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Manipulation of Oocytes by Magnetically Driven 

Microrobot on a Chip 

Lin Feng 

Abstract 

This thesis presents on-chip various manipulations of oocyte, in order to improve the 

controllability of a single cell in the biotechnology, this thesis introduces four different 

approaches for a single oocyte manipulation. It includes microbeads loading for potential usage 

of oocytes loading, oocyte enucleation in high-speed with cutting accuracy control, single 

oocytes dispensing system, and also, finally to increase the cutting accuracy and investigate the 

oocyte properties, the orientation control by using Magnetically Driven Microtool (MMT) will 

also be briefly discussed. These methods make the single cell manipulation much easier and 

faster, allow the single cell analysis doing in an easier way and could reduce the burden of the 

operator. 

First, cultivating the cells on the surface of microbead has been widely used as temporal 

scaffolds for cell culture engineering, here, we succeeded in demonstration of the delivery of 

polystyrene beads (100 µm) with the flow velocity of from 0.02 ml/h to 0.04 ml/h and MMT 

frequency from 1 Hz to 6 Hz to adjust the pitch of each micro-bead. The spacing interval of 

microbeads could be mainly adjusted by changing of MMT frequency and the flow velocity of 

output stream. This technique shows the potential usage on on-demand delivery of oocytes. As 

the oocytes is viscoelasticity, which is different from polymer beads, thus further works should 

be studied on this topic. 



 

 

Second, since the delivery of the microbeads and oocytes has been studied, next, a 

microfluidic chip with an MMT for oocyte enucleation is proposed. A microfluidic system was 

specially designed for enucleation, and the microrobot actively controls the local flow-speed 

distribution in the microfluidic chip. The microrobot can adjust fluid resistances in a channel 

and can open or close the channel to control the flow distribution. Analytical modeling was 

conducted to control the fluid speed distribution using the microrobot, and the model was 

experimentally validated. The novelties of the developed microfluidic system are as follows: 

(1) the cutting speed is improved significantly owing to the local fluid flow control; (2) the 

cutting volume of the oocyte can be adjusted so that the oocyte undergoes less damage; and (3) 

the nucleus can be removed properly using the combination of a microrobot and hydrodynamic 

force. Using this device, a minimally invasive enucleation process has been achieved. The 

average enucleation time was 2.5 s and the average removal volume ratio was 20%. The 

proposed new system has the advantages of faster operation speed, higher cutting precision, 

and potential for repeatable enucleation. 

Third, after the enucleation process, enucleated oocytes are dispensed in sequent from the 

microfluidic chip. A pair of capacitance sensors has been placed in a microfluidic chip to detect 

the oocyte, and custom-designed a special buffer zone in the microchannel to decelerate the 

flow velocity and reduce the hydraulic pressure acting on the oocyte. In the buffer zone, a 

semicircular bay, formed by equally spaced micropillars, is used to stop the oocyte at the 

dispensing nozzle hole. Finally, the oocyte is ejected by airflow to the culture array. The novel 

feature of the developed microfluidic system is that the extraordinary improvement in success 

rate is accompanied by a lack of change in oocyte survival rate (as assessed by a comparison of 

survival rates before and after the dispensing procedure). By using this device, we achieved a 



 

 

highly accurate single-oocyte dispensing process with a success rate of 100%. The oocyte 

survival rate is approximately 70%, regardless of whether or not the oocyte is dispensed. The 

newly proposed system has the advantages of high operation speed and potential usage for two-

dimensional micropatterning. In order to achieve continuous oocyte manipulations, all of these 

modules could be considerably consisted into one microfluidic chip. 

Finally, in the study of the oocytes/embryos, as I discussed before like enucleation, 

microinjection in order to increase the success ratio of the fertilization and characteristics study 

of the oocytes, all of these research and clinical applications involve 3-D rotation of mammalian 

oocytes. The gesture or the orientation of the oocyte is critical for improving the enucleation 

success rate, and characteristics investigation of the oocyte. Cell rotation in conventional 

approaches mainly are electrorotation or manual operation by skilled professionals based on 

trial-and-error, repeating the vacuum aspiration and release. The poor reproducibility and 

inconsistency entail a simple and convenient approach for single oocyte rotation. This paper 

reports a 3-D rotational control of bovine oocyte. By using customer designed magnetically 

driven microtool (MMT), the oocyte orientation control could be achieved. Comparing with the 

conventional works, rotation control by using MMT shows great advantage in control accuracy 

and the rotation speed. Orientation with an accuracy of 7°, and the average rotation velocity of 

3 rad/s have been achieved. Rotation by utilizing MMT demonstrated overall out-of-plane and 

in-plane in a quite simple way. And by utilizing this approach, the cell manipulation for cell 

study becomes much easier on investigating single cell characteristics and analysis mechanism 

properties. 
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Chapter 1.   

 

Introduction 

 

 

1.1 Cell Manipulations 

1.1.1 General cell manipulations 

In the last century, the Industrial Revolution was the transition to the new manufacturing 

processes, which is a major turning point in history; almost every aspect of daily life was 

influenced in some way. In particular, average income and population began to exhibit 

unprecedented sustained growth. In this century, people predicted that a new round of technique  
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Figure 1.1 Applications of biotechnology in various fields. 

 

revolution would be the biology revolution. Biologically inspired engineering is a new scientific 

discipline that applies biological principles to develop new engineering solutions for medicine, 

industry, the environment, and many other fields that have previously not been touched. Figure 

1.1 shows the applications of biotechnology in various fields.  

In biology, the study of cell attracted the most attentions, since the cell is the basic structural, 

functional and biological unit of all known living organisms. Cells are the smallest unit of life 

that is classified as a living thing, and are often called the "building blocks of life". Therefore, 

understanding the functions of cells in order to investigate and apply it to enrich human life 

becomes essential. The importance of cell manipulation and cultivation are growing rapidly in 

recent years for various fields, such as drug discovery, regenerative medicine, investigation of  
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Figure 1.2 Classifications of micro / nano world [1]–[7]. 

   

and so on [8]–[12]. Biomanipulations widely used in many applications shows great 

commercial value, over tens of billions of dollars pumped into this field all whole the world. 

Therefore, many researches focus on the methodology to manipulate cells precisely, effectively 

and with high throughput. However, mainly in the cell manipulation world, the dominant factor 

of the conventional Newton equation is totally different in such a small scale from macro-scale 

world since the sizes of the cells are micro/nanometer order. In micro/nanometer size world, 

the volume force such as gravity force and inertia force does not have impact on the actuator, 

while the friction force, adhesion force, viscous force and any other surface forces, which is not 

major force in macro scale world, are emerging more. In order to achieve precise cell 

manipulation, these factors have to be considered carefully. Figure 1.2 shows the size 

classification of micro/nano-world [1]–[7]. 
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Figure 1.3 Cloning process of the sheep “Dolly” [13]. 

   

1.1.2 Cloning technique 

Among the applications of biotechnology, the cloning attracted the most attention. 

Definition of clone in British and World English in Oxford dictionary is biology an organism 

or cell, or group of organisms or cells, produced asexually from one ancestor or stock, to which 

they are genetically identical [14]. Currently, some researches have reached the practical level 

such as a production of monozygotic multiples or clone livestock by splitting of the fertilized 

oocyte, a sexing of fertilized oocyte, and a microinsemination. Moreover, somatic cell cloning 

technologies have been focused on since the development of the sheep “Dolly” made an impact 

on all over the world [13]. Figure 1.3 shows the cloning process of the sheep “Dolly”. These 

researches have been achieved in production of clone animals such as, sheep [15], cattle [16], 
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and pig [17]. The technologies have been attracting attention as an efficient breeding of 

livestock. Additionally, it is possible to produce transgenic livestock effectively by genetic 

manipulation on somatic cells used as donor cells. However the technique used in the cloning 

process has only a limited improvement. Therefore, in this thesis, many new approaches 

proposed to improve the success rate of enucleation process, and complimentary methods like, 

cell loading, cell dispensing, cell orientation control can make the cloning process easier during 

the manipulations. 

 

1.2 Manipulation Approaches 

1.2.1 Contact manipulation 

As mentioned before, in order to achieve the cell manipulation, generally the cell is in 

micron order, therefore complex procedures under the microscopic manipulation is required in 

biotechnology. A micromechanical manipulator with 6-freedom control (Figure 1.4) is widely 

used for medical and life science applications because of its capability of high accuracy, high 

power output, and flexibility of the manipulation. In particular, for oocyte enucleation process, 

a glass capillary is attached onto the micromanipulator, which is commonly carried out 

manually [18]–[21]. The cloning process contains the complex procedures; enucleation, donor 

cell injection, fusion of the original oocyte and the injected donor cell. Such kind of operation 

technique has been used almost 20 years with quite limited improvement. Because the 

manipulators are placed outside of the cell culture environment, letting operation arms inserted 

into the cell operation environment that leads to the cell contamination issues. In addition, there 

are many potential disturbances such as unexpected fluid flow due to the open space and it 

encumbers precise motion. In recent years, researchers achieved cell manipulation in the size 
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Figure 1.4 Conventional mechanical micromanipulator. 

 

of nanometer order by inserting mechanical manipulator into E-SEM environment [22]–[24]. 

The approach allows precise and powerful cell manipulation, even it is used in cutting yeast 

cell. However the operation speed takes time because it effected by the scanning time of ESEM 

system, and also the viability of cell might be significantly affected by harsh environment. 

Meanwhile, such kind precise operation only can be taken a high skilled operator because the 

manipulator has to be controlled in 6 degrees of freedom for micron scale operation. Therefore, 

the success rate, repeatability and productivity tend to depend on the operator’s skill, especially 

for the skilled job like enucleation of oocyte. 

 

1.2.2 Noncontact manipulator 

In order to achieve much more flexible actuation in a closed space, researchers, recently, 

are interesting in the noncontact manipulation of robot, especially for the biology applications. 
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Noncontact methods shows great merits on non-contaminations and remote control. Even like 

doing the surgery, doctor tried to reduce the harm to the human body, and also alleviate the 

suffering of patients. Like that, to study of the cell or the microorganism, researchers are also 

want to reduce the side effects on them. Therefore, many optional methods without contact, 

such as electric force, optical force, acoustic force, and magnetic force have been well studied. 

The actuation principles and related researches are discussed in the following sections. 

 

1.2.2.1 Electrophoresis and dielectrophoresis 

When putting a microparticle or a cell in an electric filed, a force is applied on the particle. 

The force could be Electrophoresis (EP) or Dielectrophoresis (DEP). EP Electrophoresis is the 

motion of dispersed particles relative to a fluid under the influence of a spatially uniform 

electric field [25], [26]. Whereas, DEP is a phenomenon in which a force is exerted on a 

dielectric particle when it is subjected to a non-uniform electric field [27], [28]. Both forces are 

produced by the electrodes fabricated in a microfluidic chip for microparticle or cell 

manipulations. However, the DEP force does not require the particle to be charged. All particles 

exhibit dielectrophoretic activity in the presence of electric fields. Based on the balance of 

permittivity between the particle and medium, the direction of the force on the microparticle is 

determined, and it moves toward high or low field gradient. Therefore, DEP was more widely 

used for microparticle or cell manipulations. The DEP force amount is depend on the balance 

of permittivity of the medium surrounding the microparticle (m), the electric field (Erms), the 

radius of the particle (r). For a homogeneous sphere of radius and complex permittivity in a 

medium with complex permittivity the (time-averaged) DEP force is [29], [30]:  
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The factor in curly brackets is known as the complex Clausius-Mossotti function [29], [31] and 

contains all the frequency dependence of the DEP force. 

Dielectrophoresis has been successfully demonstrated in the separation [28], [32]–[34], 

transportation [35], trapping[36]–[39], and sorting of various biological particles[40]–[45]. 

Pohl describes the use of wire electrodes, applied with 11 kV voltages, to separate various types 

of particles in mixtures [32]. The castellated geometry shown in Figure 1.5 (a) was chosen 

because it provides a large value for attenuation of the electric field using modest values of 

applied voltage [45]. The characteristic dimension ranges from 10 to 120 μm defining the planar 

geometry typically, selected to be 5–10 times the diameter of the particles to be manipulated by 

DEP. As depicted in Fig. 1.5(b), this electrode geometry can be used to simultaneously observe 

both positive and negative DEP of cells across an array of microelectrodes [46]. 

Morgan et al. also succeeded in separating submicron particles by arraying the electrode 

on the microchannel and making use of the permittivity differences between cells [33] shown 

in Figure 1.5. Asbury et al. achieved to trap DNA molecules at the edges of the electrodes [47]. 

They also succeeded in moving the trapped DNA from one edge to another by mixing static and 

oscillating electric fields. Durr et al. comprehensively analyzed DEP force and experimentally 

measured DEP force, which was 50 fN to 1 pN [48]. Currently, most efforts are directed towards 

biomedical applications, such as selective separation/enrichment of target cells or bacteria, the 

spatial manipulation, high-throughput molecular screening, biosensors, immunoassays, and the 

three-dimensional cell constructs. DEP doesn't need to label the cells or the particles, and 

without contact to any surfaces. This opens up potentially important applications of DEP 
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(a) 

 

(b) 

Figure 1.5 Particles collection by using DEP. (a) The castelled electrode design for 

observing both positive and negative DEP collection of particles. Particles collecting in the 

diamond-shaped areas on the electrodes are driven there by hydrodynamic fluid flow [46]. 

(b) Viable yeast cells collecting by positive DEP into pearl chains, and (stained) nonviable 

cells collecting by negative DEP into triangular aggregations levitated above the electrode 

plane [49]. 
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as a tool to address an unmet need in stem cell research and therapy. 

As the discussion above, DEP force can be suitable power source to migrate or accumulate 

selective cells on the particular place but it is controllable only in the limited region adjacent to 

the electrodes, and thus it is difficult to apply any other cell manipulation such as cutting and 

mechanical stimulations. 

 

1.2.2.2 Optical tweezers 

Optical tweezers (originally called "single-beam gradient force trap") are instruments that 

use a highly focused laser beam to provide an attractive or repulsive force (typically on the 

order of piconewtons), depending on the refractive index mismatch to physically hold and move 

microscopic dielectric objects. A dielectric particle near the focus will experience a force due 

to the transfer of momentum from the scattering of incident photons. Arthur Ashkin first 

developed the field of laser-based optical trapping, “optical tweezers” [50], [51]. Ashkin et al. 

employed optical tweezers in a wide range of experiments to manipulate live bacteria or virus 

[51], and trapping of neutral atom [52]. 

Many works have been conducted in optical trapping technique. Glückstad et al. developed 

computer generated hologram (CGH) approach, by using a direct imaging operation between 

the spatial light modulator and the intensity profile in the tweezers plane [53]. Glückstad et al. 

also developed generalized phase-contrast (GPC) method to the implementation of a multi-

beam optical tweezers system [54]. They achieved to generate four optical tweezers from a 

fixed phase mask in conjunction with a GPC system to trap and hold micron size polystyrene 

beads in solution. Arai et al. developed a Time-shared scanning (TSS) synchronized laser 

micromanipulation, which allowed manipulating multiple targets independently using the  
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Figure 1.6 Principle of Time-shared Scanning: TSS [55]. 

 

 

Figure 1.7 Schematic diagram of the teleoperation system using holographic optical 

tweezers [56]. 
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single laser by changing discrete laser scanning pattern (Figure 1.6) [55]. Lately, Onda et al, 

has demonstrated a multi-beam bilateral teleoperation of holographic optical tweezers 

accelerated by a GPU. By using this system, multi-trapping and multi-force-sensing have been 

achieved, it is possible to squeeze or strain micro-scale objects dexterously with measuring 

forces at multiple points [56] (Figure 1.7). 

The ability of applying pico-neweton order forces to micrometer objects with nanometer 

precision is widely applied to the researches. For instance, single molecular applications [57]–

[60], single cell analysis [61]–[64] and virus separation [65]. Wener et al. succeeded in 

immobilization of more than 200 yeast cells into a high-density array of optical traps and the 

cell array could be moved to specific locations in a controlled manner to expose the cells to 

reagents and to analyze the responses of individual cells. Maruyama et al. developed the device 

to separate  100 nm virus by employing optical tweezers and DEP and achieved to infect a 

specific cell with an influenza virus in order to analyze the mechanism of the infection.  

As shown above, the optical tweezers are now one of the most successful tools to 

manipulate single cell and it has ability to manipulate cells of nm to m size with nm order 

resolution. However, the weakness of the optical tweezers is its small amount of output force 

and thus the application is limited to trapping or migration of small size of cells. 

 

1.2.2.3 Optically-induced dielectrophoresis 

Chiou et al. [66] reported a novel manipulation tool in 2005, they called this technique 

optoelectronic tweezers (OET) (Figure 1.8), and which combines the both of the merits of 

optical tweezers and dielectrophoresis (DEP) as introduced in the previous chapters. OET just 

using ~100,000 times less optical power than laser-based optical tweezers. The reducing of  
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Figure 1.8 Device structure used in optoelectronic tweezers. 

 

optical power requirement which is a great advantage in terms of avoiding damage to live cells 

during the manipulations. OET devices are based on optically-induced DEP force (ODEP), 

which is induced by illuminated optical images onto an hydrogenated amorphous silicon (a-

Si:H) surface, for instance, the a-Si:H is used as the photoconductive material surface of 

substrate. This technique enable massively parallel manipulation, concentration, transportation, 

and separation of micro/nano entities by the virtual electrodes induced by the incident light with 

any desired geometric pattern. Wen J. Li et al. investigate the importance factors that affect the 

magnitude of the DEP force generated in an ODEP chip [67]. The effects of AC potential 

waveforms across the liquid medium, and another factor is optical spectrum of the projected 

image on the a-SI:H layer on an ODEP chip. 
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Figure 1.9 Experimental results which confirm the theoretical prediction that higher 

ODEP force in an ODEP chip 

 

As shown above, the ODEP can achieve both in the mass manipulation and a single cell 

manipulation. However, the weakness of the ODEP still is its small amount of output force and 

thus the application is limited to trapping or migration of small size of cells. 
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1.2.2.4 Acoustic radiation force 

 Acoustic radiation force is a physical phenomenon resulting from the interaction of an 

acoustic wave with an obstacle placed along its path. Generally, the force exerted on the obstacle 

is evaluated by integrating the acoustic radiation pressure (due to the presence of the sonic 

wave) over its time-varying surface. The acoustic radiation force has been derived by Yeo et al. 

as follows; 
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where ξ is the fluid particle velocity, is the fluid density, p is the particle density, f is the 

frequency of the incident sound field and cf is the sound speed in the fluid medium. 

 Recently surface acoustic waves (SAW), generated by interdigital transducers (IDT) on a 

piezoelectric substrate, has been employed to focus [68], separate [69], [70], align [71]–[74], 

direct micro particles [71], [75], [76] and to manipulate the fluid droplets [70], [76], [77](Figure 

1.10). Shi et al. developed a microfluidic particle focusing device using standing surface 

acoustic wave (SSAW) [69]. They also demonstrated to manipulate multiple particles both in 

1-D and in 2-D by designing pairs of IDT in different direction (Figure 1.11) [78]. Cecchi et al. 

developed PDMS and LiNBO3 devices for droplet control in microfluidic chip by SAW [79]. 

They succeeded in transporting the droplet though a microchannels (Figure 1.12). 

The advantage of the SAW is that it can manipulate multiple particles at one time, and it 

can conduct multi-DOF manipulation by combining multiple IDT electrodes. On the other hand, 

it is difficult to manipulate single particle or cell from the mixture and achieve precise 

positioning control due to reflection and interference of the acoustic wave. It will be stronger 
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device if it is combined with any other noncontact actuation such as optical tweezers and 

magnetic force.  

 

Figure 1.10 Particle sorting by SAW [68]. 

 

Figure 1.11 Schematic of the SSAW-based patterning devices [69]. 

  



33 

 

 

Figure 1.12 Cell alignment by SSAW [78]. 

 

1.2.2.5 Magnetic force 

One of the most promising actuation methods at the microscale is magnetic force which is 

generated by permanent magnet or electromagnetic coils. The magnetic force can be calculated 

as follows; 

HMvFmag )(0                  (1.4) 

where 0 is magnetic permeability in vacuum, v is volume of magnetic body, M is magnetization 

of the material, H is magnetic field intensity, ∇ is gradient operator, which is expressed as 

T

zyx
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Cugat et al. comprehensively analyzed effect of magnetic force on the magnetic body in  
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Figure 1.13 Sequential shots of the mixing operation of a micro stir-bar in a Parylene 

micromachined channel (stir-bar rotating at 150 rpm) at different time lapses [80]. 

 

Figure 1.14 Manipulator control of permanent magnet actuation [82]. 

 

size and distance from the magnet and proved that magnetic force was strong power source for 

microactuator [81]. Barbic et al. actuated magnetic object in a microfluidic chip by magnetic 

fields generated by three electromagnetic coils set on the XYZ linear stages and they achieved 

to 3-DOF actuation, x-y-. Rotation of magnetic material inside a microchannel was 

achieved by a rotating external magnet with a conventional stirrer plate [80] (Figure 1.13). 

Mensing et al. fabricated a magnetic driven microstrirrer [82]. Gauthier et al. analyzed the 

magnetic fields on the permanent magnet and controlled magnetic object position and its 

posture. They achieved strong output force from permanent magnet and precise positioning 

accuracy, but it was only available on the large magnet, thus, it could not operate multiple 

microrobot at a time and the application was limited since the posture was changing by 
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changing positions [83] (Figure 1.14). 

Helmholtz coil, which is composed of pairs of electromagnetic coils with concentric circle, 

is widely used for the cell manipulation in recent years. It can generate uniform magnetic fields 

in multiple axes by combining two or three Helmholtz coils and it enables multi-DOF actuation 

of on-chip robot [84]. Kummer et al. investigates fundamental design, modeling, and control 

issues related to untethered biomedical microrobots guided inside the human body through 

external magnetic fields [85]. Nelson et al. was researching on magnetic actuators operated by 

pairs of Helmholtz coils [86], [87]. They fabricated spiral shape microrobot using MEMS 

technology and the microrobot could swim in liquid environment with 6-DOF precise actuation 

(Figure 1.15). The final goal of this research is a microrobot consisting of a polymer binded 

aggregate of ferromagnetic particles is controlled using a Magnetic Resonance Imaging (MRI) 

device in order to achieve targeted therapy [87]. Sitti et al. also applied pairs of Helmholtz coils 

for microrobot actuation [88], [89]. They actively employed stick-slip effects on the sliding 

magnetic object by switching the magnetic fields of vertical direction and horizontal direction 

(Figure 1.16). They recently achieved to assemble microobjects by manipulating hexahedron 

posture. Kumar et al. also employed Helmholtz coils to obtain precise control of 

microtransporter [90], [91]. By integrated the magnetic actuation with vision feedback control, 

the delivery of microgel to neuron has been achieved.  

As described above, Helmholtz coils is a great tool to achieve precise accuracy of actuation 

in multi-DOF. However, it requires to modify the structure of the microscope. And also, the 

limitation of this method is Helmholtz coil only can generate micronewtons order force from 

electromagnetic coils. This is not suitable on operating bigger size of cell, like oocyte, and more 

than tens of micron size microrobot. 
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Figure 1.15 Artificial bacterial flagella: Fabrication and magnetic control [87]. 
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Figure 1.16 Stick-slip motion model actuated by Helmholtz coils [88]. 

 

1.2.3 Microfluidics 

Microfluidics is mainly started from 1980s and widely used in the development of DNA 

chips, inkjet print heads, micro-propulsion, and micro-thermal technologies, especially lab-on-

a-chip technology. Microfluidics is a multidisciplinary field intersecting engineering, physics, 

chemistry, nanotechnology and biotechnology, with practical applications to the design of 

systems in which small volumes of fluids will be handled. Meanwhile, it deals with the behavior, 

precise control and manipulation of fluids that are geometrically constrained to a small, 

typically sub-millimeter. Typically, the merits of microfluidics’ features: 1) small volumes 

(microliter, nanoliter, picoliter, femtoliter), 2) small size, 3) low energy consumption, and 4) 

effects of the micro domain. Figure 1.17 shows multi-functional chip made by 

polydimethylsiloxane (PDMS). By integrating various functions to imitate laboratory 

environment in a small size of the chip. Currently, being well studied, the microfluidics could 

achieve high throughput screening, separation, detection and reaction in a confined microfluidic 

chip with the ability to use very small quantities of samples and reagents, and to carry out  
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Figure 1.17 Microfluidic diagnostic device [92]. 

 

separations and detections with high resolution and sensitivity; low cost, short times for 

analysis; and small footprints for the analytical devices [92] (Figure 1.17). The applications of 

microfluidic chip are mainly separation [93]–[99], mixing [100]–[104], droplet generation 

[105]–[110], cultivation [111], [112] and so on. 

Recently, researchers are interested in separate the target cells from the various cells, like 

Circulating Tumor Cells (CTC) from the human blood. Basing on the size difference of the 

cells, Stott et al. developed separation microfluidic chip for circulating tumor cells from blood 

by inertial microfluidics [113] (Figure 1.18). They focused attention on the fact that the tumor 

cell is relatively large in blood cells and designed microfluidic chip for tumor cell to get 

centered and for the other blood cell to flow along the PDMS wall.  

The emulsification of liquids is an emerging technology [114], such as encapsulation of 

DNA [115], drug-delivery system for nanoparticles [116], and single-molecular enzyme 

analysis [117]. Since emulsification has become a crucial industrial technique, the quality of  
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Figure 1.18 High throughput separation for circulating tumor cell from blood [113]. 

 

the emulsion droplets is significant, especially in biotechnology and nanomedicine applications 

[118]. In the last decade, droplets have been extensively used by various industries for plastic 

polymerization, drug development, and chemical processing. Recently, droplets have been 

enabled for microfluidic technologies to be used as liquid-reaction vessels for protein 

crystallization screening [119], as templates for providing self-assembly of materials [120], 

[121] as molds for forming polymeric microspheres [122], [123] and as components for 

microelectrical actuation [124]. Many researchers have already studied the highly efficient 

droplet generation, Yamanishi et al. successfully produced size-controlled emulsion droplets on 

a chip by adjusting the vibration frequency for Magnetically driven microtool [125] (Figure 

1.19). 
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Figure 1.19 On-demand droplet generation [125]. 

 

1.3 Magnetically Driven Microtool (MMT) 

 Arai et al. continuously developed magnetically driven microtool (MMT) to manipulate 

biological cell in a microfluidic chip. Since a permanent magnet has a more than 10-100 times 

stronger magnetic field to drive a magnetic object than an electromagnetic coil of the same size. 

The novelty of the MMT is that powerful actuation by permanent magnet can be achieved and 

the shape and the materials are multiple choices for different applications. Figure 1.20 shows  
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Figure 1.20 Classification of MMT based on material. 

 

the classification of the MMT based on the composed material. Polymer MMT is fabricated by 

mixture of the polydimethylsiloxane (PDMS) and magnetite particles. This type of MMT can 

manipulate biological cells without damage since PDMS is soft and biocompatible material. 

Thereafter, a hybrid type, polymer inserted with a metal stick to increase the magnetic force has 

been developed. Then, Metal based MMT, which is fabricated by electroplating after 

photolithography, is hard material and it can receive strong magnetic force because of its 

ferromagnetism. Therefore, it can apply force required job, like cutting of oocyte. Finally hybrid 

of metal and silicon structure has both advantages of high force and well structure due to the 

silicon is hard to be deformed. And this thesis will finally discuss a new hybrid type of MMT, 

using permanent magnets and silicon. The force once again increased significantly. MMT can 

be used for various applications to relatively large cell / particle, whose size is 100 µm or more, 

manipulations such as particle sorter [126], loader [127], filtering [128], [129], droplet 

generation [130]–[133], and single cell manipulation[134]. 
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1.4 Thesis Overview 

1.4.1 Research aim and target 

 In order to understand the operating range of various manipulation approaches, Figure 

1.21 shows comparison of various manipulation approaches according to the output force and 

general manipulation target, Although there are many novel noncontact actuators discussed 

above, however for the single oocyte manipulations, the output of the most of the noncontact 

actuators is less than μN orders, which has limitation on single oocyte manipulations. Especially, 

during the enucleation process, the oocyte must be cut and got the nucleus removed. 

Conventional techniques for the enucleation process mainly include the following: manual 

manipulator operation, microfluidic cutting methods in a microchip, and chemical treatment 

methods. However, as mentioned in the previous sections, these methods tend to have a long 

operation time, low success rate, contamination, and low repeatability. Therefore, the research 

aim is to integrate magnetically driven microtool to a microfluidic chip for a single cell 

manipulation. By custom-designed microfluidic chip, the single microbeads delivery, oocyte 

enucleation in high speed, single oocyte dispensing, retrieving and 3-D rotation are finally 

achieved. 
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Figure 1.21 Comparison of various manipulation approaches and the target of our 

research. 

 

 

Figure 1.22 Concept of on-chip robot. 
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1.4.2 Robot on a chip 

Cell manipulations in the closed space, a microfluidic chip, have great advantages in the field 

of biotechnology because of the low contamination capability, repeatability, and high 

throughput ability [135]–[137]. Figure 1.22 shows the concept of on-chip robot, which is taking 

advantages of both of manipulator and Lab-on-a-Chip devices. Under well studied of robot chip, 

on-chip robot have potential to achieve powerful and accurate actuation, and both mechanical 

approach and environmental approach for broad range of cell manipulations with high 

throughput can be achieved. In additions, the cost of on-chip robot is generally low thus it is 

disposable after the operation is conducted to prevent cell contaminations. Furthermore, closed 

environment of microfluidic chip also help to prevent cell contamination providing a stable  

environment for cell. Therefore, we are targeting in the improvement of the on-chip robotics 

techniques to achieve high efficiency, high speed, and high accuracy cell manipulations. 
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Figure 1.23 Outline of the dissertation. 

 

1.4.2 Outline of dissertation 

 This dissertation consists of six chapters and proposes new methodologies for various 

single oocyte manipulations. The schematic diagram is shown in Figure 1.23. The novel 

methods are proposed from four different aspects, which are, 1. Microbeads delivery (Chapter 

2), 2. Oocyte enucleation (Chapter 3), 3. Single oocytes dispensing (Chapter 4), and 4. Discuss 

the 3-D orientation control of a single oocyte (Chapter 5).  
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Chapter 2: On-demand microbeads delivery system will be proposed. In a microfluidic chip 

by using magnetically driven microtool (MMT), the spacing interval of microbeads could be 

mainly adjusted by changing of MMT frequency and the flow velocity of output stream. And 

approach shows the potential usage for single oocyte delivery, in order to supply oocytes one 

by one into the enucleation area. 

Chapter 3: A new enucleation method will be proposed. A microfluidic system was specially 

designed for enucleation, and the microrobot actively controls the local flow-speed distribution 

in the microfluidic chip. And this microfluidic chip with a magnetically driven microrobot can 

achieve oocyte enucleation both in high speed and high accuracy. 

Chapter 4: A new approach to increase the success rate of single oocyte dispensing and 

investigate the subsequent viability of the dispensed oocytes will be proposed. The integration 

of enucleation and dispensing system also will be discussed in this chapter. 

Chapter 5: Orientation control of oocyte is critical issue, like stiffness of oocyte is unequable, 

and nucleus position is critical in the enucleation process. Therefore, by using MMT both in 

contact and non-contact ways for oocyte rotation will be discussed. 

Chapter 6: Summary of the dissertation and future work will be discussed. 
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Chapter 2.  

 

On-Demand Microbeads Transportation 

 

 

2.1 Introduction 

The recent advances in lab-on-chip systems have shown a great potential in biomedical 

applications. Microfluidic-based technology offers a convenient platform for cellular analyses 

of biological systems, as the small scale of micro-channels and devices allows producing 

scalable system architecture. Their inexpensive composition makes them a potential candidate 

for large scale production. Microfluidic technology covers not only the material phenomena but 

also the technology for manipulating and controlling the components as micro size particles in  
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Figure 2.1 Microcarrier. (a) Chicken embryo myoblasts inoculation onto Cytodex. (b) Pig 

kidney cells (IBR-S2) growing on Cytodex [138]. 

 

microscopic-sized artificial capillaries. Therefore, the integration of these technologies with 

micro robotic applications could be useful in the automation of cell manipulation for important 

areas such as single cell analysis, manipulation and treatment.  

Recently, cultivating the cells on the surface of micro-carrier, such as PLGA (polylactic-

co-glycolic acid) microcarrier, has been widely used as temporal porous scaffolds for cell 

culture engineering because of its biocompatibility and controllable biodegradability. Zooblast 

culture on the microcarrier is critical to the study of cell culture, and differentiation. 

Additionally, it provides important biological contributions for the pharmaceutical industry, 

including enzymes, viral vaccines, hormones, and antibodies. In microcarrier cell culture 

technology, anchorage-dependent animal cells are grown on the surface of small (~150 µm) 

spheres which are maintained in stirred suspension cultures. Figure 2.1 shows the zooblast 

culture on a microcarrier. Because of their extremely high surface area to volume ratio, 

microcarrieres are more attractive and alternative than conventional monolayer cell culture 

methods, such as roller-bottle and stirred-tanks, perfusion, or air-lift methods. This technology 
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has been used successfully for: (1) routine and high density cell culture, (2) production culture 

volumes is over 1000 L, (3) reduction of costs and contamination, (4) efficient monitoring and 

culture control, in cell culture applications [139]. 

 

2.1.1 Conventional works on single cell sorting 

An injectable cell delivery system using photo-crosslinkable biodegradable hydrogels has 

attracted much attention because the direct injection of cell into the defect site avoids an open 

surgery procedure[140],[141]. Therefore, precise assay becomes crucial, that means 

quantitative cell culture becomes urgent need. 

In the biomedical field, automation of bio-manipulation by non-contact actuation is 

demanded using a disposable microfluidic chip. Conventional PDMS disposable microfluidic 

chip have many functions such as loading, cutting and so on [126], [142]–[144]. By using the 

PDMS disposable chips, on-chip particle manipulation has been studied with 3D magnetic 

particle loader to supply single particles to different microchannels or modules [128]. However 

limited study is available on retrieving particles after they are manipulated on a chip.  

 

2.1.2 Our approach 

Here, we describe an on-chip approach to achieve a certain amount of microbeads as a 

microcarrier loader, and finally loaded microcarrier could be dispensed out by using our 

dispensing system. It is important to transport the particles that are continuously manipulated 

from the microfluidic chip to the incubation atmosphere. The concept design of the entire 

system is illustrated in Figure 2.2. Actually, this system concludes three modules, microbeads 

loading, sensing, and dispensing. In this chapter, mainly the oocyte loading mechanism will be  
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Figure 2.2 Concept view of microfluidic particle loading and dispensing chip. 

 

introduced. The detailed principle of sensing and the dispensing will be discussed in the Chapter 

4. 

 Figure 2.2 shows the top view of loading concept, the microbeads are injected from the 

inlet and delivered by flow to the hook of the tip of the MMT, by actuating the MMT’s up and 

down movement, microbeads could be transported one by one. According to the concept, the 

rest of this chapter is divided into the three main sections, (1) methods and modules, (2) 

applications and experimental results (3) discussion and summary. 

 

2.2 Methods and Modules  

2.2.1 Methodology 

The MMT particle loader is a non-contact magnetic loader module to manipulate particles 

in a microfluidic channel. It is capable to load micro-particles one-by-one by using its hook  



 

51 

 

  

(a) (b) 

Figure 2.3 Loading concept. (a) Schematic view of particle loading while transferring 

particles to loading area, (b) Particles are loaded to upper stream for dispensing hole. 

 

shape handles while moving up and down as it is illustrated in Figure 2.3. It is controlled by 

magnetic actuator located outside of the microfluidic chip. Control system is accompanied by 

ultrasonic piezo vibrator drives magnets attached on a micro-stage [145]. The particle loader 

move up and down in terms of controlled magnet motion which is laid under a glass substrate. 

The nickel-based magnetically driven microtool (Ni-MMT) is for making a disposable 

microchip with non-contact actuation. The main process of fabrication of Ni-MMT is the 

conventional electroplating technique that is a plating process in which metal ions, affected by 

electric field, move to metal surface of an electrode. 

The design of MMT is shown in Figure 2.3; the MMT made of Ni is fabricated by 

electroplating after the photolithography. The MMT is actuated by horizontally arranged four 

permanent magnets and the permanent magnet is set on the 2-DOF linear stage. As a magnetic 

driving system, four neodymium (Nd2Fe14B) magnets (size: 1.0 × 1.0 × 1.0 mm, grade: N40) 

are used and for the MMT, Ni based multi-DOF MMT, which is illustrated in Figure 2.3 is 

employed. 
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2.2.2 Analysis   

In the experiment, the Nickel MMT is actuated by HPD (horizontal polar drive). Figure 2.4 

shows the concept and the FEM result of HPD [144] (magnet: ⏀ 1.0 × 1.0 mm neodymium, 

MMT: ⏀1.0 × 0.05 mm Ni MMT). The magnetic flux flows in a circular pattern through the 

MMT, and its direction is aligned to the driving direction. Magnetic power with a considerably 

high efficiency is applied to the MMT and the magnetic force on the MMT is much greater in 

the driving direction than in the vertical direction; therefore, the friction force is reduced by 

decreasing the vertical force on the MMT. 

Figure 2.5 shows the frequency response characteristic of MMT. This figure is obtained 

experimentally of following response ability of the MMT against the linear stage with the 

permanent magnet. According to this investigation, in our experiments we set maximum 

actuation frequency of MMT to 6 Hz in the experiment, because of the tracking performance 

of MMT against permanent magnet is decreased significantly when actuation frequency beyond 

6 Hz. 

 

 

Figure 2.4 FEM results of magnetic flux density in HPD. 
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Figure 2.5 Frequency response characteristic of MMT. 

 

 

 

 

Figure 2.6 The fabrication process of Ni based MMT, and fabricated PDMS microfluidic 

chip. 
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2.2.3 Fabrication process 

Figure 2.6 shows the fabrication process of Ni-MMT. The process is as flows. (1) Cr and 

Au are deposited (total thickness: 50 nm) on Si-wafer with sputtering technique. (2) LOR-5B 

(MicroChem Co. Japan) is spin-coated (200 rpm-30 sec) on the Si-wafer as a sacrifice layer and 

baked (180 centigrade) in an oven for 30 min. (3) SU-8 (MicroChem Co. Japan) photoresist is 

coated (100 µm) and replicated the shape of MMT via photolithography. (4) In the final part, 

the developed SU-8 patterns are soaked to metal-ion water to complete electroplating. Formed 

Ni-MMT is peeled off by precise operation. The microfluidic chip is fabricated by use PDMS, 

MMT is sandwiched inside of the microfluidic channel. Figure 2.6 also shows the fabricated 

MMT and microfluidic chip with MMT inside. 

 

2.3 System Setup and Experimental Results 

2.3.1 System setup 

Figure 2.7 shows the driving concept of the MMT with ultrasonic vibration. Radically 

displaceable piezoelectric ceramic is attached to the glass substrate under the microfluidic chip 

and oscillates the sliding surface of the MMT. The MMT is actuated by permanent magnets 

whose axis is set to the horizontal direction and the permanent magnet is placed on the 2-DOF 

linear stage [134]. The permanent magnets were actuated by XY stage and piezo vibrator for 

positioning control of MMT. Loaded microbeads were pushed up and delivered the particles 

one by one to the upper stream.  
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Figure 2.7 Driving concept of the MMT actuated by permanent magnet with ultrasonic 

vibration. Oscillating the glass substrate by the piezoelectric ceramic reduces the effective 

friction on the MMT [134]. 

 

 

Figure 2.8 Particle loader performances. (a) A line of beads are successively approaching to 

Ni-MMT, and microbeads are stopped at the hook shape of MMT. (b) Ni-MMT moves up 

and particle moves though upper stream flow direction which is leading to the nozzle hole. 
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Figure 2.9 Profiles of the spacing interval of microbeads as function of the MMT frequency 

and flow velocity. 

 

2.3.2 Microbeads loading results 

Figure 2.8 shows the profiles of the spacing interval of microbeads as function of the MMT 

frequency and flow rate. It was observed that interval of micro polystyrene beads decreased by 

simply increasing the MMT frequency or slowing down the flow rate. For the present study, we 

choose the upstream flow rate from 0.02 ml/h to 0.04 ml/h, and MMT frequency is applied from 

1 Hz to 6 Hz. Therefore the spacing interval between microbeads D is: 

𝐷 =
𝑄

𝑤×ℎ
×

1

𝑓
                                2.1 

where, Q is flow flux, w and h are the width and height of microchannel, and f is the MMT 

frequency. Loaded microbeads in the channel were pushed by the MMT into the intersection of 

the other channel with adjustable pace from 0.02 m to 0.25 m, and delivered to the next 

operation by the fluid force. Figure 2.9 shows the evaluation of the current loading system. The 

interval spaces of two adjacent microbeads are adjustable by varying the movement frequency  
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(a) (b) (c) 

Figure 2.10 Oocytes loading performance. (a) Oocytes are loaded into a line, (b) Single 

oocyte is transport to the other microchannel. (c) Oocyte is released to the left stream. 

 

of MMT and the flow velocity in the microchannel. And furthermore the MMT frequency is 

much more efficient from the changing of the flow velocity.  

 

2.4 Preliminary Test of Oocytes Loading 

As been introduced in the previous sections, the microbeads-loading has been successfully 

achieved. Basing on this approach, Kawahara et al succeed in on-demand loading of the 

microcarrier with cultured cells on [146]. In order to achieve the orderly continuous enucleation 

process, loading oocyte in a sequence is required. The MMT particle loader is a non-contact 

magnetic loader module to manipulate particles in a microfluidic channel. It is capable to load 

micro-particles one-by-one by using its hook shape handles while moving left and right as it is 

illustrated in Figure 2.10. It is controlled by magnetic actuator located outside of the 

microfluidic chip. Therefore, the similar approach is applied on the oocyte loading process. 

Figure 2.10 shows the concept of oocytes loading. The oocyte loader move left and right in 

terms of controlled magnet motion which is laid under a glass substrate. (a) A line of oocytes 

are successively approaching to Ni-MMT. (b) Oocytes are stopped at the hook shape of MMT.  

Ni-MMT 

150 µm 

oocytes 
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(a) (b) (c) 

Figure 2.11 Oocyte loader performance. (a) Oocytes are loaded into a line, (b) Single 

oocyte is transport to the other microchannel. (c) An oocyte is delivered to the enucleation 

area. Flow velocity is 1mm/s. 

 

(c) Ni-MMT moves left and oocyte moves though left stream flow direction which is leading 

to the enucleation area. 

According with the concept of oocytes loading, the experiments are conducted. Figure 2.11 

shows the oocytes loading results. (a) oocytes are loaded into a line, (b) single oocyte is 

transport to the other microchannel. (c) oocyte is delivered to the enucleation area. After loading 

of oocytes, the oocyte is released into the left stream. However, the oocytes shows the 

elastoplastic property, which means oocytes are easily deformed, therefore during the 

experiment, occasionally, one and half oocytes stacked into the MMT hook, and crashed by the 

metal MMT. During the experiment only 70 % oocytes could be successfully loaded. The 

success rate is unsatisfactory; a better approach for oocytes loading is desperately required for 

the following automatic oocyte enucleation process in the future works.  

 

  

Ni-MMT 

150 µm 

oocytes 

150 µm oocyte 
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2.5 Summary 

This chapter presented an on-demand microbeads delivery system in a microfluidic chip 

by magnetically driven microtool (MMT). The four of horizontally arranged permanent 

magnets and the piezoelectric vibrator are used to actuate the Ni based microtool precisely in 

the chip. The MMT injects the beads mechanically to flow and then into ejection operation part. 

Transferring microbeads one by one with the required pace to the next process has been 

achieved. The delivery and ejection of polystyrene beads (100 µm) with the flow velocity of 

from 0.02 ml/h to 0.04 ml/h and MMT frequency from 1 Hz to 6 Hz to adjust the pitch of each 

micro-bead has been demonstrated. The spacing interval of microbeads could be mainly 

adjusted by changing of MMT frequency and the flow velocity of output stream. The proposed 

system shows advantages of high-speed, high success ratio and disposable of microfluidic chip 

having MMT. This system can be a breakthrough of a high throughput of accurate and effective 

particle manipulations in the field of cell culturing on a single particle. 

Finally, single oocytes loading has also been tested, around 60 % success rate of loading 

oocyte is unsatisfied, therefore more works should be studied in oocytes loading in the future. 

After preliminary test on oocyte loading, oocyte enucleation will be discussed in the next 

chapter. 
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Chapter 3.  

 

On-Chip Enucleation of Bovine 

Oocytes 

 

 

3.1 Introduction 

“Dolly” is famous for being the first mammal to be successfully cloned from an adult cell 

[147]. Despite low success rates, several mammalian species have been successfully cloned 

since then [148]–[150]. Embryo manipulation is a potential technique for the genetic 

improvement of domestic animals and the preservation of genes of rare animals. Oocyte 
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enucleation is a primary technique for the cloning process. The cloning of Dolly the sheep had 

a low success rate; 277 eggs were used to create 29 embryos, of which only three resulted in 

lambs, and eventually only one lived. Peura et al. conducted a viability test of the oocyte volume 

during nuclear transfer and determined that the nucleocytoplasmic ratio is an important 

parameter for embryo development [151]. Therefore, the low success rate of cloning techniques 

is a bottleneck for developing this field. Conventional techniques for the enucleation process 

mainly include the following: manual manipulator operation, microfluidic cutting methods in a 

microchip, and chemical treatment methods [152]–[154]. As mentioned in the first chapter, 

these methods tend to have a long operation time, low success rate, contamination, and low 

repeatability. Additionally, such types of complicated cell manipulation processes can only be 

undertaken by skilled people. During the chemical treatment processes, a person unaware of 

toxicities may poison the cells.  

Recently, researchers invented many techniques that do not require manual operation for 

the treatment of cells by fabricating a microrobot on a microchip. Magnetically actuated 

microrobots appear to be the most promising because of this method is minimally invasive to a 

cell, features a noncontact drive, and has a low production cost [80], [82], [155]–[157]. These 

methods reduced the technical skills of operation and increased the throughput and repeatability. 

By using the MMT we achieved μm-order positioning accuracy while maintaining a mN output 

force.  

Enucleation by a dual arm MMT was conducted previously [158]; however, it was difficult 

to remove the nucleus because the oocyte is a viscoelastic material. The cutting process is a 

complicated model because the oocyte is soft and sticky. Once the tip of the MMT blade touched 

the surface of the oocyte, a resistance force generated by the oocyte decreased the position 
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accuracy. In addition, achieving the enucleation process was difficult because the oocyte flow 

was not well-controlled. This chapter will introduce a development of an enucleation system 

using cooperation of an MMT with fluid control. The new enucleation system contains three 

remarkable improvements: the oocyte enucleation process can be conducted one by one; the 

removal ratio in the volume is controllable, minimizing damage to the oocyte; and the nucleus 

can be removed with a hydrodynamic force controlled by the MMT. The methods of how to 

achieve these merits will be introduced sequentially in this manuscript. 

 

3.2 Material and Methods 

Figure 3.1 (a) shows the concept of the enucleation chip that we used to conduct oocyte 

enucleation experiments. Two large chambers with a height of 300 μm and a diameter of 5 mm 

were designed. The MMT with a height of 200 μm was placed in one chamber with its blade 

inserted in the microchannel branch. To conduct the enucleation process, the other inlet of the 

Y-shaped microchannel was used to inject the oocytes continually. On the other side of the inlet 

is a shallow withdrawal microchannel with a height of 50 μm that was used to confine the 

oocyte to a position to cut accurately the oocyte by a given volume. The first stage involves 

oocytes in a cell culture medium being injected from the inlet of the microchip. By connecting 

a digital pump to the outlet, the medium containing the oocytes from the inlet flowed through 

the microchamber towards the outlet. The tip of the MMT cutting blade was placed at the 

interface of the chamber and the withdrawal microchannel. The oocyte was delivered by the 

flow to the withdrawal microchannel, as shown in Figure 3.1 (b). Then, the tip of the MMT 

controls the oocyte orientation so that the nucleus comes to suction port. The delivered oocyte 

is obstructed at the interface because of the height limitation (50 μm) of the microchannel, as  
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Figure 3.1 Concept of enucleation microchip. (a) Overview. (b–e) Concept of the oocyte 

enucleation process by the use of magnetically driven microtools (MMTs) in a microfluidic 

chip. Blue arrows show the flow direction. (f) Height differences in the microchannel 

design. The white arrow shows the movement of the MMT. 

 

shown in Figure 3.1 (f). Then, the hydraulic pressure deformed the oocyte, allowing the lower 

part of the oocyte to be sucked into the withdrawal microchannel, as shown in Figure 3.1 (c). 

After the nucleus was in the withdrawal microchannel, the tip of the MMT was actuated to the 

left in order to close the interface, as shown in Figure 3.1 (d). Next, under the protection of the 

MMT, the initial portion of the oocyte was reserved and only the separated nucleus was flushed 

(f) 
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away with the flow (Figure 3.1 (e)). After the nucleus separated from the oocyte, the remaining 

part was also sucked out and collected from the outlet. Figure 3.1 (f) shows the cross-sectional 

view of the microchannel; there is a height difference between the main chamber and the 

withdrawal microchannel. The oocyte can be stopped at the intersectional junction where the 

oocyte enucleation was conducted because of the height difference. 

 

3.2.1 Fluid control by MMT 

In this enucleation procedure, the nucleus is removed from the oocyte by hydraulic force. 

The force on a moving object due to a fluid is: 

𝐹𝐷 =  
1

2
𝜌𝑣2𝐶𝑑𝐴                              (3.1) 

where FD is the force of drag, ρ is the density of the fluid, v is the speed of the object 

relative to the fluid, Cd is the drag coefficient, and A is the reference area. From the equation 

we can easily find that, the drag force is relative to the velocity of the fluid. Therefore, in order 

to utilize flow effectively for the oocyte enucleation process, a high-response control of the 

local velocity of fluid by MMT is proposed here. 

 It is quite intuitive to consider the flow of a fluid to be like the flow of electricity; the fluid 

in a hydraulic circuit behaves much like the electrons in an electrical circuit. An electric circuit 

analogy is used here to specify parameters of microchannel (Figure 3.2) [159]. The total 

volumetric flow rate Q [m3/s] in a rectangular microchannel can be described by Hagen-

Poiseuille’s law [160] as 

Q =  
∆𝑝

𝑅𝐻
                                 (3.2) 

∆p = 𝑄𝑅𝐻                                (3.3) 
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where ∆p is the pressure difference [Pa] through a finite channel length L. The hydraulic 

resistance RH [Pas3/m] is defined as 

𝑅𝐻 =  
8𝜂𝐿

𝜋𝑅4 ≈
8𝜂𝐿

𝜋𝑟𝐻
4                              (3.4) 

where η is the viscosity [Pas] The hydraulic radius of the channel rH [m] is a geometric 

constant and defined as rH = 2A/P, where A is the cross-sectional area of the channel [m2] and 

P is the wetted perimeter [m]. 

Based on the equations mentioned above, we can find that the structure of the microchannel 

shows great influence to the volumetric flow rate. And the area-average velocity of the fluid U 

[m s-1] [161]: 

𝑈 =  
𝑄

𝑤ℎ
=

∆𝑝

𝑤ℎ𝑅𝐻
=

∆𝑝𝜋𝑤3ℎ3

8𝜂𝐿(𝑤+ℎ)4                             (3.5) 

where w and h are width and height of the microchannel, respectively. By changing the 

position of the MMT, the microchannel structure at the both sides are relatively modified, 

therefore the fluid distribution is positively controlled by the MMT. By employing this fluid 

control by MMT, the oocytes can be delivered to the suction port one by one. Considering the 

oocyte is regularly 100 μm in diameter, the oocyte inlet microchannel is 150 μm in width, and 

length is set to 300 μm. Because the height of the MMT is 200 μm, the chamber height is 300 

μm and 300 μm in width, and to confine the oocyte at the sucking port. In order to have enough 

space on letting the MMT to conduct all process, MMT working like a rheostatic controller 

governed the distribution of flow, Q2 and Q3 letting oocyte loading to the operation location and 

cutting the nucleus off from the oocyte by increasing the hydraulic pressure. 

For the preliminary test, the experiments have been conducted by putting fluorescent 

microbeads (Ф: 2 µm) in the microfluidic chip to prove the effectiveness of the MMT 
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Figure 3.2 Electric circuit analogy of the enucleation chip. 

 

movement to the velocity of fluid. Figure 3.3 shows the fluid velocity changes according with 

the position changes of MMT. In Fig. 3.3 (a) when MMT is close to the right side corner of the 

withdrawal microchannel, the velocity of fluid at left is higher than the right side of MMT, In 

Fig. 3.3 (b), when MMT moved to the left side the velocity of fluid in the microchannel is 

changed accordingly; velocity of fluid at right side became higher. Three representative points 

were selected to assess the velocity distribution in the microchannel. The pressure distribution 

on the oocyte can be derived from the velocity distribution. Points A and B show the distribution 

of velocity at both sides of the MMT at the suction port, while point C is used to observe velocity 

changes in the suction channel. The width of our microchannel is 200 µm and we selected the 

distance of L from 0 µm to 200 µm. Figure 3.3 (c) shows that the experimental result as well as 

the theoretical result for the fluid velocity change by the MMT position at each point. When the 

position of the MMT was right edge of the channel (L = 0 μm), the flow from right side channel  
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Figure 3.3 Theoretical and experimental values of the fluid velocity changes at three points 

in the channel. The velocity of the outflow is set to 3.5 mm/s. (a) In case that the MMT is 

near the right-side corner, (b) In case that the MMT is the left-side corner. 

 

was stopped while the flow from left side was stopped when the position of MMT moved to the 

left edge (L = 200 μm). During the fabrication process, the size of the microchannel and the 

MMT may slightly different from the design (±10 μm). Therefore, even there are some 

difference between the experimental values to the theoretical values, however, the experimental 

values were reasonably corresponding to the theoretical values, and proved that the flow 

distribution in the channel can be controlled by MMT position like adjustable valve. As a result, 

we can adjust the surface traction force (FD) affected on the oocyte to conduct the oocyte 

enucleation process letting oocyte split by the hydraulic force, and flushed away by the flow. 
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Figure 3.4 Correlations of the volume sucked into the outlet microchannel with respect to 

the time under the fixed position of the MMT. The velocity of the outflow is set to 3.5 

mm/s. (a) The definition of volume ratio, (b) the experimental result. 

 

3.2.2 Cutting volume estimation 

In order to achieve precise cutting off of the nucleus from the oocyte with less damage, the 

effect of removal volume of oocyte is significant. It is very important to remove the nucleus as 

small as possible for the development of nuclear transfer embryos [162]. The MMT can control 

the volume of sucked oocyte by closing the channel after a certain amount of time. In order to 

find out the correlation between sucking time and oocyte volume sucked to the channel, 

experiments were conducted. 
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In the experiment, the out velocity (point C in Figure 3.3) was fixed, to avoid the 

interference from the pump. The PDMS chip with its outlet was connected to the syringe pump 

by using a teflon tube. The relationship between the oocyte volumes sucked into the outlet 

microchannel and the suction time was obtained. The distance of MMT tip to right edge of 

withdraw microchannel, L in Figure 3.4, is variable, the velocity of sucked volume changed 

accordingly. In our experiment, the MMT position was fixed at 40 µm distance from the right 

edge of the channel, the oocyte with nucleus part had enough space to be sucked into the 

withdraw microchannel. The sucked volume of the oocyte was measured by the oocyte area in 

the channel and the height of the channel (Figure 3.4 (a)). Figure 3.4 (b) shows the experimental 

result of volume ratio of sucked volume into the channel and the original oocyte volume over 

time. The graph shows that the error bar at each data point is very small. Especially the sucked 

volume into the channel in less than 3 seconds was very consistent and the variation was less 

than 5 %. This represents that the volume control over time using MMT and fluid force is highly 

accurate and it leads to precise enucleation process. 

 

3.2.3 Cutting of oocyte by hydraulic force 

Cutting an oocyte using two MMTs is difficult because of alignment of two cutting-edge 

perfectly is demanding [158]. Therefore, a new cutting method employing only one MMT is 

proposed here. The oocyte was squeezed by MMT towards the wall of microchannel, and then 

let the nucleus part cut off by the fluidic force. A 3D structure was modeled using COMSOL 

Multiphysics 4.1 to analyze the distribution of the surface traction on the oocyte; meanwhile 

the flow condition in the microchannel also could be observed clearly. MMT angle and exit 
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Figure 3.5 FEM results of the velocity distribution and the surface traction of oocytes in the 

Y-direction. Object surface: y component of surface traction (force/area) (Pa). Arrow: 

Velocity field, Slice: y component of velocity field (m/s). 

 

velocity are set to 150 degree and 3.5 mm/s, respectively. Figure 3.5 shows the COMSOL 

simulation result; from this figure, the surface traction on the oocyte is completely different 

based on the velocity differences at different areas. The lower part of an oocyte which entered 

the withdrawal microchannel suffers a high traction force with maximum value of 72.2 Pa by 

hydraulic pressure on Y direction, meanwhile the part which is not being sucked into the 

microchannel is almost 0 Pa protected by the MMT from the impact of the medium. 

 

3.2.4 Fabrication of hybrid MMT and microfluidic chip 

A microfluidic chip consists of a PDMS microchannel and is bonded to a glass substrate. 

A PDMS microchannel was produced by replica molding using a master mold fabricated 
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Figure 3.6 Fabrication process of the MMT and the fabricated chip with a magnified figure 

of the MMT. 

 

by photolithography. Ultraviolet light was exposed through a photomask to produce a 

microchannel pattern using a mask aligner (LA410, Nanometrich Technology Inc., Tokyo, 

Japan). The substrate was then developed and rinsed. SU-8 film (DuPont Co., Wilmington, DE, 

USA) and the two-step exposure is employed to produce the height difference microchannel in 



 

73 

 

the microfluidic chip. The two-step exposure was performed to fabricate a precise uneven 

channel for cell confining. The main channel and withdrawal microchannel had heights of 300 

µm and 50 µm, respectively. 

Nickel (Ni) is a ferromagnetic body and it can be magnetically attracted by permanent 

magnet, but it is easy to bend during handling due to its ductility and very thin thickness. As a 

result, it is difficult to maintain the flatness of Ni which is very important to control the flow of 

the channel. Therefore we employed a hybrid type of MMT composed of Ni and silicon (Si), 

which is rigid and bio-compatible material. The Ni-Si MMT fabrication process is shown in 

Figure 3.6. At first, the Cr-Au was sputtered on the silicon wafer (thickness = 200 µm). Then a 

thick negative photoresist (SU-8, Tokyo Ohka Kogyo Co.) coated and exposed on the silicon 

substrate as a support layer. Meanwhile on the other side of the silicon wafer, the photoresist 

OFPR (Tokyo Ohka Kogyo Co.) was coated on the substrate. After the exposure on the OFPR 

side, the OFPR pattern was developed. Next, deep reactive-ion etching was conducted from the 

OFPR side, and silicon is etched to a depth of 200 μm until the Cr/Au layer. After the wet 

etching of the Cr, the Au surface was exposed. Then the Nickel was grown on the Au surface 

by the electroplating (= 200 μm). After the Nickel has accumulated in the holes on the silicon 

substrate, we again conducted the OFPR coating, exposure and DRIE processes to form the 

MMT shape. At last, removing the photoresist and Au layer, the hybrid type of MMT could 

finally be collected. 

In order to prevent contamination after 2-3 hours experiments, one microfluidic chip is low 

cost just 0.2 dollars and is disposable. However the MMT could be cleaned and reused over and 

over again. 
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Figure 3.7 Components of experimental system: (a) Experimental setup for the enucleation 

of oocytes including the linear stage for magnet actuation, a microfluidic chip, and a 

piezoceramic for generating vibrations on the microfluidic chip. (b) System architect. 
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3.3 Oocyte Enucleation Experiments 

3.3.1. Experimental setup 

Figure 3.7 (a) shows the system components of the platform, including a linear stage for 

the magnet actuation, a microscope with a CCD camera, a joystick, a high-response pump, and 

a microfluidic chip. The microscope with the CCD camera sends the captured image data to the 

PC and the stage movement is controlled by the joystick. A high-response syringe pump 

connected to the microchip is used to control the velocity in the microchannel. Figure 3.7 (b) 

shows the overview of the microchip setup, including the driving concept of the MMT using 

HPD with ultrasonic vibration [134]. The MMT is actuated by HPD and the four neodymium 

(Nd2Fe14B) (diameter: 1.0 mm, grade: N40) permanent magnets, which are arranged on a 

swivel base set on a 2 degrees-of-freedom (DOF) linear stage [144]. The commercially 

available piezoelectric ceramic (W-40, MKT Taisei Co., Tokyo, Japan) has the following 

parameters: the size isφ= 42.0 × 3.5 mm; the resonance frequency is 55 kHz; and the 

electrostatic capacitance is 4600 pF. This was attached to the microfluidic chip and an AC of 

150 Vp-p was applied at 52.5 kHz to vibrate the sliding surface of the MMTs [134]. By 

controlling the 2-DOF linear stage, the MMT could be actuated in the X- and Y-directions. The 

swivel base rotated the MMT in the X-Y plane. In summary, an MMT with 3-DOF on the X-Y 

plane is sufficient for performing the enucleation process. 

 

3.3.2. Experimental process and result 

Prior to the oocyte enucleation process, the bovine oocyte must be prepared in advance 

with hyaluronidase (0.1% of medium) for 10 min in order to remove the cumulus cells 

surrounding the oocytes and pronase (0.5% of Phosphate buffered saline) for 10 min to remove 
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the zona pellucida. Next, Hoechst 34580 is applied to stain the nucleus of the oocyte; the 

nucleus portion was florescent when exposed to a mercury lamp. 

Figure 3.8 shows the experimental results of the bovine oocyte enucleation process. The 

oocyte inserted from the inlet flowed to the narrow channel. The MMT pushed the oocyte 

towards the wall of the microchannel so the oocyte orientation could be adjusted by letting the 

nucleus face towards the suctioning microchannel. The oocyte was too large to pass into the 

microchannel with a height of 50 μm (Figure 3.8 (a)). After the nucleus position was confirmed, 

the downside of the oocyte was drawn towards the withdrawal microchannel by the outward 

flow until the nucleus, visualized by the bright spot, was sucked in the channel (Figure 3.8 (b)). 

Then, the tip of the MMT held the oocyte by pressing it towards the corner of the channel 

(Figure 3.8 (c)). Next, the lower part of the oocyte with the nucleus was torn by hydraulic forces 

and was washed away with the outward flow (Figure 3.8 (d)). After the separation experiments, 

the remainder of the oocytes were suctioned from the outlet and immediately sent to an 

extraction chamber to evaluate the status of the cell membranes. Although deformation of the 

oocyte could happen during the separation process, Figure 3.8 (e) shows that the cell membrane 

of the enucleated oocyte, which is spherical, remained intact. The removed nucleus can also be 

observed in this figure. The nucleus was successfully removed and the oocyte shape remained 

circular, even after the separation. The procedure time, i.e., the duration from the oocyte 

reaching the narrow channel until the nucleus was removed from the oocyte, was less than 5 s 

and the volume removed from the oocyte is approximately 17.8% of the original volume. 
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Figure 3.8 Enucleation process (a–d) Experimental results of the oocyte enucleation 

process. (e) Nucleus after being removed from the oocyte. The incision of the enucleated 

oocyte is smooth and the remaining oocyte is remains smooth; the enucleated nucleus is 

also shown in this figure with a removal volume of 17.8 % from the original volume. 

 

3.3.3. Separation time and removal proportion evaluation 

The dot graphs of Figure 3.9 show the evaluations of both the enucleation time and the 

removal proportion of oocytes based on 15 samples. Figure 3.9 (a) shows that the enucleation 

time was an average of 2.5 s for a single oocyte enucleation. The slowest processing time was 

less than 4 s. In mammalian cells, the average diameter of the nucleus is approximately 6 μm, 

which occupies about 10% of the total cell volume [163]. Using our approach, the removal 

volume of the oocyte was 20% on average; the 20% removal of the cytoplasm ratio is significant  
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(a) (b) 

Figure 3.9 System estimation. (a) Enucleation processing time for 15 samples; the average 

enucleation time is 2.5 s for one oocyte. (b) Removal proportion of the nucleus from the 

original oocyte for 15 samples; the average removal proportion is 20%. 

 

for early cloned bovine embryos [162]. Depending on the nucleus position, the removal volume 

can be slightly increased, but the highest volume removed was 36%. The precise control of 

oocyte orientation in a few seconds assists in improving the separation accuracy, which will be 

further covered in our future work. 
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3.4 Summary 

In this chapter, a new scheme that involves use of hydraulic forces controlled by a 

microrobot to perform an oocyte enucleation process in a microfluidic chip has been 

demonstrated. Using this novel design for oocyte enucleation, the nucleus was removed from 

the oocyte successfully. This system is advantageous for the following three reasons: (1) that 

oocyte enucleation can be conducted at a higher speed as compared to conventional enucleation 

methods; (2) that it minimizes the damage to the oocyte, and that the removal volume of the 

nucleus portion is small, which is important because the cytoplasmic volume affects the 

development of nuclear transfer embryos; and (3) that the incision of the enucleated oocyte is 

smooth, which may also reduce the influence of the viability on the oocyte. 

Viability examinations of enucleated oocyte by proposed method has been confirmed by 

Ichikawa et al. [153]. The precise and faster orientation control of the oocyte needs to be studied 

more because it takes several seconds to minutes to properly orient the oocyte positions. Then, 

the next step is a fusion process using the enucleated oocyte. After oocyte enucleation process, 

how to transfer them to culture environment ASAP becomes to our next topic, therefore in the 

next chapter, the transportation methods will be proposed. 
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Chapter 4.  

 

Accurate Dispensing System for Single 

Oocytes Using Air Ejection 

 

 

4.1 Introduction 

Recently, researchers have devised numerous techniques that do not require manual 

operation. In the previous chapter, the magnetically driven microtools (MMTs) has been 

introduced which has a sufficient power for a wide range of oocyte enucleation [125]–[127], 

[144]. Meanwhile, Ichikawa et al. are developing a microgripper that can be applied to the  
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Figure 4.1 Oocytes enucleation by using microgripper [164]. 

 

oocyte enucleation process [164] (Figure 4.1).  

By using such a microrobot, the enucleation process could be rapidly performed with far 

greater accuracy. However, following the enucleation process, the enucleated oocytes are 

manually collected by using an injection pipette [18] or by centrifugation [165]. Such time-

consuming retrieval methods greatly affect oocyte viability and the subsequent analysis of 

single oocytes. 

Conventionally, in order to isolate and sort different cell types, cell sorters based on flow 

cytometry, can sort cells in a continuous cell-laden flow, and sorted cells can be retrieved in cell 

suspensions [166]. Cell sorting is performed electrically, after a shot of laser light to sense the 

cell. Thus, such kind of system tends to be large and expensive. In the meantime, several works 

have succeeded in cell ejection using inkjet technology [167]–[172]. Yusof, Azmi et al. [173] 

have outlined a non-contact method for the controlled separation of single cells confined in a 
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droplet that can be printed inkjet-like onto predefined locations. This method is a suitable 

platform for printing single cells of various types. Mainly, the inkjet mechanism is composed 

of the solution tank and the nozzle part and the drive unit to generate droplets. However, such 

systems cannot have a module structure in order to be easily washed and are not disposable. 

Therefore, in cell manipulation the system encounters the risk of contamination problems. 

Tornay et al. [174] have proposed the cell dispensing system with the disposable microchip, 

which consisted with an ejection mechanism by air and a capacitance sensor. This system 

succeeded in the dispensing a droplet with a single latex bead. However, since this system does 

not have a cell loading mechanism for supplying a single cell one by one to the microchannel, 

the success rate of dispensing is unsatisfactory. In addition, a bunch of non-inkjet technologies 

like dispensing valves [175] or laser microdissection [176] are available for single cell 

separation and manipulation. However, transporting continuously manipulated oocytes from 

the microfluidic chip to the incubation atmosphere is critical for single oocyte ejection. 

Kawahara et al. [177] fabricated two pairs of capacitance sensors in a microfluidic chip to detect 

artificial beads with diameters of ~100 μm. With this method, they were able to detect 

polystyrene beads very well. However, their success rate reached only 50%—an unsatisfactory 

level for polystyrene bead ejection. And the permittivity of oocyte and culture solution were 

quite close, therefore, detection of oocyte became quite difficult. 

A new system proposed here to improve the dispensing system of cell, the targets are to (1) 

develop a system by improving the sensitivity, and (2) custom-design a microchannel for single 

oocyte ejection. The success rate of new dispensing a single bovine oocyte is increased to 100% 

and that the dispensed oocytes are viable.  
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Figure 4.2 On-chip cell enucleation and dispensing system. 

 

Figure 4.2 shows a conceptual diagram of the enucleation and dispensing system. The 

oocyte is injected into the microchip from the inlet, and the medium containing the oocytes 

from the inlet flows to the enucleation operation area. Subsequently, after the microrobots 

perform the enucleation process, the oocyte is delivered to the dispensing module. Finally, the 

oocytes are retrieved by a custom-designed culture vessel. 

 

4.2 Methods and Concepts 

Figure 4.3 shows the proposed system, which comprises a coplanar capacitive sensor and 

a deceleration area with a circular array of micropillars. This oocyte ejection system is  
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Figure 4.3 Basic concept of the on-chip oocyte dispensing system. (a) Oocyte detection. 

(b) Oocyte obstruction and dispensing. 

 

fabricated from polydimethylsiloxane (PDMS); hence, any risk of contamination is avoided 

because such a microfluidic chip is disposable. 

 

4.2.1 Capacitance sensors 

To eject a single oocyte into each hole of the culture well, a sensor is required for accurate 

detection. To achieve accurate single-oocyte ejection, Previously a pair of capacitance sensors 

was on a microfluidic chip and placed a pair of electrodes in the microchannel so that a 

microsensor could be used to measure the flow velocity [177][178].  

A pair of coplanar electrode sensors were fabricated on the outlet microchannel at the 

substrate which could work as detector using for oocyte detection. When an oocyte passed 
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through a pair of microsensor in the microchannel, a change in capacitance could be detected 

by the difference in permittivity between the oocyte and the culture medium. The microsensor 

sensed the change in the differential capacitance and provided an output voltage proportional 

to the change of capacitance. As shown in Figure 4.4, we assumed that two coplanar and semi-

infinite conducting films separated by the gap distance of 2a which were embedded within a 

uniform dielectric medium of permittivity εr, and each held at a constant potential ±Vo. The 

capacitance of an electrode pair of finite width w, could be estimated by the following equation 

[179] 
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where C is the capacitance, Q is the total charge on a single electrode, and Vo is constant 

potential held at the electrode pair, ε0 is the vacuum permittivity，w is an electrode pair of finite 

width and l is the length of the electrode pair for l >> w. Therefore the capacitance changes by 

the different fluidic materials as their electric permittivity εr is different. 

In Figure 4.4, T was the field penetration depth, w was the conducting plates of finite width, 

and u was the embedded load voltage in a dielectric liquid. In the microfluidic chip, the T is 

determined firstly, therefore the capacitance was only determined by those permittivity of 

different materials, and the permittivity changes causing a voltage changes is detected for 

sensing the oocyte passing or not.  

The great advantage of the capacitance sensor is that it can rapidly sense the oocyte without 

a visual system. In those studies, an oocyte delivered by a culture medium was detected by 

measuring the impedance changes between two electrodes. The signal was then demodulated 

by a lock-in amplifier to yield the impedance change due to passage of the oocyte. However,  
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Figure 4.4 Concept view of capacitance corresponding to a pair of semi-infinite 

electrode. (a) Electric field, (b) electric field with oocyte in. 

 

the noise signal of the capacitance sensors greatly interfered with the normal signal; at the same 

time, the sensitivity of the capacitance sensor decreased accordingly once the flow velocity 

increased. Therefore, the success rate of single-particle dispensing could only reach 50%. In 

the newly developed system, the sensitivity of the microsensor has been improved by reducing 

the size of the microchannel; the width and height were reduced from 800 μm and 300 μm, 

respectively, to 200 μm for both dimensions. Whereas the occupied oocyte volume ratio at the 

sensing area was merely 2.45% in the previous system, it increased to 14.7% in the new system. 

Therefore, the change in permittivity at the sensing area becomes more distinct. Although the 

sensitivity may be increased further by reducing the channel size, there is a limit because the 

size of an oocyte is normally around 150 to 180 μm. The maximum amplitude of oocyte 

detection increases by 16.7 times from 15 mV in the previous system to 250 mV in the current 

system. Figure 4.3 (a) shows an oocyte passing through the capacitance sensor.  

 

4.2.2 Deceleration and obstruction mechanism 

The success rate of our previous system in dispensing microbeads was low not only because 

of the low sensitivity of the sensor. Kawahara et al. [177] used two pairs of sensors to estimate 

the flow velocity in the previous system. Owing to the large variation in the estimated velocity 

for calculating the timing of ejection, however, their method only achieved a success rate of 

（a） （b） 
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50%. In the newly developed system, a deceleration chamber is established in the microchannel 

and 50-μm micropillars are arranged into a circular shape to block the oocyte at the dispensing 

nozzle. An oocyte with the zona pellucida (ZP) is normally 150 μm in diameter; therefore, the 

distance between each pair of micropillars is set to 50 μm to block the oocyte successfully. 

Figure 4.3 (b) is a sketch of an oocyte blocked by the micropillars. This mechanism works 

extremely well with the deceleration module in the developed system.  

 

4.2.3 Air-flow-based inkjet mechanism 

We use an air-flow-based inkjet system involving a high-speed solenoid valve with a 

maximum drive frequency of 500 Hz. When the solenoid valve is briefly opened, air force is 

applied to the microchannel (Figure 4.3 (b)). The oocyte is then ejected to the culture well [177]. 

In the following section, we describe the design and fabrication method for a high-accuracy 

single-oocyte dispensing mechanism by considering the characteristics of the system 

components. 

 

4.3 Microchip Design and Fabrication  

4.3.1 Microchannel design 

Figure 4.5 shows the entire single-oocyte dispensing system. Figure 4.5 (a) shows the top 

view of the dispensing area, where Ds, DD, Dp, and DC are the width of the microsensor, width 

of the microchannel, distance from the microsensor to the center of the nozzle, and width of the 

deceleration microchannel, respectively. Figure 4.4 (b) shows the side view of the dispensing 

system, where DN, Di, DW, DT and TN are the diameter of the nozzle, distance between the 

microchip and the culture well, diameter of a single vessel, distance between the sensor and the  
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Figure 4.5 Design parameters of the dispensing system. (a) Schematic diagram of 

microchannel viewed from above. (b) Side view of the dispensing system. 

 

deceleration microchamber, and thickness of the nozzle, respectively. The width of a branch of 

the microsensor is set to 100 μm with a distance of 100 μm between each pair of branches. 

In current system, the time required for enucleation is at least 10 s for a single oocyte. 

Hence, our current goal is to sense and dispense one oocyte in 10 s. To this end, the length of 

the dispensing microchannel is set to 1 cm and the flow velocity to 1 mm/s. and distance 

between the microsensor and the deceleration microchamber is set to 0.5 mm. Thus, in one 

minutes we can dispense 6 oocytes. However, from the sensor to the dispensing nozzle, 

theoretically it only takes 0.63s, therefore, for the other applications this system can achieve 

almost 95 oocytes sensing and dispensing per minute. Because an oocyte is softer without zona 

pellucida (ZP) than with it, the flow velocity should differ between these two cases. As noted 

above, the width and height of the microchannel are set equally to 200 μm. The diameters of 

the nozzle and pillar are 500 and 100 μm, respectively. To block the oocyte successfully, the 

distance between each pillar is set to 50 μm. The oocytes, which are delivered by flow, are  
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detected when they pass through the sensor. After an oocyte is stopped by the pillars and the air 

dispenser triggered, the XY-stage with the culture well is moved to the position corresponding 

to the nozzle position to retrieve the oocyte.  

One innovation in this study is the deceleration module. Because the parameters of the 

microchannel are fixed, the flow distribution in the microchannel has been analyzed by using 

COMSOL Multiphysics 4.3. An oocyte is elastoplastic; therefore, in the case of high flow 

velocity, it could be deformed and flushed through a gap between the pillars [180]. Two 

approaches have been used for the current oocyte enucleation process: one with ZP, and the 

other without it. An oocyte with ZP has a much higher Young’s modulus (22.8 ± 10.4 kPa) than 

that without ZP [181]. The Young’s modulus is difficult to measure in the latter case because 

the oocyte becomes soft and sticky on the surface. Here, we conducted preliminary experiments 

to find the optimum flow velocity.  

First, we investigated the minimum flow velocity that safely stops an oocyte by 

micropillars without obviously deforming it. Excessive deformation of an oocyte may harm it  

 

 

Figure 4.6 Initial investigation of oocyte deformation by hydraulic pressure in 

microchannel. 
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Figure 4.7 Experimental results under three different cases. 

 

and affect its ensuing proliferation and division. Figure 4.6 shows three typical examples in a 

preliminary test at velocities of 0.67, 0.74, and 1.37 mm/s. In Case 1 (low flow velocity, 0.67 

mm/s), an oocyte could be blocked without any obvious changes in its circular shape. When the 

flow velocity increased to 0.74 mm/s (Case 2), the oocyte was distinctly deformed. When the 

flow velocity further increased to 1.37 mm/s (Case 3), the oocyte was deformed and flushed 

away by the flow. 

These results reveal that the maximum flow velocity must not exceed 0.6 mm/s. After 

analyzing 15 oocytes for each case and removing deviations in the data, a velocity of under 0.5 

mm/s was set as the maximum velocity for blocking an oocyte without ZP (Figure 4.7). To 

determine the microchannel design for decelerating the flow velocity from 1 to 0.5 mm/s, a 

two-dimensional structure was modeled using COMSOL Multiphysics 4.3 to analyze the flow 

condition in the microchannel. The flow in the microchannel changed dramatically from the 

narrow channel (width: 200 μm) to the wide channel (width: 800 μm). At the intersection of the 

channels (x = 0.8 mm), the flow velocity decreased sharply (Figure 4.8).  
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Figure 4.8 FEM results of velocity distribution in the microchannel. (a) Velocity 

distribution. (b) Flow velocity curve (A-A’). 

 

 

Figure 4.9 FEM results of velocity changes with microchannels of different width (a: width of 

deceleration channel). 

  

The FEM simulation results suggest that to achieve a flow velocity of 0.5 mm/s, the width 

of the microchannel should be increased to at least 400 μm. Although the flow velocity  
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Figure 4.10 FEM results of velocity distribution in the microchannel. (a) Velocity distribution. 

(b) Flow velocity curve (A-A’). 

 

significantly decelerated when the width was increased to 800 μm, the rate at which the velocity 

decreased was not markedly different even when the width of the microchannel was increased 

to 1200 μm (Figure 4.9). Meanwhile, the nozzle hole should be placed with 0.1mm distance 

from the intersection. Therefore, in our experiments, we selected an 800-μm-wide microchannel 

for oocyte deceleration. Moreover, the velocity was noticeably reduced in the simulation results 

with the oocyte and pillars shown in Figure 4.10. The velocity decreased under 0.5 mm/s from 

the distance of more than 0.1 mm. Therefore, oocyte under the velocity of 0.5 mm/s makes it 

feasible that the pillars could block the oocyte successfully, and the pressure acting on the 

oocyte was released. As mentioned earlier, the stiffness of an oocyte with ZP is greater than that 

without ZP. Even when the flow velocity was increased to 60 mm/s, oocytes with an intact ZP 

were still blocked by pillars without deformation. 
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Figure 4.11 Design of nozzle and parameters of current structure. 

 

4.3.2 Design of dispensing nozzle 

In our system, we use a high-speed solenoid valve. Air pressure is applied to the 

microchannel when the solenoid valve is briefly opened, and a minimum pressure of 1 kPa is 

achieved. The surface tension of the liquid is the main force that prevents leakage, because the 

dispensing hole is always open. Although this suggests that a higher surface tension can 

generate a higher force to maintain the air-liquid interface in balance, a higher surface tension 

also implies that a higher air pressure is required for dispensing, which may increase the risk of 

unintended damages to the oocyte. For this reason, we explain how to determine the size of the 

dispensing hole and thickness of the nozzle. The surface tension at the nozzle hole is 

NDRR
p

411
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                       (4.2) 

where Δp is the maximum surface tension of the air-fluid interface, γ is the surface tension, and 

R1 and R2 are radii of curvature (R1 = R2 = ½ DN). Ideally, increasing the diameter of the 

dispensing hole should make it easier to dispense the oocyte. However, the surface tension 
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should also be considered to prevent leakage. A minimum nozzle hole of 0.5 mm could be 

achieved with the current fabrication technique. The values of surface tension Δp are 0.58 and 

0.29 kPa in cases where the diameters of the dispensing hole are 0.5 and 1 mm, respectively. 

The dispensing hole with a diameter of 0.5 mm is more appropriate because the dispensing air 

pressure is 1 kPa. 

The diameter of each retrieving vessel, DW, is 2 mm. To prevent the oocyte from being 

sprayed out of the vessel, the thickness of the nozzle is set to 
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Table 1 Parameters of dispensing system 

Parameter Value 

DN 0.5 mm 

TN 0.7 mm 

Di 3 mm 

DW 2 mm 

VP 10 μl 

VM 3 μl 

P 1 kPa 
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Figure 4.12 Fabrication process of microchip. 

 

4.3.3 Fabrication of microfluidic chip 

According to calculations, the minimum thickness of the nozzle should be 667 μm. In the 

experiment, we set the nozzle thickness to 0.7 mm (Figure 4.11). All parameters are shown in 

Table 1. The liquid paraffin can prevent evaporation of the culture medium and is non-toxic. 

The fabrication process for the microchip, which involves integrating a nozzle hole and two 

pairs of capacitive sensors, can be summarized as follows (Figure 4.12): 

Step 1: To fabricate the dispensing hole, a positive photoresist—a 50-μm-thick dry film 

resist (DFR; Asahi Kasei Co., Tokyo, JAPAN)—was pasted onto the prepared 0.12-mm-thick 

glass substrate. After h-line (λ = 405 nm) exposure of the DFR, a hollow circle was developed 

by using a sodium carbonate solution for 20 min at 26 °C. By using the sandblast technique, we 

fabricated a hole on the glass substrate. Finally, a NaOH solution was used to remove the 
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remaining photoresist. After Step 3, a 0.5 × 1 × 0.7 mm PDMS nozzle was attached to the glass 

substrate. 

Step 2: To fabricate the capacitive sensors, layers of 30-nm-thick Cr and 300-nm-thick Au 

were sputtered onto the prepared glass substrate. Next, OAP (Tokyo Ohka Kogyo) was spin-

coated for 30 s at 2000 rpm to bond the posi-resist onto the glass substrate and baked for 2 min 

at 90 °C. Then, the positive photoresist, OFPR (Tokyo Ohka Kogyo), was spin-coated for 30 s 

at 2000 rpm and baked for 30 min at 90 °C. After h-line (λ = 405 nm) exposure of the OFPR, 

the sensor pattern was developed by NMD-3 (Tokyo Ohka Kogyo). Subsequently, the Au and 

Cr layers were wet etched, and OFPR was removed by acetone. Finally, the electrode on the 

glass was wired with Ag paste. 

Step 3: A microfluidic chip consisting of a PDMS microchannel was bonded to a glass 

substrate. A PDMS microchannel was produced by replica molding with a master mold 

fabricated by photolithography. Ultraviolet light was irradiated through a photomask to produce 

a microchannel pattern with a mask aligner (LA410, Nanometrich Technology Inc., Tokyo, 

Japan). The substrate was then developed and rinsed. We employed SU-8 film (DuPont Co., 

Wilmington, DE, USA) and exposure to produce the microchannel in the microfluidic chip. 

Disposable microfluidic chip was used to prevent contamination after experiments that 

lasted 2–3 h. 

 

4.4 Experiments 

4.4.1 Experimental setup 

For the setup, we used a Teflon tube to connect the microchip and silicone tube (Figure 

4.13). This prevents air leakage between the microchip and the silicone tube, because the Teflon  
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Figure 4.13 Components of the experimental system. (a) Experimental setup for dispensing 

oocytes, which includes a solenoid valve, chip holder, culture well, and camera. (b) 

Architecture of the three-dimensional rendering system. 

 

tube is reasonably stiff and the input pressure is not excessively high (~10 kPa). The diameter 

of the air inlet (air hole) is 0.5 mm and the outer diameter of the Teflon tube is 1.0 mm. 

The system comprised a PC, solenoid valve, chip holder, culture well, and camera. By 

using the camera, we could observe delivery of the oocyte to the dispensing area. The position 

of the culture well was controlled by a motorized XY-stage. Measurements of the sensor outputs, 

timing of ejection, and signals sent to the solenoid valve, in addition to position control of the 

culture well, were performed with a computer. For the initial detection step, we used a digital 

lock-in amplifier (LI 5640, NF Corporation) with the following settings for the sinusoidal 

waveform to the microsensor: output voltage (Vp-p), 0.5 V; frequency, 10 kHz; and time 

constant, 30 μs. We obtained the voltage value under flow with an oocyte in the microchannel. 

To dispense the oocytes stably, we typically used 1 kPa air pressure and a 1 ms delay, on-time 

signal processing to the solenoid valve. A high-resolution syringe pump connected to the 

microchip was used to control the flow velocity in the microchannel. 
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Figure 4.14 Flowchart for oocyte detection. 

 

4.4.2 Oocyte-dispensing experiments 

Figure 4.14 shows the detection, ejection, and retrieving processes. In the beginning, a 

signal is sent to the computer if an oocyte passes the sensor, and after a 1-s delay, the PC opens 

a solenoid valve and dispenses the oocyte. To determine the arrival of an oocyte, the voltage 

signal is continuously recorded and compared with the reference voltage. Once a wave trough 

is detected, the PC sends a command to open the solenoid valve, and the oocyte is dispensed to 

the culture well. 

The oocytes were obtained from Livestock Improvement Association of Japan Inc. Tokyo, 

Japan. Before the experiments, bovine oocytes were prepared in advance with hyaluronidase 

(0.1% of TCM 199) for 10 min to remove the cumulus cells surrounding the oocytes. After this 

manipulation, each oocyte was delivered to the dispensing area by flow suction from the outlet 
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(Figure 4.15 (a)). The oocyte was then passed through the microsensor (Figure 4.15 (b)). After 

flowing into the deceleration microchamber, the oocyte suddenly slowed down and was blocked 

by the micropillars at the nozzle hole. Finally, the air pump ejected the oocyte to the culture 

 

 

Figure 4.15 Experiment showing detection, deceleration, and obstruction (by 

micropillars) of an oocyte. 

 

 

Figure 4.16 Detection of oocyte passing through the microsensor. 
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Figure 4.17 Detection of oocyte according to its velocity. 

 

environment. To investigate the success rate, the experiments were conducted during three 

different days with three different PDMS chips. Totally we tried 60 oocytes for dispensing, and 

all of the dispensed oocytes were retrieved. Therefore, we claim that the success rate after 

repeating 60 dispensing experiments was 100%. 

Figure 4.16 shows a typical experimental result of oocyte detection. The threshold was 

determined experimentally to 0.25 V. From the voltage changes in the sensor outputs, the 

passage of the oocyte could be detected. 

In accord with Figure 4.16, the graphs in Fig. 4.16 shows the evaluated signal changes in 

both the width and the aptitude due to the change in flow velocity. Figure 4.17 (a) shows that 

the width of the detected signal decreased by increasing the flow velocity. At the same time, the 

amplitude of the detected signal also decreased by increasing the flow velocity. The system 

could detect oocytes up to a maximum velocity of 55 mm/s. 

Figure 4.18 shows a representative dispensing result. In this experiment, we used a 3 cm × 

3 cm culture well with vessels 4 mm in diameter (Figure 4.18 (a)). After the dispensing process,  
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Figure 4.18 Experimental result of dispensing. 

 

each vessel with the pink medium contained a single oocyte (Figure 4.18 (b)). The oocyte could 

be observed clearly in magnified views of the vessel (Figure 4.18 (c, d)). 

 

4.4.3 Viability evaluation 

Dispensed oocytes were washed with Medium 199 without FBS (Fetal bovine serum) 

(Gibco Co., Tokyo, Japan) twice to remove any paraffin residue; they were then washed with 

three droplets of 10 µM Ca ionophore (Calbiochem Co., Darmstadt, Germany), which included 

m-PBS (Medium 199 without FBS) prepared in a dish, by transferring them to three separate 

droplets each time. The latter process was carried out within 5 min to prevent degradation due 

to light. The oocytes were then washed with three droplets of 6-Dimethylaminopurine (6-

DMAP) (Sigma Co., Tokyo, Japan), which included Medium 199 (with FBS), and incubated in  
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Figure 4.19 Division of dispensed oocyte in viability test. 

 

5 ml of the same reagent for 4 h. Subsequently, the oocytes were transferred to IVD-101 (IFP 

Co., Yamagata, Japan) and incubated for over 20 h. Finally, we observed oocyte division (Figure 

4.19). To investigate the viability rates before and after the dispensing procedure, we separated 

the oocytes into two groups, one was experimental group, and the other one was control group. 

We randomly picked 31 oocytes for the control group. These oocytes have been treated in the 

same way as the dispensed oocytes for the viability test. Among these 31 oocytes, we observed 

22 oocytes division by using microscope. Meanwhile, 32 oocytes were selected from 

experimental group, 22 oocytes division have been observed by microscope. Therefore, the 

viability ratios of the oocytes before and after dispensing were 71% and 69%, respectively. This 

suggests that the dispensing process is non-harmful to oocytes. 
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4.5 Summary 

A new scheme that involves the use of microsensors for detection and deceleration with 

micropillars for oocyte dispensing has been demonstrated. This system, which is specifically 

used to dispense single oocytes, is composed of a capacitance sensor, a deceleration module, 

and micropillars for stopping the oocytes. Design and fabrication strategies to increase the 

success rate of dispensing were also demonstrated. Through simulations and calculations, we 

characterized a prototype of this system. Furthermore, in preliminary experiments, we 

confirmed the characteristics of the system components and determined the parameters of 

microchip design. Subsequently, we demonstrated that by using this newly designed system, 

the success rate of dispensing oocytes greatly increased to 100%. Finally, through viability tests 

that compared the viability ratios before and after dispensing, we found that the dispensing 

process had no adverse effects on oocyte viability. 

This system will be highly useful for cell dispensing and that similar system, in 

combination with the on-chip oocyte enucleation process, could usher in a new era of newly 

improved cloning techniques.   
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Chapter 5.  

 

Three Dimensional Oocyte Orientation 

Control 

 

 

5.1 Introduction 

Cellular study demands a range of techniques for manipulations of single cells. For instance, 

in the early-stage of cloning, the nucleus should be removed from the oocyte with low invasion. 

Cutting volume shows great effects on the viability of the subsequent fertilization [151], [162], 

[182]. Meanwhile, in the genetic studies, the characteristics of zona pellucida (ZP) and spindle 
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of embryo cell, for example retardance measured by polar scope shows great influences on the 

quality of the oocyte for artificial insemination, stem cell research, and clinical in vitro 

fertilization procedures. These cellular operations target specific cellular orientation, requiring 

the oocytes to be noninvasively rotated in three dimensions for properly orienting target cell 

organelle for manipulations. 

Cell orientation control in most research works and clinical applications has been 

conventionally performed by skilled operator. Observing by a microscope, operator uses a 

micropipette by repeated aspirating and releasing accordingly until the cell organelle becomes 

visible. Due to the low controllability, such kind of manual 3-D rotation method is a trial-and-

error procedure [183]. A number of approaches have been reported in the literature for rotating 

single cells. Many non-contact forces can be applied to the cell manipulations, Optical tweezers 

use a focused laser beam to manipulate microscopic objects is an optional approach [184]–

[188], However, the optical tweezers technique is limited to rotating a cell about one axis. 

Dielectrophoresis (DEP) uses a nonuniform electric field to exert forces on cells and has been 

utilized for small size cell rotation [189]–[191], however it has also been shown that the electric 

fields required for DEP to rotate cells can cause significant cell damage [192]. Especially for a 

big size cell, like oocyte it is difficult to operate, due to the diameter of oocyte is normally over 

150 µm [193]. Sun et al. introduced a three-dimensional rotation of mouse embryos by using a 

standard holding micropipette to generate a fluidic flow to rote the oocyte [194]. However for 

single oocyte rotation it takes around 40 sec, and also this approach is still operating in an open 

space, which may easily cause contaminations to the cell environments. Previously we 

developed an enucleation approach, which can achieve the oocyte enucleation process without 

ZP [195], and even enucleation with ZP by using micro gripper by Ichikawa et al. [164]. 
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However, both of these enucleation processes cannot achieve the oocyte orientation control. In 

oocyte enucleation process, the nucleus position is critical. The oocyte should be well rotated 

letting the nucleus facing to the cutter, for the removed volume of cytoplast is to be as small as 

possible since removed volume of cytoplast is critical for the consequential oocyte viability. 

And also in intracytoplasmic sperm injection, the polar body of the oocyte must be oriented 

away from the penetration side in order to prevent the damage to the oocyte. Here we introduce 

an on-chip oocyte orientation control method by using MMT in a closed space. By custom 

designed fork shaped MMT, the oocyte could be rotated in three dimensions with a high angular 

velocity, and with high operability. 

Robots on a chip have great advantages for the treatment of biological cells instead of 

human handling due to its non-skill dependent, high throughput and high repeatability. 

Magnetic field can be a suitable power source for the on-chip robot because of its non-contact 

drive; low invasiveness with respect to a cell, and low production cost [80], [155]. As described 

in the previous chapters, magnetically driven microtools (MMTs) which can be applied to a 

wide range of cell manipulations. A permanent magnet possesses a magnetic field that drives 

an MMT with 10–100 times more force than an electromagnetic coil of the same size, 

effortlessly causing the output of mN-order forces. In order to reduce the effective friction of 

the MMT significantly, we arranged permanent magnets parallel to the driving plane, and also 

piezoelectric ceramics were employed on the drive plane to induce ultrasonic vibrations so that 

the effective friction reduced significantly [134]. As a result, we achieved 1.1 μm-order 

positioning accuracy while maintaining a mN output force. However it is difficult to handle the 

oocyte to control its posture and remove the nucleus part since the oocyte is operated in an 

unconfined space. Once the tip of the MMT blade touched the surface of the oocyte, as an  
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Figure 5.1 Conceptual overview of the oocyte manipulation by the MMTs in a microfluidic 

chip. The MMTs are actuated by permanent magnets. 

 

oocyte is soft and sticky, a resistance force generated by the oocyte decreases the position 

accuracy, significantly. Currently, in ensuring the driving accuracy is not changed, both of 

actuation method and type of MMT have been improved, the output force is further increased 

from 20 mN to 44 mN, these improvement makes the new system much more robust on big cell 

operation like oocyte manipulation. 

Herein, we describe an improved driven method for an MMT driven by vertically set 

permanent magnets with a precise positioning accuracy in the order of micrometres, and new 

driven method generates stronger output force from the permanent magnets. Figure 5.1 shows  
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Figure 5.2 Oocyte rotation by dual-arm MMT [134]. 

 

the conceptual overview of the cell manipulation by the MMTs. The MMTs are placed in a 

microfluidic chip and actuated by permanent magnets set on linear stages. Then, the MMT 

manipulates the inserted cells under the microscope just like a micromechanical manipulator 

does, but the size of the microchip and the MMTs are significantly smaller, and the risk of 

contaminations are less than a micromechanical manipulator owing to the closed space of the 

microfluidic chip. 

 

5.2 X/Y Plane Rotation of Oocyte by Using MMT 

In the previous study, we have already achieved the two-dimensional rotation of oocyte,  
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Figure 5.3 Bovine oocyte manipulation using the streamline: (a) Attraction and repulsion, 

(b) Rotation [196]. 

 

Hagiwara et al. using dual-arm MMT and succeeded in rotate the oocyte in X/Y plane [134] 

(Figure 5.2). Subsequently, Hagiwara et al. proposed another approach on rotation of oocyte in 

X/Y plane, by using high frequency vibration of MMT, the oocyte could be rotated without 

touching of the oocyte surface [196]. However, the controllability is quite low and even it is 

hard to estimate. And also, rotation in three dimensional is impossible by using this approach. 

 

Figure 5.4 Driven concept of the MMT actuated by permanent magnet with ultrasonic 

vibration. Oscillating the glass substrate by the piezoelectric ceramic reduces the effective 

friction on the MMT. 
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5.3 Methods and Materials  

5.3.1 Driven Concept of MMT 

In order to achieve the high speed and high accuracy three dimensional rotation of the oocyte, 

the previous driven methods [134] are unsatisfying. Here, an improved driven method is 

proposed with equally high accuracy but higher output force. Figure 5.4 shows the new driving 

concept of the MMT with ultrasonic vibration. Radially displaceable piezoelectric ceramic is 

attached to the glass substrate under the microfluidic chip and oscillates the glass substrate 

vertically. When ultrasonic vibration ranges from ten thousand to a million times per second is 

applied to a surface vertically, the effective friction of the contact surface between the moving 

object and glass surface decreases significantly [197]–[199]. The MMT is actuated by 

permanent magnets whose axis is set to the horizontal direction and the permanent magnet is 

placed vertically on the 2-DOF linear stage. 

 

5.3.2 Fabrication of the microfork 

Figure 5.5 shows the fabrication process of microfork. At first, the photoresist OFPR (Tokyo 

Ohka Kogyo Co.) was coated on the substrate. After the exposure on the OFPR side, the OFPR 

pattern was developed. Next, deep reactive-ion etching (DRIE) was conducted from the OFPR 

side, and silicon is etched to a depth of 125 μm. We again conducted the OFPR coating on the 

opposite side of the silicon, and do the other patterning, and exposure, after DRIE process to 

form the MMT shape. At last, φ0.5 mm ×0.5 mm permanent magnets are assembled to shape 

MMT. SEM photos shows the two-time DRIE process fabricated Microfork. 
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Figure 5.5 Fabrication process of the microfork. 

 

 

Figure 5.6 The relationship between the vibration amplitude and friction coefficient 

reduction (Frequency: 127 kHz, Voltage: 15 V). 
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5.3.3 Evaluation of the New Driven Method 

An experiment was conducted in order to evaluate the effect of the vertical vibration and the 

reduction of the friction force. The linear stage was actuated in a circular trajectory with a 

constant drive velocity and the corresponding MMT positions were measured by CCD camera. 

Figure 5.6 shows the relationship between the vibration amplitude and friction coefficient 

reduction. By continuously increase the amplitude the friction coefficient reduced significantly, 

this phenomena could be used in the driving of the MMT. By utilizing this driven method, 

plenty of experiments are conducted to find the driven accuracy and output forces.  

Figure 5.7 shows the positioning accuracy of the MMT with vibration by piezoelectric 

ceramic against the target circular trajectory. By testing various thickness of the glass, the 

positioning accuracy are different. The position accuracy of the MMT is quite different when  

 

Figure 5.7 Positioning accuracy of the MMT with vertical vibration from piezoelectric 

ceramic. (glass thickness: 300µm, frequency of the piezoelectric ceramics: 127 kHz, 

amplitude of vibration: 1µm). 
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applying the vertical vibration or not. Figure 5.8 shows the results of control accuracy difference, 

it can be easily find out that the position accuracy increased significantly when the vertical 

vibration applied on the microfluidic chip. The output force of the MMT is also experimentally 

evaluated by the loadcell (LVS-5GA, Kyowa Electronic Instruments Co. Ltd). Figure 5.9 shows 

the output forces of the MMT with and without ultrasonic vibration respectively. The output 

force of the magnet type of MMT with ultrasonic vibration (15Vp-p, 127 kHz) increased twice 

as much as the previous nickel type of MMT with vibration for friction reduction. Comparing 

to the previous result, the output force of the current MMT is considerably higher with 

millinewton force. Increasing the capacity of the maximum force enables the MMT to be 

applied to the force 

 

Figure 5.8 Deadband reduction. (a) Illustration of dead band, (b) Reduction of dead band. 

(case 1: without vibration, glass thickness: 300 µm, case  case 2 with vibration, thickness 

300µm). 
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Figure 5.9 Improvement of new driven method increased the output force by 20 mN. 

 

requirement tasks, like oocyte orientation control, and also by utilizing current setting a cell 

operation becomes easier, like enucleation.High power output and precise positioning accuracy 

allows the MMT to be employed in a wide range of applications like commercialized 

micromechanical manipulators. From the Figure 5.9, as can be seen, the output force increase 

twice and achieve to 44 mN, which means the scope of the manipulations of cell has been 

increased. The differences are that the size of the manipulator is tiny for the MMT and it can be 

actuated in a microfluidic chip. A closed environment supplies the less disturbance atmosphere 

to prevent cell contamination and miniaturization of the manipulator leads to the high 

throughput of the operations. 
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5.4 Three-dimensional rotation of oocyte  

5.4.1 Concept and methods 

Here, we propose a new rotation approach by using MMTs, by custom-designed fork shape 

of MMT with step structure on the tip of the MMT, 3-D rotation of oocyte becomes possible. 

Figure 5.10 shows the concept of the 3-D rotation of an oocyte. In order to achieve simple 

rotation of oocyte, we assume a pure rolling simple model shown in Figure 5.10. Due to the 

oocyte is an elastoplastic matter, and the operation environment is in the culture medium, the 

shear force cause by the fluid is hard to estimate, and both the stiffness and the surface condition 

of oocyte are important parameters on oocyte rotation, therefore, according to the above 

analysis, the most important parameter is to reduce the friction force generated at the time that 

MMT is touching the oocyte. Under the same load, the friction can be reduced by reducing the 

pushing contact area, therefore the friction force can be reduced, accordingly. Hence, in the 

rotation experiment, microfork structure has been customer-designed, only letting two tips  
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Figure 5.10 Concept of three dimensional oocyte rotation by MMT-fork, (a) overview of the 

oocyte rotation concept, (b) Side view of oocyte rotation. 

 

touching the oocyte on pushing the oocyte to rotate. 

Actually, in the rolling phenomena, there are two classic types, one is pure rolling, and the 

other is non-pure rolling. The pure rolling means there is no relative motion between contact-

surface, on the contrary, the non-pure rolling has a relative motion between the contact-surface. 

And also, during the rotation, oocyte is soft, it can be easily deformed, therefore, two different 

rolling case are discussed here, 1) pure rolling, 2) rotation with oocyte deformation.  

Case 1: in Figure 5.11 (a) as the sphere with a radius R does the pure rolling, assuming the  
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Figure 5.11 Analysis of rolling dynamics, (a) Pure rolling model, (b) rotation with oocyte 

deformation. 

 

average velocity is vc and the sphere is rotate around the rotating axis, the angular velocity is vc 

= Rω; by taking the derivative of the time, the relation between the axis acceleration ac and 

angular acceleration �̇� is ac = R�̇�. Therefore the kinematic condition of pure rolling are: 

vc = Rω, ac = R�̇�                            (5.1) 

Further simplify the oocyte rotation model shown in Figure 5.11, assume the resultant force is 

Fx, and the resultant moment is My, and the friction moment is Mf = Mstastic + Mrolling, therefore 

the kinematic acceleration on axle center is: 

𝑥�̈� =
𝐹𝑥+𝑓

𝑚
                                  (5.2) 

The rotation acceleration around the axis: 

𝜔�̇� =
𝑀𝑓+𝑀𝑦

𝐼
                                (5.3) 

Base on the pure-rolling condition, we can get: 

𝐹𝑥+𝑓

𝑚
=

𝑀𝑦+𝑀𝑓

𝐼
𝑅                              (5.4) 

Where m is the mass of the object, I is the moment of inertia, R is the radius of sphere. The 
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condition of an object doing the pure-rolling is: 

𝑓𝑚𝑎𝑥 ≥ |
𝑚(𝑀𝑦+𝑀𝑓)𝑅−𝐼𝐹𝑥

𝑚𝑅2+𝐼
|                           (5.5) 

 

Which means that the static friction force should be smaller than the maximum of the static 

friction. Therefore the friction generated by MMT should be considerably small. Microfork 

with two tiny tips touching on the oocyte surface, this permits that the friction force generated 

by MMT is considerably small when pushing the oocyte to rotate. 

Case 2: at the case of oocyte rotation with deformation (Figure 5.11 (b)), oocyte pushed by 

the tip of MMT is deformed, hence 𝜃2 > 𝜃1, and 𝐹𝑦 becomes greater than in case 1, which 

increases the friction force for the rotation by force 𝑓3 and 𝑓4, In this case, the performed 

rotation is with the same mechanism when rotating in X/Y plane by dual arm MMT [134]. 

Both of these two cases of oocyte rotation have been achieved, which will be introduced in 

the following experimental section. 

 

5.4.2 Oocyte rotation experiments 

Figure 5.12 shows the oocyte rotation in vertical direction. In the figure, the sphere object is 

the bovine oocyte. At the beginning the microfork close to the oocyte, in order to observe the 

oocyte rotation vividly a track point has been marked, and then MMT tried to get the axle of 

the oocyte in horizontal direction. By pushing from the side of the oocyte, the oocyte could be 

rotate in the vertical direction. Continuous pushing of the oocyte, it can rotate 180 degrees by 

utilizing MMT in just 3.4 sec. By pushing from the two opposite directions the oocyte can rotate 

in both clockwise and anticlockwise from the bottom up perspective side view. 
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Figure 5.12 Oocyte rotation by using MMT microfork. 

 

 

Figure 5.13 Image data processing, a) Template image for cell, b) Detected cell using 

template matching, c) Threshold image of cell, d) Clearing the noise using morphological 

operations e) Removing MMT part from the image f) Final image masked with track point. 

 

5.4.3 Oocyte rotation evaluation 

In order to do the data processing for calculation of the angular velocity of the oocyte rotation 

we need to detect the position of the tracking point. The steps of the algorithm can be found in 
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Figure 5.13. First we detect the position of the cell using template matching. The bovine oocyte 

image has been selected as a template for template matching, which is done in RGB image. 

After finding the location of the template in image we crop a slightly larger patch from the 

image for the rest of the algorithm. Patch is first transformed into gray scale image; thereafter 

in order to distinguish the tracking point on the oocyte, a threshold applied to the gray scale 

image and a binary image is obtained. A morphological opening operation (erosion and dilation 

of the binary image) is performed to remove noise and small particles that presented in the 

image. All other components of the embryo, such as the zona pellucida and the cytoplasm, are 

removed from the binary image. At this point only tracking point and the part of the MMT 

remain in the binary image patch. While tracking point must be somewhere close to the middle 

of the patch, MMT must be connected to the boundaries of it. Using connected components 

labelling, we first label different regions in the image. Regions which are connected to the 

boundary of the image is considered as part of the MMT, and thus removed from the image. 

Only remaining region is considered as tracking point, finally its gravitation center is taken as 

its position. 

Figure 5.14 shows the model on how to use the X/Y plane position coordinate to estimate 

the Z value of Z axis in Cartesian axes. In order to calculate the oocyte rotation velocity, images 

are got from the top view by microscope, therefore, as the oocyte radius R can be measured 

from the image, generally 150 μm, according to the Cartesian coordinates values, we could 

derive the coordinate value of Z on the spherical surface,  

𝑍 = √𝑅2 − (𝑋2 + 𝑌2)                          (6)  

as �⃗� = (𝑋1, 𝑌1, 𝑍1), �⃗� = (𝑋2, 𝑌2, 𝑍2), the great circle distance L can be derived, 
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Figure 5.14 Derivation algorithm of tracking point position estimation. 

 

𝐿 =
𝜋𝑅

180
𝑎𝑟𝑐𝑐𝑜𝑠 (

�⃗⃗�∙�⃗�

|𝑞||𝑝|
)                         (7) 

the angular velocity of oocyte w = L/T, where T is the rotation time. 

Figure 5.15 shows the rotation angular velocity of the oocyte can be controlled by changing 

the velocity of manipulated MMT at the case of pure rolling of oocyte. In current MMT system, 

the move speed of MMT can achieve up to 300 μm/s visibly. Basing on the moving speed of 

MMT, we could achieve the angular velocity of oocyte up to 3 rad/s and 2.8 rad/s in vertical 

orientation and horizontal orientation, respectively at the pure rolling case. And in the case two 

(Figure 5.15 and Figure 5.16), the rotation speed also can reach to 3 rad/ s and because the 

oocyte is elastoplastic, during the manipulations the MMT slightly deformed the oocyte, 

therefore when pushing vertical way, the oocyte slipped under the tip of the MMT. That sliding 

friction may happen to be what causes the small difference in the rotation velocity between 

vertical rotation and horizontal rotation. Additionally, the surface of the oocyte is sticky due to 

the cell secreted protein, which may influence rotation speed. But never the less, current system 
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Figure 5.15 Oocyte rotation angular velocity according to the MMT velocity at the case of 

pure rolling. 

 

Figure 5.16 Oocyte rotation angular velocity according to the MMT velocity at the case of 

oocyte rotation with deformation. 
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Figure 5.17 One example of oocyte rotation in vertical direction of 180 degrees, angular 

velocity of oocyte is convertible during the rotation. 

 

rotate the oocyte in a high speed in less time comparing with conventional electrorotation and 

micropipette generated fluidic flow to rotate the oocyte. Two fitting curves have also been 

plotted in both Figure 5.15 and Figure 5.16 showing that the angular velocity of oocyte rotation 

is approximately linear to the MMT movement velocity in both directions.  

Figure 5.17 shows one example of single oocyte rotation in vertical orientation. During the 

rotation, the angular velocity is controllable according to the moving speed of the MMT in X/Y 

plane.  
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Figure 5.18 Oocyte rotation according to the polar body position. (Oocyte is 150 μm in 

diameter) 

 

Figure 5.18 shows the oocyte rotation according with the polar body position, at beginning, 

the polar body is invisible, by vertical rotation using MMT, polar body was rotated until visible, 

in Figure 5.18 the polar is at the lower part of the oocyte. Then, by utilizing dual arm MMT 
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oocyte could be rotated in X/Y plane, here we rotated 90 degree to the left side of the oocyte. 

In the current system, the minimum of MMT movement error is around 9 μm (including the 

image estimation error with real MMT dead band error), therefore the control accuracy of the 

oocyte rotation angle is declared to be 7.5 degree. 
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Figure 5.19 Three dimensional rotation for accurate oocyte enucleation. 

 

5.4 Summary  

In this chapter, a system for 3-D rotational control of bovine oocyte has been presented. By 

using customer designed MMT microfork, the oocyte orientation control could be achieved. 

Comparing with the conventional works, rotation control by using MMT shows great advantage 

in control accuracy and the rotation speed. For single oocyte rotation it is just take a few seconds. 

By using the visual recognition and tracking the polar body, the three dimensional rotation could 

be easily detected. Figure 5.19 shows that by utilizing such three dimensional rotation method, 

orientation of oocyte could be easily controlled, and the cutting accuracy can be improved by 

well-adjusted oocyte orientation and position. This system demonstrated overall out-of-plane 

and in-plane in a quite simple way. And by utilizing this approach, meanwhile, the cell 
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manipulation for cell study becomes much easier on investigating single cell characteristics and 

analysis mechanism properties of single cell.  
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Chapter 6.  

 

Conclusions and Future Works 

 

 

6.1 Summary 

In this thesis, we have presented many different kinds of single oocyte manipulation 

methods on a microfluidic robochip. Robochip contains magnetically driven microtool (MMT), 

which was proposed for no contamination of cell manipulations. The novelties of using MMT 

are summarized as follows: 1. MMTs are fabricated precisely with photolithographic resolution 

in arbitrary, and MMTs can be fabricated by various process two achieve both in 2-D shape and 

3-D shape for different applications. And the subsequent viability test of oocyte has also been 
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confirmed. 2. Magnetic force enables the noncontact actuation in a closed microfluidic chip 

with relatively high output forces, by utilizing hybrid type MMT assembling with the permanent 

magnets, the force of single MMT could obtain 44 mN forces, which shows great usage on 

single oocyte manipulations, like the oocyte enucleation, oocyte rotation and so on. 3. 

Microfluidic chip with MMT is disposable and produced at low cost for the biomedical 

applications. Finally, MMTs are fabricated by using MEMS process, mass production with low 

cost to full fill the disposability is possible. 

In Chapter 2, we presented an on-demand microbeads delivery system in a microfluidic 

chip by magnetically driven microtool (MMT). It shows potential usage on oocytes loading. 

The four of horizontally arranged permanent magnets and the piezoelectric vibrator are used to 

actuate the Ni based microtool precisely in the chip. The MMT injects the beads mechanically 

to flow and then into ejection operation part. Transferring microbeads one by one with the 

required pace to the next process has been achieved. The delivery and ejection of polystyrene 

beads (100 µm) with the flow velocity of from 0.02 ml/h to 0.04 ml/h and MMT frequency 

from 1 Hz to 6 Hz to adjust the pitch of each micro-bead has been demonstrated. The spacing 

interval of microbeads could be mainly adjusted by changing of MMT frequency and the flow 

velocity of output stream. The proposed system shows advantages of high-speed, high success 

ratio and disposable of microfluidic chip having MMT. This system can be a breakthrough of a 

high throughput of accurate and effective particle manipulations in the field of cell culturing on 

a single particle. Finally, single oocytes loading has also been tested, around 60 % success rate 

of loading oocytes has been confirmed. 

In Chapter 3, the MMT has been improved to a hybrid type fabricated by silicon with 

Nickel. Silicon has a higher stiffness showing the advantage on hard to be deformed or bend 
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over. A new scheme that involves use of hydraulic forces controlled by a microrobot to perform 

an oocyte enucleation process in a microfluidic chip has been demonstrated. Using this novel 

design for oocyte enucleation, the nucleus was removed from the oocyte successfully. This 

system is advantageous for the following three reasons: (1) that oocyte enucleation can be 

conducted at a higher speed as compared to conventional enucleation methods; (2) that it 

minimizes the damage to the oocyte, and that the removal volume of the nucleus portion is 

small, which is important because the cytoplasmic volume affects the development of nuclear 

transfer embryos; and (3) that the incision of the enucleated oocyte is smooth, which may also 

reduce the influence of the viability on the oocyte. 

In Chapter 4, as the enucleation has been well studied in our group, and a new cutting 

approach has been achieved, therefore we then studied how to retrieve the oocytes from the 

microfluidic chip. A new scheme that involves the use of microsensors for detection and 

deceleration with micropillars for oocyte dispensing has been demonstrated. This system, which 

is specifically used to dispense single oocytes, is composed of a capacitance sensor, a 

deceleration module, and micropillars for stopping the oocytes. Design and fabrication 

strategies to increase the success rate of dispensing were also demonstrated. Through 

simulations and calculations, we characterized a prototype of this system. Furthermore, in 

preliminary experiments, we confirmed the characteristics of the system components and 

determined the parameters of microchip design. Subsequently, we demonstrated that by using 

this newly designed system, the success rate of dispensing oocytes greatly increased to 100%. 

Finally, through viability tests that compared the viability ratios before and after dispensing, we 

found that the dispensing process had no adverse effects on oocyte viability. This system will 

be highly useful for cell dispensing and that similar system, in combination with the on-chip 
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oocyte enucleation process, could usher in a new era of newly improved cloning techniques. 

In Chapter 5, a system for 3-D rotational control of bovine oocyte has been presented. By 

using customer designed MMT microfork, the oocyte orientation control could be achieved. 

Comparing with the conventional works, rotation control by using MMT shows great advantage 

in control accuracy and the rotation speed. For single oocyte rotation it is just take a few seconds. 

By using the visual recognition and tracking the polar body, the three dimensional rotation could 

be easily detected. This system demonstrated overall out-of-plane and in-plane in a quite simple 

way. And by utilizing this approach, the enucleation and the cell manipulation for cell study 

becomes much easier on single cell study and analysis. 

The developed MMT and custom-designed microfluidic chip can now use for many of cell 

manipulations, which currently commercialized mechanical manipulators conducts but the size 

of the manipulator is significantly smaller and the environment is more stable than a 

micromechanical manipulation owing to the closed space of the microfluidic chip. The 

proposed method, which is a microfluidic chip based robochip, is therefore a promising method 

for realizing high throughput sensing of the mechanical parameters of cell. 
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6.2 Future Work s 

6.2.1 Multifunctional modules integration 

In order to improve the controllability of a single cell, especially for single oocyte 

manipulations, various manipulation functions have been discussed in this thesis. It includes 

oocytes loading, oocyte enucleation in high-speed, single oocytes dispensing and single oocyte 

orientation control. Still the oocyte loading success rate is unsatisfied, oocyte loading needs 

improvement in the future. And also, each system is independent, the efficiency of each system 

cannot be brought into fullplay, therefore unify all the modules into one system is necessary. 

Even every modules of cell manipulations have been achieved, however integration of all the 

manipulation functions into one chip is still a hard topic, for instance, position arrangement of 

different modules, actuation modules positioning and how to connect each modules, like after 

one process, how to continue the next operation process, and so on. Hence, in the future work, 

Integration of various modules is hard required.  

 

6.2.2 Automated cell manipulation by MMT 

All of cell manipulations presented in this thesis were operated manually through joysticks. 

The MMT accuracy has been improved, output force also has been improved, and hence fully 

automated cell manipulation will be next step by integrating vision sensor, trajectory stage 

control, and feedback control of drive stage. Modeling of the cell manipulation is quite 

important to develop automation system. Cell is not a rigid body but a soft material where large 

deformation can be caused and thus, handling cell is not easy task as it seems to be.  

By combining chemical and robotics technologies in a microfluidic chip, cell manipulation 

by microrobot can be like production line of the manufacturing. Once the MMT can conduct 
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stable actuation at high speeds, it can perform complicated tasks for cells at high speeds similar 

to industrial robots because the MMT already has enough output force and accuracy to handle 

cells the size of dozens of micrometers with three degrees of freedom. Fluid force in the 

microchannels enables cells to be transferred to the MMT working area continuously, and 

MMTs manipulate cells according to their applications with high throughput. Then, cell 

manipulation can be completely non-skill dependent job.   
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