employed to simulate the embryo; while 

the micropipette and the holding pipette have been simulated as rigid. A finer mesh has 

been used near the contact points of the cell with the micropipette and the holding pipette, 

with mesh density decreasing moving towards the centre of the cell. The minimum 

element length is 8 μm, while the maximum is 40 μm. The thickness associated with the 

shell elements has been set to 3 μm. The cell’s radius is 400 μm, while the micropipette’s 

radius is 30 μm. A 2.5KPa has been applied to the contact area of the holding micropipette 

and cell to make it clamped in the three-dimensional space. 

The general contact algorithm has been utilised to simulate the contact among 

different parts of the model; and the Coulomb friction model has been used with a friction 

coefficient of 0.3. The friction allows maintaining of the position of the cell, avoiding it 

slipping due to the compression force applied by the micropipette. The embryo has been 

simulated as linear elastic with Young’s modulus function of the impact velocity. 
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4.4 Experiment design and test rig 
 

The experimental setup comprises of a precision injection system integrated with 

an accurate and sensitive loadcell to measure the indenting force of a zebrafish embryo. 

A data acquisition device is employed to convert the analogue outputs from the loadcell 

to digital. The obtained data are analysed using computer software and raw data has been 

defined as force unit. A SS2 Sherborne Ultra Low Force Load Cell with capacity of 

0.5886 N and resolution of 1 mN is utilised for measuring the membrane reaction force 

during the injection. Figure 4-3 demonstrates the schematic of the experimental set up. 

 

Figure 4-3. Schematic view of the experiment set up 

During the experiment, a sample dish is placed within the focal zone of 

microscope. Then the oocyte is restrained and the injection pipette is set toward the centre 

of the embryo within a distance from the chorion. This distance allows the injector to 

achieve the desired speed before the tip of the pipette touches the chorion. The 

micropipette stops the motion once the breakage of membrane reports a sudden drop of 

the recoded indentation force. The total deformation and position of the cell were reported 

to the controller using visual feedback [73]. The micropipette movement is controlled for 

various speeds, namely 100 to 1200µm/s. Image 2 indicates periods of the injection for 
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zebrafish. The total amount of micropipette movement during recording force until a 

sudden drop of force is considered as deformation. The data information obtained from 

the experimental model will feed both mechanical and FE models. Hence, the experiment 

results are discussed initially in this chapter. 

 

Figure 4-4. Different stages of the zebrafish embryo injection with a constant speed. This figure indicates the 
deformation creation stages 

 

4.5 Zebrafish embryo collection 
 

 In biological research, some animals' oocytes and embryos are vertebrate models 

as they have exceptional properties compared with other models. The zebrafish embryo 

is a reliable model for the mechanical tests and response behaviour analysis. Additionally, 

it is a dominant model to realize the genes’ role during the development stage. The other 

advantages of the zebrafish embryo are transparency, high productivity and being of a 

decent size for mechanical experiments. Zebrafish embryos are collected freshly with the 

protocol mentioned in guidance for the laboratory use of zebrafish (the zebrafish book as 

reference). The embryo samples were transferred to the laboratory on the days of the 

experiments [52]. 
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4.6 Experimental results 
 

This section will mainly discuss the results obtained from experiments for various 

indentation speeds and discuss the validation of the proposed FE model. The main aim of 

these results is demonstrating the effect of speed on deformation creation and developing 

an analytical model to be validated by the experiments to assist the researchers in 

obtaining the speed effect on deformation without existing biological samples. Figure 4-

5 demonstrates the graphic user interface for controlling the injection system. This GUI 

can control the coarse and fine movement of the stage which assisted enabled us to control 

the speeds. However, the force is also demonstrated on this window to exhibit the force 

increase during the injection procedure. The designed software can be adjusted for 

acceleration, deceleration and speed.  

 

Figure 4-5. The graphic user interface for the injection system 

 

The experimental results are demonstrating the deformation creation on the cell 

during the injection among six sets of different speeds to identify the potential damage to 

Defining the approach 

acceleration and final 

deceleration 

The positional report of the 

tip of micropipette. Injection 

speed, acceleration and jerk 

reporting 

Setting home position 

Force-deformation graph. 

Force is reported by SS2 

Sherborne sensor and 

deformation is the position 

of the pipette from the 

position of first touch 
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the cell while the needle pierces the cell. Table 4-1 compares the deformations created by 

different speeds along with associated forces generated on the membrane utilising variant 

speed. Two experiment sets, five cells each, were carried out for each speed. 

 

Table 4-1 Injection speed, created deformation and indentation force comparison 

 

 

 

 

As is illustrated in Table 4-1, the deformation reduces with the speed increase. On 

the other hand, the indentation force is increased by increasing the speed. However, 

increasing speed may cause an increase in vibration and force fluctuation. This increase 

in force is expected based on the work equations W=F.d. When the deformation is 

decreasing by increasing the speed, the force needs to be increased to compensate. 

Consequently, the deformation is decreased by approximately 35% and forces increased 

by 23%. 

𝑊 = 𝐹. 𝑑 =
1

2
𝑚𝑣2                                                                                                                  (5.10) 

The recorded force is presented versus deformation in Figure 4-6 for six different 

speeds. The noises that occurred during the experiments were filtered. These graphs are 

the average values of the recorded data for different speeds and indicate the behaviour of 

the cells in response to the speed changing. As exhibited here, the fluctuations reported 

Experiment  Speed 
µm/s 

Deformation 
µm 

Indentation 
Force mN 

Set 1 0.05 379.5 1.145 

Set 2 0.1 341 1.23 

Set3 0.2 328.5 1.19 

Set 4 0.4 316 1.26 

Set 5 0.6 281.5 1.335 

Set 6 1 249 1.41 
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on the forces are increased by speed increase. The highest force oscillation is reported in 

1mm/s which makes this speed unsuitable although it minimises the deformation. 

 

 

Figure 4-6. Experimental results for various injection speed 
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The experimental results of the injection speed versus deformation are presented 

in Figure 4-7. These results agree with the developed dynamical model presented in the 

previous section and indicates that a higher speed causes smaller deformation on the 

zebrafish embryo. It can be seen that the rate of the deformation decreases as the injection 

speed increases. The rate of deformation reduction between 0.1 and 0.4 is slow, however, 

the sudden decrease occurs between 0.4 and 1 mm/s.  On the other hand, 1 mm/s causes 

considerable amount of fluctuation, which will be discussed next. Therefore 0.6 mm/s is 

concluded as an optimum speed for zebrafish injection. 

 

 

Figure 4-7. Deformation of Zebrafish embryo using different constant injection speed 
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By increasing speed, the force fluctuation increases which demonstrates the 

greater vibrations during the injection procedure as illustrated in Figure 4-8. The 

fluctuation reported on forces are presented the amount of vibrations during the injection 

as it is illustrated in Figure 4-8. It was expected to face vibration based on the simulation. 

This vibration is considered as lateral and axial vibration. The result of these two types 

of vibration is exhibited by force fluctuation. These fluctuations are growing during speed 

increase. The variation in the forces is acceptable within 25% of total reported force. This 

limitation satisfies the speed with maximum of 0.6µm/s. More fluctuation indicates more 

vibration which may cause cell damages. 

 

Figure 4-8. Force fluctuation obtained from experimental data 
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The Young’s modulus for the chorion has been calculated using equation 4.9. The 

average of this Young modulus will feed the FE to model the cell for injection analysis 

purposes. The results for elastic modulus are consistent and indicate the number of 

1.36±0.23 MPa which is very close to the reported modulus in table 4-2 [72] which is 

1.51±0.07 MPa. 

 

Table 4-2. The comparison between the obtained experimental results from reported information in literature 

Category Stage Mean Modulus Standard Deviation 

Literature  Blastula 1.51 MPa 0.07 MPa 

In-house experiment Blastula 1.32 MPa 0.24 MPa 

 

 

In the previous section, a FE model has been proposed to assist the researcher in 

modelling the injection process and analyse the mechanical factors without actual 

experiments. The material constants as input for this FE model have been received from 

experiments with comparison with literature. For the validation of the model, the 

experiment results of three speeds have been selected, which are 0.1 mm/s, 0.6 mm/s and 

1mm/s. The reason for the selection of these speeds was to validate with the lowest, 

medium and highest speed of injection in our tests to examine the FE model and its 

capability of working in these speed categories within the range of low to high injection 

speed as in Figure 4-9. 
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Figure 4-9 comparison between the results of FE and Experimental for three various speeds 
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Figure 4-10 demonstrates the results obtained from FE for a specific injection 

speed of 0.6µm/s.  Additionally, the real time experiment results are presented to compare 

between experiment and finite element models during the injection. This figure indicates 

the force-deformation graphs for three different speeds examined in the FE model. 

 

Figure 4-10 The FE results for three speeds 

 

The results obtained from FE indicate that the increase in speed is causing less 

deformation and the higher indentation force including more fluctuations. These results 

are close to the results obtained from experiments. 
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4.7 Discussion 
 

The main purpose of this research is analysing the effects of various dynamical 

factors on cell deformation. The developed theory and FE software are validated by 

experiments. In theory development, the coefficients are needed to be calculated using 

experimental results. There are five un-known coefficients mentioned in Equation 4.6. To 

find these coefficients, the data for each experiment considered by its assigned speed were 

imported to MATLAB. Then the average of obtained coefficients for each speed was 

calculated.   The final equation using the retrieved coefficients is demonstrated in 

Equation 4.11. This equation is demonstrating the relation between injection force, 

deformation and velocity. 

𝐹(𝑡) = 0.30𝑋 + 0.125𝑉 exp(−0.356𝑡
0.125⁄ ) + 4.74Vexp (−0.668𝑡

4.74⁄ )        (4.11) 

The developed FE and theory can be adapted for different biological cells 

provided that the properties of the cells have been previously ascertained by different 

experiments. Injection speed, injection force and deformations were the three main 

variables which were discussed in the results section. The results from the experiment 

indicates that by increasing injection speed, force is increased which causes some 

considerable fluctuations. These fluctuations are considered as potential lateral and axial 

vibrations which may cause harm to the cell. This has been visually reported in the FE 

model too. 

An increase in inaction force caused by increasing the speed is causing the 

increasing stress on the membrane. However, there is no report on the negative/positive 

effect of this stress. Figure 4.9 indicates the accuracy of the developed software justified 
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by experiments. This figure explains the behaviour of the FE model which is very similar 

in pattern to the data created experimentally. 

Figure 4-11 illustrates the comparisons between changes in increased force, 

maximum force amplitude ratio and deformation creation among various injection 

speeds. Maximum force amplitude ratio (MFAR) is a ratio of the maximum amplitude 

recorded during the injection to the maximum force reported in the same set which is the 

indentation force. This variable indicates that maximum fluctuation happens during the 

injection which indicates the total force changing based on vibration. A is demonstrated 

in the table, the maximum force amplitude ratio reported is 25% for the first five sets 

which have the injection speed less than 0.6 mm/s. However, it has a dramatic increase 

in set 6 as 55% fluctuations occur during the injection which indicates the high vibrations. 

The indentation force has been increased gently up to 12 % in comparison to 0.05 mm/s 

during the first five sets and has a dramatic jump to 24% in set six. Although the MFAR 

and indentation force have been slightly increased during first five sets, deformation 

decreased by 10% which is almost 100µm for set 5. Although this value is 130µm for set 

6, there is no feasibility of injection for this speed due to high vibrations. 

 

Figure 4-11. The comparison of the results for force amplitude, force increase and deformation 

Set 1 Set 2 set 3 set 4 set 5  set 6

Maximum Force Amplitude Ratio 10% 18% 26% 25% 24% 55%

Increased Force 0% 4% 4% 9% 12% 24%

Reported Deformation 38% 34% 33% 32% 28% 25%
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5.8 Conclusion 
 

 

This chapter illustrates the results obtained to analyse various speed effects on cell 

deformation during the injection. However, it’s been believed that changing the speed 

during the injection may harm the cell. Consequently, it has been decided to apply 

fundamental research to investigate this dynamical factor during injection. The obtained 

results indicate that by increasing the injection speed, the deformation decreases and the 

injection force increases. However, increasing the speed causes additional vibration 

which is considered as a negative aspect.  The optimum speed based on vibration, force 

and deformation consideration is obtained and reported to be 0.6 mm/s. This is reported 

for zebrafish injection as an appropriate mode. However, an FE software and a 

mathematical equation have been developed for the modelling of injections capable of 

expanding for different cell types by changing the Young’s modulus defined in both 

models. Our proposed software is capable of recognising the Young’s modulus after a set 

of injections using defined speed and adapting the FE and Theoretical model with that 

particular cell. The proposed FE model is satisfied by the experiment data environments. 
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5.                    CHAPTER 5   
 

CELL VISION RECOGNITION FOR AUTOMATIC 

MANIPULATION AND POSITIONING  

 

 

5.1 Introduction 
 

 Polar body position detection is a necessary process in the automation of 

micromanipulation systems specifically used in Intra-Cytoplasmic Sperm Injection 

(ICSI) applications. The polar body is an intracellular structure, which accommodates the 

chromosomes, and the injection must not only penetrate this structure but be at the furthest 

point away from it too. This chapter aims to develop a vision recognition system for the 

recognition of the oocyte and its polar body in order to be used to inform the automated 

injection mechanism to avoid the polar body.  The novelty of the chapter is its capability 

to determine the position and orientation of the oocyte and its polar body. The gradient-

weighted Hough transform method was employed for the detection of the location of the 

oocyte and its polar body. Moreover, a new elliptical fitting method was employed for 

size measurement of the polar bodies and oocytes considering potential shape difference 

for the oocytes and polar bodies. The proposed algorithm has been designed to be 

adaptable with typical commercial inverted microscopes with different criteria. The 

successful experimental results for this algorithm produce maximum errors of 5% for 

detection and 10% for reporting respectively. 
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The aim of this chapter is to discuss the previously mentioned methods and the 

process of its development. Image processing techniques will be discussed initially and 

then the proposed detection method will be discussed as a follow up to previous work in 

this area [101]. Experimental results will demonstrate the accuracy of the software. This 

chapter will be concluded by validation of the software. 

 

5.2 Image processing techniques and filtration 
 

 

The new developed software is proposed with the purpose of detecting oocyte and 

polar bodies using the images taken by the microscope camera. The detection is based on 

the microscope’s global reference to find the position and orientation of the polar body 

and oocyte centre point. All the images used in this chapter are from oocytes in metaphase 

II state and taken from different resources. The oocyte was clearly denudated of all excess 

surrounding cumulus. The microscope was adjusted to have a clear view of the cell 

(oocyte) and surrounding (polar body). The oocyte and polar body are commonly circular 

but may be presented as ovular/elliptical with eccentricity values similar to that of a circle 

[101]. The detection procedure has been divided into three stages; as are pre-processing, 

segmentation and feature extraction which will be discussed in the following sections. 

 

5.2.1 Pre-processing 

 

The pre-processing procedure has three stages; conversion of the colour, contrast 

enhancement and spatial filtering. 
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Digital colour images represent the standard colour model. The most common 

model for this is RGB which represents red, green and blue; these are the three principal 

components for each pixel of an image. The level of each of these components identifies 

the colour for each image. For example, a greyscale image is an image for intensity ranges 

from black to white, which indicates equal RGB in each pixel. Greyscale conversion from 

an RGB image would be achieved by Equation 5.1 which makes the level of each 

component equal by averaging the RGB for each pixel and computes the greyscale 

intensity.   

After conversion of RGB image to grayscale image, the obtained images have 

low, medium or high gray values. These values will indicates how dark or light our image 

is. This information can be obtained from the image’s histogram. 

𝐺𝑟𝑒𝑦𝑠𝑐𝑎𝑙𝑒𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 =
𝑅(𝑥,𝑦)+𝐺(𝑥,𝑦)+𝐵(𝑥,𝑦)

3
                                          (5.1) 

Greyscale has different dynamic ranges between the lowest and highest intensity 

level. The lowest intensity of the greyscale represents the low contrast images which 

would be improved by raising the dynamic range to the highest potential limit [103] which 

is managed by the bits number employed to signify each pixel that is also named as the 

bit depth.    

To raise the dynamic range of the image from 0 to 255, the image intensity needs 

to be multiplied by an enhancement factor which is represented in Equation 5.2: 

𝐸𝑓 =
2𝑛−1

𝐺𝑟𝑎𝑦𝑚𝑎𝑥−𝐺𝑟𝑎𝑦𝑚𝑖𝑛
                                                                                                      (5.2) 
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where n represents the number of bits for the greyscale image; 0 taking to 

account as that was the reason 1 was deducted from the nominator. Here 

greyscale images are 8-bit images. The enhanced image, h(f), is calculated 

using Equation 5.3 where the initial image is zero and multiplied by the 

enhancement factor. 

ℎ(𝑓) = (𝑔(𝑓) − 𝑔𝑟𝑒𝑦min)(𝐸𝑓)                                                                                      (5.3) 

This is a filter application in a spatial domain. A filter mask is a neighbourhood 

coefficient which is usually a 3×3 rectangle. The coefficients are varied and are selected 

based on the filter type. The weighted average filter uses the image centre for the highest 

weight coefficient and the rest of the coefficients are weighted inversely as a distance 

function [103]. The weighted average filter is a low-pass filter which is used to wave low 

frequencies and eliminate noises, while minimizing blurring that results in edge 

preservation improvement [103]. The weighted average filter is calculated using Equation 

5.4 which is obtained by dividing the mask into its summation. The weighted average 

filter is obtained by Equation 5.5 which is the two-dimensional correlation filtering (m x 

n) of the initial image; this indicates the summation of the coefficient multiplied by the 

local pixel value to calculate the filtered value in the filter location centre for each image 

pixel.     

𝑤(𝑥, 𝑦) =
1

16
[
1 2 1
2 4 2
1 2 1

]                                                                                                 (5.4) 

𝑅 = 𝑤(1,1)𝑓(𝑥 + 1, 𝑦 + 1) + 𝑤(1,0)𝑓(𝑥 + 1, 𝑦) + ⋯+ 𝑤(0,0)𝑓(𝑥, 𝑦) + ⋯𝑤(−1,−1)𝑓(𝑥 − 1, 𝑦 − 1)        (5.5a)  
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𝑔(𝑥, 𝑦) = ∑ ∑ 𝑤(𝑢, 𝑣)𝑓(𝑥 + 𝑢, 𝑦 + 𝑣) = 𝑤(𝑥, 𝑦)
𝑛

2

−
𝑛

2

𝑚

2

−
𝑚

2

× 𝑓(𝑥, 𝑦)                  (5.5b) 

Figure 5-1 illustrates the mechanics of spatial filtering. The procedure contains 

simple movement of the filter mask from one point to another in an image. The response 

of each point is calculated by a predefined relationship. Weighted smoothing filter is more 

effective compared with the simple smooth spatial filters. It is employed when pixels 

closer to the centre pixel carry higher weighting compared with other pixels which are 

further away from the centre pixel. 

 

Figure 5-1 Mechanics of spatial filtering 
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5.2.2 Segmentation 

 

The gradient thresholding of a single image involves the intensity vector 

derivatives regarding x and y. The edges of the image are the place where there are sudden 

intensity changes [104]. Consequently, the gradient magnitude is employed to distinguish 

the edges by defining the threshold to find a location where the magnitude of the gradient 

is above the value of the threshold. 

 

∇𝑓 = [
𝐺𝑥

𝐺𝑦
] = [

𝜕𝑓

𝜕𝑥
𝜕𝑓

𝜕𝑦

]     ‖∇𝑓‖ = √𝐺𝑥
2 + 𝐺𝑦

2
                                                                 (5.6) 

θ = tan−1 (
𝐺𝑥

𝐺𝑦
)     sin 𝜃 =

𝐺𝑦

‖∇𝑓‖
    cos 𝜃 =

𝐺𝑥

‖∇𝑓‖
                                                           (5.7) 

 

 

where (∇𝑓) is the gradient magnitude which specifies the greatest changes in intensity at 

the pixel. The pixel position and orientation were computed from Equations 5.6 and 5.7. 

 

5.2.3 Feature extraction 

 

The final stage for image processing is feature extraction. In this section, the 

Hough transform method is employed, which is a reliable method for identifying the 

shapes inside the images. This method was initially proposed by Paul Hough in 2008 to 

detect the lines [105]. In the current chapter a circular Hough transform method was used 

for feature extracting of the oocyte in the image as the shape of an oocyte is usually 

circular. A parametric circle equation is used and rearranged to calculate the centre point 
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voted by the edge points, that are planned to parametric space named as an accumulator, 

as shown in Figure 5-2.   

 

Figure 5-2. Circle Illustration in an image and applying Hough transformation to a parameter space which is defined 
as an accumulator 

 

As it is shown in Figure 5-2, the edge points direct a circular object to be 

recognised. Equation 5.8 shows the relationship between the orientation and gradient 

which is employed to obtain the sinθ and cosθ for the vote received for each centre point. 

The obtained vote for the position in the accumulator and the votes’ summation completes 

the plan. As a result, in the presence of any circle in the image, circle detection and centre 

point location would be obtained based on the centre point votes which cluster in a small 

accumulator region and create a maximum region. The centre point is achieved from the 

accumulator employing a centre point detection algorithm. 

 

𝑥0 = 𝑥 − 𝑟𝑐𝑜𝑠𝜃       𝑦0 = 𝑦 − 𝑟𝑠𝑖𝑛𝜃                                                                           (5.8) 

 

 

 



An Autonomous Cell Recognition and Manipulation System for ICSI 

 

71 | P a g e  
 

The weighted Hough transform is a development of the Hough transform method 

which has a different convention for planning to the accumulator. This technique employs 

weighting coefficients for each vote. The gradient based systems consider the magnitude 

of the gradient as the coefficient to plan the accumulator. Consequently, the votes for 

centre point from the sharper edge would have higher weighting coefficients in 

comparison to the other votes which are received from blurred edges. 

In addition, an elliptical fitting method is added to the WHT to recognise an 

elliptical object in case the cell is not a perfect circle. In this method, the centre point has 

been calculated and radius ranges have been defined. The gradient of the image shown as 

Gx and Gy calculates the encapsulated area in a square area. This is twice the maximum 

value for the radius surrounding the centre point of an elliptical item existing in the image. 

The radius vales which are indicated as a and b for an elliptical item, are determined based 

on the location of the maximum value in the accumulator. The values in addition to the 

value of the centre point are employed to fit to the item using elliptical Equations 5.9: 

 𝑟 = √(𝑥 − 𝑥0)2 + (𝑦 − 𝑦0)2      𝑤ℎ𝑒𝑟𝑒    𝑥 = 𝑥0 + 𝑎𝑐𝑜𝑠𝜃     𝑦 = 𝑦0 + 𝑏𝑠𝑖𝑛𝜃        (5.9) 

 

 

5.3 Detecting of polar body and oocyte 
 

 

 

Designing of this software is based on combinations of the methods presented 

earlier in the last section. The images used for the software test were 8-bit JPEG 

compressed RGB images received from different types of inverted microscope cameras. 
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Then, all the images were converted to greyscale layout to save computational time for 

the subsequent steps. Linear contrast enhancement was employed for the purpose of 

raising the dynamic range of the images to achieve better and easier edge detection [106]. 

 

Figure. 5-3 Detection software Process 

 

A 5X5 weighted filter was applied to the images to minimize the presented noises 

in the image and also restrain the granularity presence in the polar body and oocyte. This 

filterisation helps to reduce any possible false detection. The centre point position of the 

polar body and oocyte were detected by employing the weighted circular Hough 

transform method. The obtained gradient magnitudes were used as the weighting 
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coefficient. To minimize the calculation time, a limit is defined by the gradient magnitude 

threshold for the total of the edge points based on the centre point calculation.  

As this software is designed to be compatible for different types of oocyte, the 

radius range for both the oocyte and polar body is to be supplied by the user. This range 

was obtained from the literature for each iteration. The centre point for both the oocyte 

and the polar body were extracted based on the developed algorithm. The microscope’s 

lens’ centre point was taken as the main reference point of the image. The circular Hough 

transform (CHT) was utilised for the oocyte and polar body detection in any position and 

for orientation in the image, which did not need to be in a close neighbourhood area in 

the centre of the image [107]. The elliptical Hough transform (EHT) is employed to detect 

an elliptical shape, in case the oocyte and/or polar body are this shape. It should be noted 

that WHT is also sufficient for detecting the centre point, although EHT increases the 

accuracy of the detection in possible elliptical shapes. 

The sizes of the polar body and oocyte were detected after obtaining the location 

of the centre points. This was used as a combination with the elliptical fitting method, 

which was presented in the last section and recently developed for this specific 

application. The radius for the elliptical fitting for the polar body and oocyte detection 

was determined by considering the specified radius ranges by the user. This method does 

not need the edge of the polar body and oocyte to be identified and has a better fitting in 

comparison to a circular fitting for the elliptical and ovoid shapes; and consequently 

provides more accurate sizing. 

The software is designed, via a graphical user interface (GUI), to get initial 

information from the operator and show the results based on the calculation. This GUI 
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asks about two parameter ranges which enable this software to be compatible with 

different microscopes and different types of oocytes. Then, after pushing the 'RUN' 

button, the specification of the oocyte and polar body is as indicated in Figure 5-4. 

 

                 
Figure 5-4. GUI for the detection software 

 

The output information received from the algorithm fed the proposed system 

about the initial location and positioning of the polar body and Oocyte in global 

coordination. This information indicates the position and the diameter of the Oocyte and 

polar body centres as well as the angle where polar body’s centre positioned with respect 

to positive direction of X-Axis. The image centre is the centre of the microscope vision 

field. 
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Figure 5-5. Processed images and detected oocyte and polar body as well as positional reports 

 

5.4 Experimental results and discussion  
 

 

The experiments were conducted for various images sourced from numerous 

microscopes. The images were considered as input to the software and the software first 

detected the polar body and oocyte. If the polar body was not in the focal zone of the 

microscope, then the software gave a message about not locating a polar body. After the 

confirmation of the correct recognition of the polar body and oocyte, the sizes of the 

oocyte and polar body were computed. The sizes of both the polar body and oocyte were 

measured manually using ImageJ software. ImageJ is a public domain image processing 

programme developed for image analysis in biomedical applications. 

 The algorithm has been tested with different factors that may have an impact on 

the results. eighty images have been tested for each major factor set. Table 5-1 compares 

260 different images taken from different resources. The first row indicates the images 

taken from different microscopes with a different background colour. It shows 100% 

correct detection on these types of sampling test. The second row images of different 
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orientations of a polar body which were taken from the same microscope. The polar 

bodies are located in random locations in the perivitelline space. This test indicates the 

ability of the software to detect orientation and position of the polar body in a space. A 

100% successful detection has been reported for this set as well. The third row shows 

different microscope zooms. This test has been done to check the ability of the software 

to detect the polar body and oocyte under different magnifications. This test also had a 

100% success rate. The last row points out the failure of the software in this type of image; 

this is because the images are blurred and the clarity of the image is so poor. Also there 

are some disturbances in the image which are considered as noises (see Figure 5-12) and 

these were the cause the failures. Despite these disturbances, the oocyte was detected 

successfully and the failures happened just for the polar body detection. 

The algorithm is capable of being adopted by different versions of the inverted 

microscopes. Existing extra cumulus cells are known as disturbance for the outcome of 

this algorithm and may cause some errors in the detection of the polar body due to its 

smaller size. However, the existence of these cells have not had any effect on oocyte 

detection. 

Table 5-1 Comparison table for all tested images 

Description 

Total tested 
images 

Correct Oocyte 
detection 

Correct     
polar body 
detection 

Correct Oocyte 
location 

detection 

Correct polar 
body location 

detection 

different 

background colour 
80 

80 

100% 

80 

100% 

80 

100% 

80 

100% 

Different position 

and orientation 
80 

80 

100% 

80 

100% 

80 

100% 

80 

100% 

Different 

magnification of the 

images 

80 

80 

100% 

80 

100% 

80 

100% 

80 

100% 

Existing the 

disturbance 
20 

20 

100% 

12 

60% 

20 

100% 

12 

60% 
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The quality of an image is indicated by the behaviour of the associated histogram. 

The good quality of an image is defined when the image is bright enough and has a good 

contrast. As a result, the histogram data is a measure of the brightness and contrast as well 

as an indication of the associated dynamic range.  

Each of the analysed categories of the images is indicated separately in the 

following sections. The results are demonstrated using two main methods. The first 

method illustrates the results of the detection and is shown as a naked image, its identity 

which is exhibited by the histogram, and the final detected result from the developed 

algorithm. The second method uses the box and whisker chart demonstration, which 

indicates the differences in the measurements made manually using imageJ and the 

algorithm-based measurement. 

 

5.4.1 Different background colour  

Different microscopes operate with different vision background colours based on 

the type and purpose of the operation. This should be taken into consideration in designing 

the vision detection software. The proposed algorithm is capable to recognise the polar 

body and the oocyte present in different background colours as demonstrated by the 

obtained results. Three different background colours are shown in Figure 5-6. The 

histogram of these colours concentrate on high gray value but not well spread, which is 

due to poor contrast. As a result, during pre-processing of an image, contrast was 

increased. Consequently, this figure illustrates the right detection of the oocyte and polar 

body in each try. 
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Naked Image Histogram of naked Image Processed Image 

  
 

 

  
 

 

  
 

 

 

 

 

Figure. 5-6 Different background colour examined images 

 

Figure 5-7 illustrates the highest difference in manual and software measurement 

belongs to oocyte diameter measurement. As the average oocyte diameter and polar body 

are 140 µm and 20µm respectively, the corresponding maximum error for oocyte 

diameter measurements are approximately 5%±2% and 10%.     
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Figure 5-7. Whisker chart demonstrating differences in measurements in different background colour 

 

 

5.4.2 Different polar body position and orientation 

The oocyte is positioned on the petri dish at random, which results in the random 

positioning of its polar body. The proposed algorithm is capable of detecting the centre 

point of the oocyte and that of its polar body, together with the line that connects these 

two points. The results confirm 100% successful detection of all of the 80 test images. 

Examples of the results are illustrated in Figure 5-8, where the detected images are circled 

by blue lines. 

 

 

 

 

 

0

2

4

6

8

10

12

Oocyte  Diameter Polar body Diameter Oocyte Centre point
Position

PB  Centre point
Position

M
ea

su
rm

en
t 

d
if

fe
re

n
ce

  µ
m



An Autonomous Cell Recognition and Manipulation System for ICSI 

 

80 | P a g e  
 

Naked Image Histogram of naked Image Processed Image 

  
 

 

  
 

 

  
 

 

Figure 5-8. Different polar body positions examined images 

Validation with ImageJ software confirms accuracy of the oocyte and polar body 

diameter and centre point measurements, as shown in Figure 5-9. The figure illustrates 

that the majority of the differences for the oocyte diameter and positioning are less than 

10 µm, and for polar body are approximately 2µm. These are very satisfactory results for 

100% correct detection containing less than 5% error in reporting the measurement. 
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Figure 5-9. Whisker chart demonstrating differences in measurements in different polar body positions 

 

5.4.3 Different zoom and intensity of the images 

After random deposition of an oocyte under the focal zoom of microscope, there 

is a possibility of changing the zooms to find the best zoom for the visualization. 

Consequently, the proposed algorithm has the option of detecting the oocyte position 

under different zooms. Examples are given in figure 5-10. 
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Naked Image Histogram of naked Image Processed Image 

  
 

 

  
 

 

  
 

 

 

Figure 5-10. Different magnifications examined images 

 

The effect of different magnifications used by the microscope was another 

important factor that needed to be considered.  In smaller magnifications the histograms 

show less contrast and less clarity of the oocyte, although the developed algorithm 

successfully fully detected the polar body and oocyte and the majority of the 

measurements are even less than 5% for oocyte and almost 10% for the polar body. The 

error for the polar body may be caused by smaller size in lower magnifications and also 

caused by human error in manual measurements. 
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Figure 5-11. Whisker chart demonstrating differences in measurements in different magnifications 

 

5.4.4 Image disturbance 

Oocyte should be positioned in the focal zone of the microscope without the 

presence of any cumulus. Oocyte denudation is the initial step after oocyte retrieval from 

the patient. If this denudation is not applied properly, the existing cumulus adversely 

affect the quality of the image and also that of the detection. This could be considered as 

a disturbance. In the proposed algorithm the detection success rate for the images that 

include cumulus is approximately 60%. Figure 5-12 demonstrates examples of such 

disturbance causing false detection. 

                                                                                                    

                        

Figure 5-12. Different examined images including disturbance 
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Computational time is another important factor for developing this kind of 

software. The computational time is highly dependent on the quality and size of the image 

based on the pixels. After 80 experiments, the following graph was obtained showing the 

computational time. Figure 5-13 shows the graph of computational time with respect to 

the average size of the images. As it is indicated in the graph, the computational time for 

the images with the average amount of 900 pixels is 1±0.2 seconds. For the majority of 

the acceptable quality images, the computational time is 0.8 seconds, although if the 

number of pixels increases to more than 1000, the computational time suddenly 

significantly increases. This is a very acceptable computational time in comparison to 

similar image development software which takes 12 seconds. 

 

 

Figure 5-13. Computational time of the images based on the size of images 

 

The data obtained from the software have been compared with the manual 

measurements using ImageJ. In ImageJ, the pixel size is calibrated with a reference in the 

image and then the measuring takes place. The differences between the manual 

measurement and the software measurement are indicated in Figure 5-14 for both oocyte 
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and polar body diameter and position measurements. In this algorithm, the maximum 

reported error on measuring the oocyte and polar body diameters in the detection section 

is slightly higher than 8 µm (~ 5% error) and less than 2 µm (~ 8%) respectively. This 

indicates the considerable accuracy in dimension detection. On the other hand, this figure 

describes a high precision in centre point detection which assists in positioning the 

samples after detection. Additionally, the reported errors in three considered factors are 

virtually similar, which indicates the independency of the algorithm from factors 

mentioned in Table 5-1. 

 

Figure 5-14 the measurement errors of the affecting factors 
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5.5 Conclusion  
 

 

In this chapter a vision detection software has been developed for detecting the 

polar body and oocyte position and orientation, as well as measuring their sizes. This 

software is designed to be integrated to the micromanipulation system which designed 

for automated manipulation of the metaphase II oocyte. 

The developed software is well-matched with various inverted microscopes with 

a range of imaging factors. This is the first report of utilising the gradient weighted Hough 

transform in the application of ICSI which also included elliptical fitting. This software 

is able to detect the polar body and oocyte under different magnifications as well as with 

different background colours. The obtained results show a rate of 100% in detecting the 

oocyte and polar body. For polar body it drops to 60% in existing disturbances which is 

caused by disruption in the area of the image and also morphological problems of the 

polar bodies. In terms of measurement, there was a 6% and a 9% error in the oocyte and 

polar body diameter measurements. In addition, there was less than 10 µm and a 2µm 

error in the oocyte and polar body position measurements. The computational time 

decreased considerably, compared with similar software, to 1±0.2 seconds which enables 

the robotic systems to operate in a shorter time domain and be closer to a real time 

application. 
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6.                   CHAPTER 6   
 

A PROPOSED AUTOMATIC 3D CELL MANIPULATION 

SYSTEM 

 

 

 

6.1 Introduction  

 This chapter covers the design and control of a 3D automatic cell manipulation 

and cell injection integrated system. The design of manipulators for moving the oocyte 

through an optimum number of actions will be discussed. Additionally, it is proposed that 

the fully automated injection system will deliver a single sperm into an oocyte.  Inverse 

kinematics, vibration analysis and dynamics are the main analysis tools for the design of 

the manipulators.  In addition, the maximum work volume in the small workspace of the 

microscope will be considered. After discussing the design, the control methods and how 

the manipulators operate in real time will be analysed in the second part of this chapter. 

Current ICSI operation has a number of drawbacks which cause damage such as 

oocyte degeneration to the cell during manipulation and injection. These are not only due 

to the existing injection technology, but are also dependent on the embryologist’s skill. 

The reason for oocyte degeneration is still unclear but is speculated that the main cause 

of the problem is related to the mechanical injection procedure. During this, the micro 

needle induces damage to the zona pellucida (external membrane) by producing 

deformities within the structure.  
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Additionally, there is no agreed protocol for cell manipulation and injection. The 

overall procedure is expensive and the pre/post treatments are an unpleasant experience 

to the patients, where many time-consuming trials may be needed before a successful 

operation leads to fertilisation.  

The operations involved during manipulation and injection of an oocyte are 

greatly responsible for the relatively low ICSI success rate. There is, therefore, a 

compelling case to increase the success rate of the ICSI operation, hence significantly 

reducing the treatment cost and time, while improving the patient’s experience. 

The problem pertains to the method of automating manipulation of an oocyte and 

injection of a single sperm into it during the ICSI operation through the minimisation of 

the mechanical damage caused by the manipulation of cell. Consequently, human errors 

would be decreased considerably, while speed of operation (as an important factor on 

successful outcome) is optimised.   

The current microinjection procedure is manual (through a mechanised system) 

and the tracking is purely through visual observation using images from a microscope. 

This method has no injection force-feedback to give the embryologist (operator) a sensory 

feel for the injection and hence allowing sufficient control over the process. This 

effectively means that the operator has no information while performing the injection 

other than 2D visual feedback which leads to a great deal of human error during the 

process, particularly during the oocyte-needle interaction.  
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Currently, cell manipulation is achieved using the manual joysticks which control the 

micropipette. The manipulations take place using physical pushing of the oocyte until it 

is positioned at the desired location and orientation. The drawbacks include: 

• frequent physical interference/impact with the oocyte; 

• blind injection - lack of sensation during injection; 

• high operational time; 

• lack of control during injection and manipulation which cause damages to cell; 

and 

• no awareness of accurate positional and orientational deployment of sperm into 

oocyte. 

The designed system is capable of manipulating an oocyte from any random 

orientation to a final orientation ready for injection of a single sperm. The system has a 7 

degree-of freedom (DoF) manipulator which delivers the oocyte such that its polar body 

is delivered the desired position and orientation with a minimum number of operations. 

In addition, the proposed system is fully automated for the entire process of the 

manipulation. The manipulation and injection of the oocyte is designed to be from the 

same side to allow for a compact design and utilisation of the same micro stage, hence 

saving cost and space.  

The system has the capability of minimising mechanical damages to oocyte due 

to injection. This is achieved by calculating the optimum injection speed through its 

injection force feedback system, and accurately identifying the exact location within the 

oocyte for sperm delivery. A vision recognition algorithm has been developed to detect 
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the oocyte and its associated polar body such that their accurate positional information 

can be used by the manipulator arms to determine the optimum manipulation trajectory.  

This is the first reporting of a fully automated and integrated manipulation and 

injection system that is capable of minimising mechanical damage to the oocyte, hence 

increasing the success rate. The system has the potential capability of simultaneous 

injection of sperms into multiple oocytes. 

The main features and advantages of the proposed system are as follows: 

• Greater success rates of the ICSI process due to minimised mechanical damage 

due to oocyte deformation. 

• Elimination of human error through the introduction of fully automated system 

leading to increased consistency in the process. 

• Measurable environment due to feedback given via sensors throughout the 

process. 

• Capability for simultaneous injection of multiple oocytes, therefore reduced costs. 

• Cell manipulation with a minimum number of operations (contact touch limitation 

during manipulation). 

• Capability of high speed processes of detection, manipulation and injection. 

• Simplification of the process to allow for less skilled operators to be employed 

reducing the need for the presence of embryologist. 

• Fully controlled injection procedure to avoid delivery of toxic material within the 

cell. 

• Fully adoptable to the consumables used in current practice and available in the 

market.  
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• Adaptable to all microscopes and other vision systems within ICSI laboratories. 

 

8.2 System architecture  
 

 

The proposed system is totally different to existing conventional ICSI systems in 

the market. The initial step is cell manipulation and then injection takes place after the 

oocyte delivery to a stationary holder. 

The proposed system consists of four main sections which work in collaboration 

An in-house designed novel two-armed robotic manipulator is assembled on a three-

dimensional micro controlled stage system (8MT167 motorised stages, Standa Ltd.) to 

manipulate a single oocyte and deliver it to re-position the cell in the stationary holder in 

the correct orientation through a minimum number of oocyte interactions and trajectories. 

The other section is an in-house designed integrated automated injector which conducts 

the injection through optimum approaches. The advantage of this system is operation of 

the manipulation and the injection in one unit which makes the system compact. The 

manipulator is attached to a controller which is controlled by in-house designed an 

integrated vision recognition algorithm for real-time visual servoing which detects the 

polar body and oocyte position and orientation and provides the initial coordinates to the 

controller. The manipulator delivers the oocyte after manipulation to a stationary holder 

(RI manual manipulator).  The proposed system is fully adoptable to the consumables 

used in current practice and available in the market. 
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Figure 6-1. Views of the proposed Auto ICSI system: (Top right) - Schematic diagram of the system, (top left) – 
manipulation and injection system view, (Bottom left) - the manipulator system, (Bottom right) - the manipulator 

system integrated with an inverted microscope 

 

6.2.1 Manipulator Architecture 

The manipulator contains two identical arms. It operates on two modes of coarse 

and fine movement. To provide linear movement in coarse motion, a hybrid stepper motor 

(RVFM MY5602 Mini Hybrid Stepper Motor Size 14) is employed on the arm which is 

connected to a lead screw with 1 mm pitch. The main advantage of using the stepper 

motor is to eliminate the necessity of having an encoder, as it can be controlled in an 

open-loop manner by controlling the steps, as there is a chance of missing a step. The 

proposed and selected stepper motor is highly accurate and has low noise and low inertia. 

The step angle of this stepper motor is 1.8 degree/step with the holding torque of 8 N-cm.  
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This stepper motor is connected to the linear lead screw fastened by a coupler. A 

single small-sized platform has been assembled on the lead screw on top of a metallic 

guide to avoid any disorientation. The platform moves forward and backward by rotation 

of the lead screw. The lead-screw can bend 0.5 mm over 1 m.  

As already mentioned, each step of the stepper motor is rotating 1.8 degrees of a 

circle which defines the whole circle as taking 200 steps. A micro-stepping driver can be 

employed in conjunction with the stepper controller in case a smaller angle is required. 

However, there is no need for micro stepping as that may add errors to the system which 

is not acceptable. As the pitch for the lead-screw is 1 mm, then each step will operate with 

the movement of 5µm transitionally calculated in Equation 6.1.  Consequently, each step 

would provide a linear movement of 5µm. This is a big value for a micromanipulation 

operation. Therefore, the arm motion is employed for coarse motions. Fine motions are 

covered by the motorised stage, which has the accuracy of 1 µm and the whole 

manipulator is assembled on it. 

𝑤ℎ𝑜𝑙𝑒 𝑟𝑒𝑣𝑜𝑙𝑢𝑡𝑖𝑜𝑛 = 360 𝑑𝑒𝑔𝑟𝑒𝑒𝑠 = 200 𝑠𝑡𝑒𝑝𝑠 = 1 𝑚𝑚 →                        

  𝑠𝑖𝑛𝑔𝑙𝑒 𝑠𝑡𝑒𝑝 =
1

200
 𝑚𝑚 = 5𝜇𝑚                                                                                 (6.1) 

The rotational movement of the cell is provided by a servo motor (Dynamixel 

MX-28R Robot Actuator) on each arm.  Each cell is held by negative pressure with a 

commercial micro-holder. This holder is connected to the servo motor through a suction 

chamber for the purpose of rotational manipulation. The micro-holder is inserted into a 

hollow shaft through an adaptor made of rubber where the shaft is placed in a vacuum 

chamber to prevent any leakage of air. This is significant as any air loss will cause a 

reduction in the negative pressure and end with the loss of the cell. Thus, the vacuum area 
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is absolutely sealed to waive this problem. The vacuum is created in the chamber by using 

three suction pipes attached to the top of the chamber which is connected to the 

controllable dynamic suction pump. The shaft is then connected to the servo motor on the 

other end. This has the responsibility of providing the rotational movement of the micro-

holder ±180 degrees. The vacuum chamber is assembled on the platform which is built 

on the lead screw with a guide which moves based on the rotation of the lead screw.  

The system is designed based on clinical health and safety and ethics. 

Consequently, for each patient a single micro holder should be used and after the 

operation, the used micro-holder should be replaced with a new one. This is essential for 

the prevention of contamination between patients. As a result, the method of assembly 

and disassembly of these micro-holders should be easy for the operator. 

 

6.2.2 Injector Architecture 

The injector is designed on the same manipulator’s case. This design enables cell 

injection from the same side as conducted cell manipulation. The injector is developed to 

operate in two modes, coarse and fine movement. The coarse movement provides a 

sudden expansion of an actuator (Actuonix L05 Micro Linear Actuator) after 

manipulation is conducted. The actuator is secured safely on the stage and the Injection 

Holder (for Pneumatic Injector, HI-9) is assembled on it. The fine movement of the 

injector is supported by the three-axis stage with the accuracy of 1um during the injection. 

The injection process uses the information received from the research which were 

conducted in Chapter 4. 
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Figure 6-2 the injector assembled on the system 

 

6.2.2 Vision Architecture 

The detail of the vision algorithm is mentioned in Chapter 5. The vision algorithm 

is run in the master computer using Matlab software as the running platform where the 

microscope camera (Bestscope camera, BUC1B-320C) is connected. An initial photo shot 

is taken to identify the oocyte and polar body using the inverted microscope (BestScope 

BS-2090 Inverted Biological Microscope). 

 

6.3 System functionality   
 

The proposed system is a compact design which provides manipulation and 

injection as one unit from one side. However, it sustains the conventional ICSI which is 

delivering the sperm inside an oocyte from the same side. The operation of the system is 

Injector holder 

Manipulator 
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fully automated after receiving the start order from operator. The system functionality is 

divided into four main steps, cell deposition, cell recognition, cell manipulation and 

delivery to stationary holder, and, finally, the cell injection. The sperm allocation for the 

injector is not covered in this thesis.  

The AutoICSI operation starts when an oocyte is randomly deposited in the focal 

zone of microscope. It should be noted that the oocyte should be in metaphase II (which 

shows its maturity) and denuded from the excess cumulus prior this step. Then the 

automated cell recognition begins. Polar body position and orientation are recognised and 

the locational information of the polar body and oocyte is provided to the controller of 

the manipulator. This is the initial operation which contributes significantly to the success 

of the manipulator. Then the system requests the final orientation information from the 

user. This process will take up to 2 seconds for detecting and calculating the positions of 

the centre points for the oocyte and polar body (detailed explanation is in Chapter 4). 

After receiving the initial information and finalising the calculation, one of the arms 

which is considered to have a better approach to the cell depending on the positional 

situation of the polar body starts the grasping approach.  

The two arms of the manipulator are perpendicular to each other as it is 

demonstrated in Figure 6-4. Consequently, each arm covers two rotational degrees of 

freedom which leads to final 3D manipulations. The system is designed to manipulate 

with two minimum operations if the polar body is detected correctly and a maximum of 

four, if not. Incorrect polarbody detection is caused by confusion in the polar body 

orientation which may be on either the top or bottom of the cell’s hemisphere. This is 

because of transparency of the cell and using inverted vision system. 
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After 2D manipulation of the first arm, the cell is delivered to the second arm for 

final manipulation. This will cover another two dimensions which are perpendicular to 

the initial ones. For the approach trajectory, it is essential to detect the correct position of 

polar body. There are three possibilities for the polar body’s position under the focal zone 

of the microscope, which are as follows: 

• Polar body is visible and detected correctly by the software; 

• Polar body is not visible; 

• Polar body is detected wrongly. 

In each of the above conditions, a specific operation is defined for the system. If 

the polar body is visible and detected correctly, then the standard procedure takes place 

and the main operation starts. If the polar body is not visible, then one of the manipulators 

manipulates the oocytes 90 degrees and examines the new position and orientation by 

taking an image again. This procedure repeats until the polar body is brought into the 

vision field of the microscope. Once it is detected, the main operation starts. For the last 

stage of polar body detection, the user needs to confirm if the system has detected the 

polar body correctly. If the polar body is detected incorrectly and the user does not verify 

the detection, the software repeats the examinations and selects the alternative potential 

features which could be considered if the polar body does not exist in the image. The 

main operation starts once a polar body is detected. 

After finalising the manipulation steps of the oocyte, the cell is delivered to the 

host stationary holder which is defined for the system as the final point and the injection 

procedure starts. The injection is based on the optimum speed found in Chapter 5. Once 

the manipulation is concluded, the arms are returned to the home position and then the 
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injector deck expands to conduct the injection. It is essential to identify the final location 

of the sperm delivery which can be selected by the user. Sperm deposition plays an 

important role in the success rate of the ICSI. Once this is selected, the system delivers to 

the aimed location with minimum damage to the cell using optimum factors. Additionally, 

the delivery system controls the deposition to avoid any extra PVP (toxic material to the 

oocyte which is used to slow down the sperm motion) inserted into the cell. 

The cell is released to be moved to an incubator after conducting the injection. 

The proposed system provides the injection with conditions of 100% humidity and 

temperature control of 37 °C. 

 

6.4 System operational analysis   
 

The main analysis of the operation was focused on developing the optimum 

number of essential operations to manipulate a single oocyte and deliver it to the desired 

place. As was indicated in the system’s architecture section, the two manipulators are 

designed to be perpendicular to each other. Consequently, the developed system is based 

on two main coordinates which are global and local coordinates. The origin of the system 

for global coordinates is defined as the centre of the image. The observed two dimensional 

information is provided to the system to operate the approach trajectory for grasping 

considering final point. All the calculations are based on the global coordinates.  

Each oocyte usually has a circular shape when viewed under the microscope. In 

some exceptional circumstances, the oocyte can be slightly deformed and have an 

elliptical shape. In this research and for manipulation purposes, it is assumed that the 
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oocyte is perfectly spherical and a perfect circle in the images; although the vision system 

is capable of detecting an elliptical cell. In the case of an exceptional condition, then the 

mean of the diameters of the elliptical shape is considered as the diameter of the circle. 

The manipulation calculation is about the centre point of the oocyte with respect 

to global coordinates and the polarbody with respect to local coordinates. The polarbody 

centre is located on the perimeter of a sphere. Consequently, the polarbody centre point 

coordinate needs to be calculated in volumetric dimensions from the information received 

from the image analysis software. Point P in Figure 6-3 illustrates the polarbody centre 

point in 3D and point Q exhibited defines the projection of the polar body centre in two 

dimensions, which is in the view field of the microscope; θ specifies the angle of QO 

(which is the line from the coordinate centre to the point Q) with respect to X axis and φ 

shows the vertical angle of OP (which is the line from the coordinate centre to the point 

P) with respect to Z axis. These angles are essential to understand the exact coordinates 

of the point P in volumetric dimensions. The information of this point in two-dimensions 

is received from image software. 

 

Figure 6-3. The schematic view of the location for polar body centre point in two dimensional and three 
dimensional coordinates 
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The ϴ and r are calculated based on the image post processing. This process 

provides information about the polar body’s centre on the XY plane and in the focal zone 

of the microscope. The dimension to be found is (ρ, ϴ, ф). Thus ф is the only - unknown 

value left and it can be indicated as the following: 

𝑟 = 𝑅𝑠𝑖𝑛ф                                                                                 (6.2a) 

 ф = 𝐴𝑟𝑐𝑠𝑖𝑛(
𝑟

𝑅
)                                       (6.2b) 

x=Rsinϕcosθ ,   y=Rsinϕsinθ  ,    Z=Rcosϕ         (6.2c) 

 

Therefore (X, Y, Z) is the initial centre coordinate of the polar body with respect 

to the centre of the oocyte in volumetric coordinates. This coordinate will help in 

understanding the initial position of the polar body and oocyte. 

As the images were recorded using an inverted microscope, the light passes 

through the transparent cell. Consequently, the polarbody may be located either on the 

top hemisphere of the cell or on the bottom one. The initial hypothesis for the polarbody 

positional coordinate is placed on the top hemisphere. As a result, the system assesses the 

initial hypothesis after the first operation. 

The manipulation operates with the purpose of positioning the polar body in the 

desired location. Each oocyte would be manipulated by two pipettes separately. Each 

micro-holder rotates around its central axis while it holds the oocyte as illustrated in 

Figure 6-4. In terms of making the problem more understandable, we rotate the real 

system 45 degrees as can be seen in Figure 6-4. Each circle locates on a plane 

perpendicular to the manipulator with an appropriate known distance.   
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Figure 6-4. Schematic sketch of the manipulator configurations  

Each manipulator’s operation provides rotational motion for the cell. The centre 

of the polar body rotates on an imaginary circle circumference on each manipulating 

operation. This circle is the result of the intersection of a plane passing through this circle 

and the oocyte (sphere). So there will be two circles created perpendicular to each other 

based on the manipulation. The PB centre will move on these two circles. These two 

circles have intersections with three possibilities which are as follows and shown in 

Figure 6-5: 

• Two intersection points; 

• One intersection point; 

• No intersection point 
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Figure 6-5. Schematic view of circles interactions a. two interaction, b. one interaction, and c. no interaction 

 

The following equations are developed to understand the condition of these two 

imaginary circles with respect to each other. (Xi, Yi, Zi) is calculated and considered as 

the initial point. (Xf, Yf, Zf) is requested from the operator to define the final location of 

the polar body. As a result, two imaginary circles can be created as follows: 

   

𝑋1
2 + 𝑌1

2 = (𝑂𝑄)2 = 𝑟′2                   (6.3a) 

𝑋2
2 + 𝑍2

2 = 𝑟"2                                (6.3b) 

 

The centres of the imaginary circles are located in the centre line where it passes 

through the manipulator. Consequently, (0, 0) is considered to be the circle centre. The 

distance between the planes where the circle is located to the centre of the oocyte is found 

from Equation 6.4. 

𝑅2 = 𝑑2 + 𝑟′2               →  𝑑2 = 𝑅2 − 𝑟′2                                                       (6.4a) 

𝑅2 = 𝑑2 + 𝑟"2               →  𝑑2 = 𝑅2 − 𝑟"2                                         (6.4b) 
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The initial and final points are applicable in equation 6.5a and equation 6.5b 

respectively. So r and r’ are obtained by the substitution of the initial and final coordinates 

into the equations. Y is the common point in both circles. So:  

𝑋1
2 = 𝑟′2 − 𝑌1

2                                                                                                                                       (6.5b)             

𝑍2
2 = 𝑟"2 − 𝑌2

2                                                                                                                                     (6.5b) 

where Y1 and Y2 is equivalent. By substituting the Equation 6.6 into the perimeter 

equation of the sphere which is applicable for all the points. (X0, Y0, Z0) is (0, 0, 0) 

which is the centre of the image.  

(𝑋 − 𝑋0)
2 + (𝑌 − 𝑌0)

2 + (𝑍 − 𝑍0)
2 = 𝑅2                                                                            (6.6) 

Then Y is obtained as in equation 6.7 which assesses the existing interaction 

between circles: 

𝑌 = √𝑟′2 + 𝑟"2 − 𝑅2               {
𝑌 > 0 𝑡ℎ𝑒𝑟𝑒 𝑖𝑠 𝑡𝑤𝑜 𝑖𝑛𝑡𝑒𝑟𝑠𝑒𝑐𝑡𝑖𝑜𝑛 𝑝𝑜𝑖𝑛𝑡

𝑌 = 0 𝑡ℎ𝑒𝑟𝑒 𝑖𝑠 𝑜𝑛𝑙𝑦 𝑜𝑛𝑒 𝑖𝑛𝑡𝑒𝑟𝑠𝑒𝑐𝑡𝑖𝑜𝑛 𝑝𝑜𝑖𝑛𝑡
𝑌 < 0 𝑡ℎ𝑒𝑟𝑒 𝑖𝑠 𝑛𝑜 𝑖𝑛𝑡𝑒𝑟𝑠𝑒𝑐𝑡𝑖𝑜𝑛 𝑝𝑜𝑖𝑛𝑡

}                                          (6.7) 

where r, r’, and R are the first imaginary circle, second imaginary circle, and 

oocyte radius which a were obtained previously. The operation starts once the number of 

interactions becomes clear. For Y>0, the system selects one of these two points and 

develops the grasping approach and manipulation route by employing this point. This is 

similar case to the Y=0. However, if the Y<0, the manipulator rotates the oocyte for 45 

degrees and system repeats the assessing route.  The value of the rotational angle for each 

manipulator is calculated from the following equation: 

∆𝜃 =
∆𝑆

𝑟𝑖
=

2𝑟𝑖

𝑟𝑖
𝑠𝑖𝑛−1 (

𝑑

2𝑟𝑖
) = 2𝑠𝑖𝑛−1 (

𝑑

2𝑟𝑖
)                                                            (6.8)  
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where S is arc length, r is the circle radius and d is the straight-line distance 

between the two points. At the time of initial manipulation, operation of the first arm only 

adjusts the x' and y' coordinates and the Z coordinate remains unchanged. Once the 

operation of the first arm ends, the second arm operation starts and this manipulation 

adjusts the Y'' and Z'' while the X' remains unchanged. Accordingly, after terminating the 

operation, the centre point of polar body is (X', Y'', Z'') which is the required endpoint. 

Please note that this operation is defined only for the initial case which has two 

intersection points. For the other two, a course manipulation of a single arm is added and 

the calculation added to the computation of the centre point coordinates.  

After the manipulating calculation, the system determines the grasping approach 

which is with respect to global coordinates. 

If the cell is not perfectly circle and the manipulator wants to retrieve the oocyte, 

then the calculations indicate the error of: 

𝑅𝐶𝑖𝑟𝑐𝑙𝑒 = 
𝐴+𝐵

2
, 𝑅𝐶𝑖𝑟𝑐𝑙𝑒 − 𝐴 = 𝐸𝑟𝑟𝑜𝑟                                                                          (6.9) 

where A and B are the elliptical dimeters. However, this error can be eliminated 

by grasping the oocyte using negative pressure (suction) through the pipette that can hold 

the cell. On the other hand, if the manipulator reaches the oocyte from point B, then it 

will push the oocyte a little, but that does not have a major effect as the push is not at high 

speed. The grasping data is defined to the manipulator by the following transformational 

matrix demonstrated in Equation 6.10. 
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[
 
 
 
 
 
 
 𝑢2 + (𝑣2 + 𝑤2)𝑐𝑜𝑠𝜃

𝑢2 + 𝑣2 + 𝑤2

𝑢𝑣(1 − 𝑐𝑜𝑠𝜃) − 𝑤√𝑢2 + 𝑣2 + 𝑤2𝑠𝑖𝑛𝜃

𝑢2 + 𝑣2 + 𝑤2

𝑢𝑤(1 − 𝑐𝑜𝑠𝜃) + 𝑣√𝑢2 + 𝑣2 + 𝑤2𝑠𝑖𝑛𝜃

𝑢2 + 𝑣2 + 𝑤2
0

𝑢𝑣(1 − 𝑐𝑜𝑠𝜃) + 𝑤√𝑢2 + 𝑣2 + 𝑤2𝑠𝑖𝑛𝜃

𝑢2 + 𝑣2 + 𝑤2

𝑣2 + (𝑢2 + 𝑤2)𝑐𝑜𝑠𝜃

𝑢2 + 𝑣2 + 𝑤2

𝑢𝑤(1 − 𝑐𝑜𝑠𝜃) − 𝑢√𝑢2 + 𝑣2 + 𝑤2𝑠𝑖𝑛𝜃

𝑢2 + 𝑣2 + 𝑤2
0

𝑢𝑤(1 − 𝑐𝑜𝑠𝜃) − 𝑣√𝑢2 + 𝑣2 + 𝑤2𝑠𝑖𝑛𝜃

𝑢2 + 𝑣2 + 𝑤2

𝑣𝑤(1 − 𝑐𝑜𝑠𝜃) + 𝑣√𝑢2 + 𝑣2 + 𝑤2𝑠𝑖𝑛𝜃

𝑢2 + 𝑣2 + 𝑤2

𝑤2 + (𝑢2 + 𝑣2)𝑐𝑜𝑠𝜃

𝑢2 + 𝑣2 + 𝑤2
0

0 0 0 1]
 
 
 
 
 
 
 

 

          (6.10) 

This matrix indicates rotation of the point (x, y, z) about the vector ⟨u, v, w⟩ by 

the angle θ, where the vector is ⟨0, 1, 0⟩ and θ= ±45°. The outcome of this matrix would 

be a point indicating the position of the centre of the polar body with respect to the new 

rotated origin. Please note that the global origin does not transfer, it just rotates by 45 

Counter Clock Wise (CCW) and Clock Wise (CW). 

Once the manipulation has concluded, the cell is delivered to the stationary holder 

to initiate the injection procedure. After cell deposited to the stationary holder, the 

manipulators return back to home position and the injector expands and the injection 

operates. The expansion of the injector is done by the actuator; however, the final sperm 

deposition is conducted by the movement of the stage with the accuracy of 1µm. The 

injection is happening with the optimum speed obtained in Chapter 4. 

6.5 Results and discussion 
 

This section focuses on the results of the system after the detection conduction. 

Before the operation starts, the final point is received from the operator to devise the 

essential number of operations and the angles of rotation. Table 6-1 indicate the 

calculation received from the software to find the rotational angle. The obtained figures 

from software after the experiments are compared to manual measurements using ImageJ 

software as shown in Figure 6-6.  
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Table 6-1 Inverse kinematic calculations received from system 

 

 

 

 

 

 

 

 

 

 

 
Middle to Final action point 

Xm µm 0 

Zm µm 46.1209 

Xf µm 67.786 

Zf µm 0 

d µm 81.98829 

r µm 67.786 

Rotation 
rad 1.298925 

deg 74.4229 
 

Variable Unit 
Obtained 

results 

r µm 49.677 

R µm 67.786 

θ deg 67.066 

ɸ deg 47.12589 

X µm 19.35766 

Y µm 45.75025 

Z µm 46.1209 

Variable Unit 
Obtained 

results 

r' µm 49.677 

r" µm 67.786 

d' µm 46.1209 

d" µm 49.677 

Intersection point 

Y µm 49.677 

X µm 0 

Z µm 46.1209 

Initial to Middle action 
point 

Xi µm 19.35766 

Yi µm 45.75025 

Xm µm 0 

Ym µm 49.677 

d µm 19.75192 

r µm 49.677 

rotation  
rad 0.400274 

deg 22.934 

Obtained from 

vision 

recognition 

software 
Obtained from 

Equation 6.2 in 

this chapter 

Obtained from 

Equation 6.3 in 

this chapter 

Obtained from 

Equation 6.4 in 

this chapter  

Calculated by the 

system as a part of 

manipulation 

calculation 

Obtained from 

vision recognition 

software 

Calculated by 

system to find the 

intersection point 

Calculated by 

system to obtained 

rotational angle for 

this arm is CCW 

Calculated by 

system to obtain 

rotational angle 

for this arm which 

is CW 

The end point 

requested from 

user 
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Figure 6-6. Manual Analysis of the manipulation calculation 

 

Table 6-2 Comparison of obtained results between manual measurement and system reports 

Variable Unit 
System 

Measurements 
Manual 

Measurements 
Variation  

R µm 67.786 68.812 1.026 

r µm 49.677 50.921 1.244 

θ deg 67.066 68.174 1.108 

Rotation  deg 22.934 21.837 1.097 

 

 

The system operation has been examined for repeatability, accuracy and 

resolution. Each manipulation arm has been separately tested on a rig to ensure the 

accuracy and repeatability as illustrated in Figure 6-7. The fixation method for the test rig 

is similar to the fixation on the case to avoid any environmental effect on the results. 

ImageJ calculations 

to verify the systems 

operation 

 

X 

Y 
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Three different distances were examined with three different speeds selected for the 

motion of the manipulator as slow, medium and high. The results indicate the maximum 

error of 5% in resolution tests. Table 6-3 emphasizes the reliability as the errors are 

absolutely negligible. 

 

Figure 6-7. Demonstration of a single arm for coarse motion and test repeatability, accuracy and resolutions 

 

Table 6-3 Resolution assessment of the system when it is ordered to move a certain displacement and the real 
movement is assessed by ImageJ 

Speed Theory 
Average 

Experiment 
Average 

Error 

0.42 

1 0.986 1% 

5.5 5.458 1% 

10 9.926 1% 

0.75 

1 0.974 3% 

5.5 5.454 1% 

10 9.988 0% 

1.34 

1 0.99 1% 

5.5 5.478 0% 

10 9.978 0% 

 

Vacuum chamber 

Manipulator arm 

Servo motor 

Stepper motor 
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The results indicate the satisfactory resolutions of the manipulator. It should be 

noted that the arm is designed to control the coarse motion and the fine motion is done by 

the stage with the resolution of 1um. The same tests are applied to examine the injector. 

Figure 6-8 indicates the graph of expected displacement of the manipulator based on the 

order and recorded displacement for various expected displacements and different speeds. 

The consistency of the manipulator between different speeds and different periods of 

operation (by examining various travel distance) prove a trusted manipulator for coarse 

motion. The obtained data indicates that a higher speed has a tiny effect on increasing the 

resolution of the system. However, the magnitude of the error for the low speed is still 

insignificant. 

 

Figure 6-8. Comparison between theory and experimental displacement to analyse repeatability, accuracy and 
precision of the system 

 

The repeatability test examines the error which may occur during repeating 

operations. Consequently, the manipulator was ordered to move forward and backward 

for 10 times and for a distance of ±15 mm and the variances of the initial and final location 
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of the stage were recorded. The results indicate differences of 0.01 mm, 0.2mm and 1 mm 

for initial and final points for low, medium and high-speed movement respectively after 

the movement of ten loops. 

Figure 6-8 indicates the repeatability and accuracy and resolution test of the 

injection when it is requested to achieve the target aim. The target aim is defined as a 

location where the success rate is higher based on a reported research.  Figure 6-9(c) 

indicates the current sperm deposition in practice. However, the allocated area which has 

the highest success rate is unapproachable using manual injection due to lack of sensation. 

The proposed system can deposit the sperm in the selected area by operator with the 

higher resolution in compare to the current proposed systems as in figure 6-9 C [138]. 

 

Figure 6-9. a. cell division for sperm deposition, b. deposition of the sperm by practitioners, and c. the fertilization 
success rate % [138] 

 

The system validity tests of the injection section for the set up were conducted 

using microscope scaled micro-ruler and ImageJ analysis. For this experiment, a 

conventional injection pipette (MIC-SLM-35- Origio) assembled to a micropipette holder 

(HI-7, Narishige) and the microscope was focused on 20X zoom on the micro-ruler. The 

target point was defined for the stage. The approach is defined as a straight line, in two 

dimensional and three-dimensional forms. The operation is photographed and the results 
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are obtained from the images as exhibited in Figure 6-10 to demonstrate spatial resolution. 

The images are taken with the same size lens and combined using vision analysis 

software. The distance of displacement is measured by using the scale in the image. 

 

 

 

 

 

 

 

 

 

 

 

Table 6-4 Resolution assessment of the proposed system 

Resolution (Aim 600µm) 

Category 
Low Speed Medium speed High Speed 

Value Variation Value Variation Value Variation 

Linear 602.32 2.32 602.59 2.59 601.22 1.22 

Two-dimensional 
motion 

601.78 1.78 602.12 2.12 600.56 0.56 

Three-Dimensional 
motion 

601.99 1.99 601.98 1.98 602.12 2.12 

Figure 6-10. Accuracy, repeatability and precision tests of the system using injection micropipette, a. the linear 
motion assessment, b. 2D displacement assessment, c. z-axis displacement and return assessment, d. 3D 

displacement and return assessment 
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Analysing the accuracy and resolution of the manipulator is not visually possible 

due to the angle between manipulator arm and the horizontal stage.   However, these 

already mentioned factors have been analysed for coarse motion. The fine motion is 

controlled with the same accuracy as mentioned for the injection pipette as the injector 

and manipulator are controlled with the same source in their fine operation.  Table 6-4 

indicates the average resolution of the system when it is aimed to achieve the 600µm in 

each axis assessing the variation of linear, two dimensional (which is X and Y) and three 

dimensional movements with three different speeds of low, medium and high which are 

0.2 mm/s, 0.4 mm/s and 1 mm/s. The experiments were conducted 5 times on each 

variable and the figures obtained by vision analysis software. However, the maximum 

variation for the system is reported as 2.59µm in resolution which belongs to two-

dimensional movement. 

Table 6-5 Accuracy assessment of the proposed system 

Accuracy (0-600µm) 

Category 
Low Speed Medium speed High Speed 

Value Variation Value Variation Value Variation 

Linear 598.65 1.35 601.25 1.25 602.33 2.33 

Two-dimensional 
motion 

602.01 2.01 603.20 3.20 603.99 3.99 

Three-Dimensional 
motion 

601.30 1.30 603.56 3.56 603.23 3.23 

 

The system is operated in a planned order for a loop of 10 times to approach to 

600µm and return to the home position to evaluate the repeatability of the system. Similar 

to the resolution, this assessment was conducted for linear, two-dimensional and three-

dimensional evaluation of the repeatability employing three different speeds low, medium 

and fast. The visual results exhibited a high accuracy of the system after the loops and the 

software results report the maximum of 3.99µm variation in the final position. 
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 Figure 6-11 and 6-12 indicates the repeatability of the system aiming for 600 

µm. the majority of the results are accommodated between 598-602 µm. The path 

control for this experiment is Point-to-Point. Figure 6-12 confirms a good repeatability 

and good accuracy for the system. 

 

Figure 6-11. Three example of Repeatability assessment 

 

 

 

Figure 6-12. Repeatability test for three different speeds as 1) slow, 2) medium, and 3) fast aiming for 600 µm  

 

The obtained results indicate the high accuracy, repeatability and resolution of the 

system in its fine motion as well as the coarse motion. However, the coarse motion is 
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intended to speed up the grasping approach. The total manipulation and injection operated 

with a high level of accuracy with a maximum error in repeatability of almost 4% for 

humans and less than 1% for Zebrafish, and resolution of 2 % and <1% for human oocyte 

(approximately 100µm in diameter) and zebrafish embryo (approximately 800µm in 

diameter) respectively. 

 

8.8 Conclusion 

 

This chapter focused on developing a seven degree-of-freedom micro manipulating set-

up with the purpose of manipulating an oocyte in the application of ICSI. Currently, 

embryologists manipulate the oocyte manually to position the polar body in the desired 

position and orientation. The proposed manipulating system is configured with two main 

arms which are equipped with actuators and drive systems. The robotic manipulation 

arms are designed in-house and are perpendicular with respect to each other and 45 

degrees to the horizontal. Both manipulator arms are identical and operate independently 

but collaboratively. The accuracy of the system is 1µm in translation and 0.5 degree for 

rotation. 

This system operates using an in-house designed integrated vision recognition algorithm 

for real-time visual servoing which controls the novel two-armed robotic manipulator and 

an integrated automated injector, both in house-designed.  

The designed system is capable of manipulating an oocyte from any random orientation 

to a final orientation ready for injection of a single sperm. The system has a 7 degree-of-

freedom (DoF) manipulator which delivers the oocyte such that its polar body1 assumes 

the desired position and orientation with a minimum number of operations. In addition, 
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the proposed system is fully automated for all steps of the manipulation. The manipulation 

and injection of the oocyte is designed to be from the same side to allow for a compact 

design and utilisation of the same micro stage, hence saving cost and space.  

The system has the capability of minimising mechanical damage to the oocyte due to 

injection. This is achieved by calculating the optimum injection speed through its 

injection force feedback system, and accurately identifying the exact location within the 

oocyte for sperm delivery. A vision recognition algorithm2 has been developed to detect 

the oocyte and its associated polar body such that their accurate positional information 

can be used by the manipulator arms to determine the optimum manipulation trajectory. 

The operation of the system has been discussed in detail in this chapter. The system 

analysis indicates that it operates with high accuracy and high resolution.  
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7.                  CHAPTER 7      
 

CONCLUSION AND FUTURE WORK 

 

 

 

7.1 Introduction  
 

 An automated micromanipulation and microinjection system has been proposed 

in this thesis. This proposed system is a unique system that can operate for both 

manipulation and injection to the human oocyte for the application of an intra-

cytoplasmic sperm injection to minimise the damages and errors occurring during the 

injection procedure. 

 Deformation creation on the oocyte at the injection time was the major deficiency 

of the current systems. In this thesis, deformation analysis was carried out and different 

methods proposed to minimise this deformation. Also different aspects considering the 

mechanical and dynamical factors were analysed. 

 The research aimed to minimise damages by developing a new automated set-up. 

The proposed set-up has 7 degrees of freedom and is able to operate fully automated. The 

manipulation happens based on the information received from sensors and vision analysis 

software; which have been created and developed for this specific application. The main 

objectives of this research are: 



An Autonomous Cell Recognition and Manipulation System for ICSI 

 

117 | P a g e  
 

• analytical analysis of deformation creation;  

• analysis of the effect of the injection speed on deformation creation (analytically 

and experimentally); 

• design an FE model to analyse the speed of injection on force and deformation; 

• develop vision detection software for detecting the oocyte and polar body’s 

position and orientation;   

• develop a conceptual design and analysis of the operation for an automated cell 

manipulation set-up for the application of ICSI. 

• develop a prototype of the design and conduct elementary dynamical tests 

 

7.2 Developed methodology and main results 
 

This thesis proposed a new automated system for cell manipulating initially and 

then for injecting for the deployment of sperm into the desired location in an oocyte in 

ICSI. The main aim of proposing this set-up is to design a system that can minimise the 

damages applied to the oocyte. This system consists of two main manipulators which are 

able to manipulate a single cell. These manipulations proceed using the information 

received from visions software. 

Thus, initially in this thesis, cell deformation at the injection time has been 

analysed in detail and a few methods proposed to minimise this deformation; such as 

angled injection and injection through suctions. 
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The speed of the injection is one of the most important factors affecting the 

creation of deformation, as a dynamic factor. So a series of experiments have been done 

on zebrafish embryos with seven different speeds and the injection force and deformation 

have been measured. It is concluded that a higher speed will result in less deformation; 

although vibrations at very high speed would cause damage to the cell during the 

injection. The penetration force of the injection related to the speed has been recorded. It 

is illustrated that a higher speed causes higher force, which in turn may cause higher stress 

to the membrane. 

New software has been developed to recognise the polar body’s and oocyte’s 

position and orientation. This software is designed to be compatible with different sources 

of microscopes and can recognise the oocyte and polar body accurately. The data obtained 

from this software will feed the manipulation system for operation decisions and route 

planning for the manipulation of the oocyte.  

Due to the limitation of access to samples for testing, and to different methods of 

injection as well as different factors of the injections that affects damages, for speed, an 

FE model was proposed and validated using experimental data. This software is highly 

accurate for predicting the deformation creation during the injection process. 

Finally, a new proposed micromanipulator including a microinjecting system was 

designed by considering the factors which have been analysed through this thesis. The 

micromanipulator is designed to operate with the minimum number of operations to bring 

the polar body into the desired place. Then the injection procedure is carried out 

considering the injecting factors investigated here to minimise the deformation. The 

fabricated porotype of the design is tested dynamically. 
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7.3 Contribution of this thesis 

 

This thesis focused on analysis of deformation as a main mechanical factor of the 

degeneration of the oocyte after a sperm injection in intra-cytoplasmic sperm injection 

application. Following the main aim of minimising this damage, a new proposed system 

has been developed. The research contributions are listed as follows: 

• A conceptual design of a novel automated system to manipulate and inject the 

oocyte in ICSI; 

• Cell deformation and cytoplasm emission analysis; 

• Injection speed analysis for deformation creation to find the optimum injection 

speed; Five different speeds were analysed and concluded that 600 µm/s is the 

most appropriate injection speed as injection with this speed causes less damages 

in comparison with lower speeds and less vibration of the cells in compare to the 

higher speeds;  

• A newly designed and developed vision software for recognising the oocyte and 

polar body; This proposed software is capable of detecting oocyte with a success 

rate of 100% and also detecting the polar body with success rate of 90%. This 

software is also able to recognise the position of the oocyte and polar body in three 

dimensional coordinate system;  

• An FE model developed to analyse different speeds of the injection. This 

developed software, was used to analyse different speed of injection and was 

validated using the experimental results. The obtained results from FE was 
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reasonable based on the experimental results. This software eliminating the need 

of real experiment for speed analysis. 

 

 

7.4 Future directions 
 

The proposed system presented in this thesis has been reported for the first time. 

There is no similar system reported which is able to operate both an injection and 

manipulation in an integrated system. Consequently, it should be further developed and 

enhanced in a number of ways: 

a) By expanding the analysis of the system dynamically and assessing the vibrations 

b) By expanding the methods of injections and experimental validation. 

c) With the integration of an automated sperm selection system (lab-on-a-chip 

device) to the proposed system.   

d) By developing the FE model further to be applicable for other samples, like sheep 

oocytes. 

e) By operating the same speed test for sheep oocytes and expanding the models 

related to it to compare with zebrafish embryos. 

f) The system is now in prototyping stage. Dynamical modelling of the micropipette 

for vibrational analysis needs to be considered [139-140].  However this was out 

of the scope for this research but is essential for further development. 
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9.                 APPENDICES 
 

 

 

Appendix A: Measurement differences between manual and  

  experimental 
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Appendix B: Measurement data for 10 zebrafish embryo experiments 
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1 0.05 377 383 376 388 382 385 381 380 379 371 380.2 

2 0.1 344 358 355 352 344 346 347 346 352 350 349.4 

3 0.2 331 333 325 328 334 325 328 325 330 332 329.1 

4 0.4 315 312 326 322 321 314 319 322 325 325 320.1 

5 0.6 290 291 296 299 289 294 292 299 298 294 294.2 

6 1 265 260 259 260 267 262 263 263 266 265 263 

7 1.2 244 242 235 239 241 242 236 239 238 244 240 
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Appendix C: Deformation creation for 10 experiments for each speed with different embryos 
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Appendix D: Manual measurement of deformation using ImageJ  
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Appendix D: Manual measurement of deformation using ImageJ,  Continued  
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Appendix D: Manual measurement of deformation using ImageJ,  Continued  
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Appendix D: Manual measurement of deformation using ImageJ,  Continued  

 

 
Diameter  

µm 
F  

mN 
H  

µm 
Wd  
µm 

a  
µm 

c 
µm 

E  
Pa 

Image 1 682.472 0.39 3 93.771 147.489 20 1.45E+06 
Image 2 747.024 0.38 3 132.034 210.086 20 1.52E+06 
Image 3 738.61 0.43 3 123.000 186.097 20 1.47E+06 
Image 4 732.025 0.35 3 87.052 141.000 20 1.40E+06 
Image 5 766.504 0.61 3 153.000 195.208 20 1.26E+06 
Image 6 706.078 0.23 3 78.058 126.321 20 8.89E+05 
Image 7 693.026 0.62 3 132.136 186.24 20 1.72E+06 
Image 8 738.878 0.34 3 69.200 111.000 20 1.21E+06 
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Appendix L: Images from FE model for 100 µm/s 
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Appendix M: Images from FE model for 600 µm/s 
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Appendix N: Images from FE model for 1000 µm/s 
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