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ABSTRACT

Investigation and Experimental Verification of
Untethered Microrobot Motion Behavior Subject to

Laminar Flow

Ali Anil DEMIRCALI

Department of Mechatronics Engineering

Doctor of Philosophy Thesis

Advisor: Asst. Prof. Huseyin UVET

Untethered manipulation of microrobots is emerging as a promising field of

research in medical and biological applications. This study presents an untethered

micromanipulation technique to control magnetic microrobot with high precision

positional accuracy inside a microfluidic channel. It is aimed to develop an untethered

microrobotic platform that can operate on high flow rate microfluidic channels for in

vitro applications. Firstly, a novel diamagnetic untethered levitation configuration

is used in order to eliminate the friction force between the substrate’s surface and

the microrobot. Secondly, the drag force acting on the microrobot is decreased to

move the microrobot longitudinally towards and against the flow. After that, the

liquid media’s hydrodynamic effects on microrobot is optimized by finite element

method (FEM) simulations in COMSOL R©(version 5.3, COMSOL Inc., Stockholm,

Sweden). Analytical and simulation studies are conducted, which are then validated

by experimental results to demonstrate the advantages of the developed platform.

Experimental results are on par with analytical and simulation studies, and this

platform significantly improves the longitudinal forces on the microrobot. Moreover,

this platform also provides a more stable longitudinal motion in fluidic channels,

where a high rate flow is present. An increase in flow rate exponentially increases

the drag force on the microrobot and negatively impacts its positioning accuracy.

Increasing the longitudinal force generated by the microrobot’s driving apparatus

helps disrupt the fluid flow and increases longitudinal motion stability. No prior study

exists investigating the longitudinal motion of a microrobot for high flow velocities
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(∼ 5 mm/s). Longitudinal force investigation is an important topic for increasing the

applicability of microrobots in many areas such as cell research, micromanipulation,

and lab-on-a-chips. The following points are achieved in the relevant study, and their

details are given:

- The microrobot can move in three dimensions and two orientations in a liquid

environment.

- The microrobot stable levitation range is determined between 30 µm to 330 µm.

This range is also confirmed with simulation and experimental studies. Furthermore,

the microrobot capable of tracking the desired trajectory with the accuracy of <1 µm

at varying speed. Also, the levitation height can be adjusted in the stable working

range.

- Different controllers are used such as "rule-based", "laser-feedback",

"visual-feedback", and "hybrid model" to reduce the microrobot orientation at

higher speeds.

- The microrobots’ ability in a square-shaped microfluidic channel is demonstrated by

following a linear trajectory with a relative flow velocity of up to 132.6 mm/s.

Keywords: Microrobot motion, Motion in flow, Diamagnetic levitation, Reynolds

number, Laminar flow

YILDIZ TECHNICAL UNIVERSITY

GRADUATE SCHOOL OF NATURAL AND APPLIED SCIENCES
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ÖZET

Laminer Akış Altındaki Temassız Bir Mikrorobotun
Hareket Davranışının İncelenmesi ve Deneysel

Doğrulanması

Ali Anil DEMIRCALI

Mekatronik Mühendisliği Anabilim Dalı

Doktora Tezi

Danı̧sman: Dr. Öğr. Üyesi Hüseyin ÜVET

Mikrorobotların temassız manipülasyonu, tıbbi ve biyolojik uygulamalarda umut

verici bir araştırma alanı olarak ortaya çıkmaktadır. Bu çalı̧smada, bir mikroakı̧skan

kanal içerisinde bulunan ve yüksek hassasiyette temassız bir şekilde kontrol

edilebilen manyetik mikrorobota ait mikromanipülasyon tekniği anlatılmı̧stır. In-vitro

uygulamalar için yüksek akı̧s hızlı mikroakı̧skan kanallar üzerinde çalı̧sabilen ve

temassız hareket edebilen mikrorobotik bir platform geli̧stirilmesi hedeflenmektedir.

İlk olarak, substratın yüzeyi ile mikrorobot arasındaki sürtünme kuvvetini ortadan

kaldırmak için yeni bir diyamanyetik levitasyon konfigürasyonu kullanılmaktadır.

İkinci olarak, mikrorobot üzerine etki eden sürükleme kuvveti azaltığı için mikrorobot

akı̧sa doğru ve akı̧sa karşı hareket edebilmektedir. Daha sonra, sıvı ortamın

mikrorobot üzerindeki hidrodinamik etkileri, COMSOL R© (sürüm 5.3, COMSOL Inc.,

Stockholm, İsveç) içindeki sonlu elemanlar yöntemi (FEM) simülasyonları ile optimize

edilmektedir. Analitik ve simülasyon çalı̧smaları önerilen tekniğin avantajlarını

göstermek için deneysel sonuçlarla doğrulanmaktadır. Deneysel sonuçlar, analitik

ve simülasyon çalı̧smaları ile aynı olması; bu çalı̧smanın mikrorobot üzerindeki

yanal kuvvetleri önemli ölçüde geli̧stirdiğini ve yüksek hızlı akı̧sın mevcut olduğu

akı̧skanik kanallarda daha kararlı bir yanal hareket sağladığını göstermektedir. Akı̧s

hızındaki bir artı̧s, mikrorobot üzerindeki sürükleme kuvvetini üssel olarak artırmakta

ve konumlandırma doğruluğunu olumsuz yönde etkilemektedir. Mikrorobotun yanal

kuvvetinin arttırılması, sıvı akı̧sının etkilerinin azaltılmasına yardımcı olur ve yanal

hareket stabilitesini artırmaktadır. Yüksek akı̧s hızları 5 mm/s için bir mikrorobotun
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yanal hareketini araştıran önceki bir çalı̧sma bulunmamaktadır. Yanal kuvvet

çalı̧smaları, mikrorobotların hücreler üzerindeki araştırmalarda, mikromanipülasyon

ve Çip-üstü-laboratuvar (lab-on-a-chip) gibi birçok alanda uygulanabilirliğini artırmak

konusunda önemli bir yer almaktadır. İlgili çalı̧smada aşağıdaki noktalar başarılmı̧s

ve detaylarına yer verilmektedir:

- Mikrorobot, sıvı bir ortamda üç boyutlu doğrusal ve iki yönde açısal hareket

edebilmektedir.

- Mikrorobotun kararlı çalı̧sma aralığı 30 µm ile 330 µm arasındadır ve hem

simülasyonlarda hem de deneysel sonuçlarda doğrulanmı̧stır. Verilen yörüngeyi,

deği̧sen hızlarda ve farklı levitasyon yüksekliklerinde yüksek doğrulukla (<1 µm hata

ortalaması) takip edebilmektedir.

- Kural tabanlı, lazer geri beslemeli, görsel geri beslemeli ve hibrit model denetleyicileri

tasarlanması ile mikrorobotun yüksek hızlardaki açısal problemi iyileştirilmi̧stir.

- Kare şeklindeki bir mikroakı̧skan kanal içerisimde 132.6 mm/s göreceli bir hızla

doğrusal bir yörüngeyi takip etme başarısı göstermektedir.

Anahtar Kelimeler: Microrobot hareketi, Akı̧s içinde hareket, Diyamanyetik

levitasyon, Reynolds sayısı, Laminer akı̧s

YILDIZ TEKNİK ÜNİVERSİTESİ

FEN BİLİMLERİ ENSTİTÜSÜ
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1
INTRODUCTION

1.1 Literature Review

Recently, microrobots have been used widely for a variety of biological and medical

applications such as artificial insemination [1], biopsy [2], biosensing [3], cell

manipulation [4–7], cellular treatment [8], chemical synthesis [9], diagnostics [10,

11], drug delivery [12, 13], marking [14], measuring systems [15], microparticle

transport [16–18] with minimal damage to the desired site. Furthermore, helical

swimmers [19], micro grippers [20], and soft microparticles [21] are developed to use

in the in-vitro applications. Microrobots can also be used in biomedical engineering

because of their untethered controllability capabilities [18, 22, 23]. The microrobots’

motion precision in such applications can be more advantageous when the liquid

conditions are considered [10]. The microrobots can be mostly used in microfluidic

systems due to their high precision controllability [24]. The forces acting on the

microrobot is effected by the liquid environment and the flow characteristics due

to diminishing dimensions. In the microfluidic chip platforms, creeping (Re<1) or

laminar flow (Re<2100) can be observed according to the Reynolds number (Re).

Micro-objects’ transfer and movement become crucial in the laminar flow environment

since the microfluidic system presents high viscous medium behaviour [25]. Different

approaches can also be used in such a laminar flow environment in order to move

micro-objects. Some of these approaches are based on optical, thermal, electrostatic,

and chemically manipulated [26, 27]. However, the microrobots’ usage can be

promising since their motion accuracy, the longitudinal force capability and the spatial

effects [3].

Microrobot actuation studies have primarily focused on electromagnetic

methodologies associated with different control structures. The main reasons

are ease of use for biomedical applications, energy efficiency, and minimal collateral

damage at the operated region [28]. Their locomotion techniques have a crucial role

in invasive diagnostics, targeted drug and living cell delivery. Due to the nonlinear

nature of the magnetic field, the microrobots’ precise localization in the in-vitro/vivo
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application become a challenging area for researchers [29]. Promising solutions can

be developed by implementing material-based solutions and a combination of sensors

and control models. Miniaturization strategies of existing robotic technologies and

bio-mimetic approaches make an effort towards moving microrobots in a predefined

trajectory in different medias [19, 30]. Microfluidic environments render the inertial

terms of viscous force and surface tension more significant at a smaller scale.

Moreover, precise position control of the microrobot become more important in this

scale [31]. Thus, these terms should be taken into account in such applications

[32]. Different microrobot levitation techniques have been deployed to achieve

such precise control ability despite the challenging operating conditions. Moreover,

their actuation mechanisms, power consumption, and precision of movement should

also be optimized [33–39]. In these studies, electrical forces [33], acoustic forces

[35], combination of permanent magnet and Helmholtz coil [36], electromagnetic

[37], optical tweezers [38], light-based manipulation [34] and chemically controlled

[39] tethered and untethered levitation techniques are used. These techniques are

then combined with different controller techniques. Examples of such techniques

are; electromagnetic [40–44], permanent magnet-based [45], ultrasonic [46], air

cushion [47], thermally actuated [48] and optically driven [49] levitation. These

techniques have been used under a variety of working conditions such as in air [50,

51], water [52, 53], oil [54] and blood [36], glycerine [53], and in channels with

different flow characteristics [41]. In these studies, the effects of drag force and Re

(Reynolds number) on the microrobots during their locomotion and motion profiles

are examined. The medium’s viscosity is an essential factor due to its relationship with

the Reynolds number (Re). This number is used in the drag coefficient calculation,

determining the necessary longitudinal forces produced on the microrobot for

withstanding the environmental conditions. The problems related to the microrobot

and its manipulation are addressed as follows: precision, dimension, drag Force,

control, and motion against to flow. They are explained in the following sections in

detail.

1.1.1 Microrobot Precise Motion Capability

High-accuracy motion control is crucial for many applications such as tissue

engineering, cell analysis, cell manipulation, drug delivery, micro-assembly, and

protein-crystal handling [18, 22, 24, 55–67].

Sub-micron resolution is required to move and transfer micro-objects, especially in

biomedical applications. Although using microrobots have advantages compared to

other methods, there are still ongoing studies to develop their precise movement
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capability. The main challenges of microrobot manipulation are the ability to move it

precisely, and the force exerted on it must be increased. Moreover, the medium’s

viscosity in a microfluidic chip and the friction forces between microrobot and

substrate should also be considered [68]. For example, Bradley Nelson et al. were

inspired by the artificial bacterial flagella (ABF) to fabricate their microrobot. This

ferromagnetic microrobot has a helical structure, and it can move by rotating magnetic

fields. In such a structure, the tail’s rotational motion allows high efficient motion

with low magnetic fields requirement [19]. In this type of microrobot design, the

helical structure appears to be a restriction and limiting the design of different

robot geometries; however, microrobot designs should be flexible since they can

be used in various microfluidic applications. Furthermore, the microrobot cannot

maintain its position when the applied magnetic force is stopped. Arai et al. were

studied microrobot control with magnetic field effect using permanent magnets on the

microrobot body. In their work, focusing on force and microrobot position sensitivity

are addressed [3]. The design of microrobots was modified in order to decrease

friction forces, leading to an improvement in accuracy of motion [4]. Nevertheless,

there was still contact between substrate and microrobot as a limiting factor. Thus,

ultrasonic vibrations were also introduced to microfluidic chips in order to reduce

surface friction forces [69]. The effort was to reduce surface contact and had a high

force to provide precise manipulation. However, ultrasonic vibrations also reveal a

new problem, which is the main reason for micro-objects vibrations and movement.

1.1.2 Challenge in Miniaturization of Magnetic Microrobots

Barbot and his team considered Reynolds’ effects on helical microrobot with its rolling,

spin top motion, and swimming motion capabilities [70] by comparing milli-, micro-,

and nano-robots. Carlo has described inertial microfluidic systems with essential

fluid dynamic effects such as Reynolds number, drag force, and size [30]. In these

studies, the ultrasonic waves are applied to the surface to reduce the friction force and

increase the end-effector positioning accuracy of a microrobot. Movement accuracy

can be achieved at a few microns level. Even though this improved method is a

successful example of the "oocyte enucleation", it causes cell-immobilization problems

in smaller cells and objects than the oocyte cell (≈100 µm). During the microrobot

movement, there is an ultrasonic wave in the medium, which causes the object in the

medium to change its position or displacement. Xie and his team have worked on

the programmable generation and motion control of a snakelike magnetic microrobot

swarm [71]. Four coils are used to generate the electromagnetic force on peanut shape

microrobots. Though robot sizes are too small, the fluid’s viscous drag effects are also

mentioned; however, operational speeds are too slow.
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1.1.3 Drag Force Effect in Liquid Media

The fluidic environment shows either creeping or laminar flow characteristics while

working with micro-nano scale robots. At this level, the fact that the environment

exhibits laminar flow characterization causes Re (Reynolds Number) cannot be

ignored. Nelson and his team investigated the effects of drag force during

electromagnetic levitation [14]. However, they could not get adequate results in the

robot’s control due to a lack of modeling of environmental effects. Similarly, Sitti and

his team had difficulties controlling microrobots due to a lack of theoretical calculation

of net magnetic force [72]. Assumptions made about the drag force hindered their

accuracy of motion. Khamesee and his team obtained similar results, even though

they added drag force into their control model [73]. Arai and his team applied

high-frequency ultrasound vibrations on the surface upon which the microrobot moves

and consequently achieved better results [46]. However, the drag force on the

microrobot still exists, and their motion control strategy does not answer it. Feng Lin

and his team manufactured a microrobot using pyrolytic graphite and a diamagnetic

material and levitated it using an electromagnet with four poles [52]. However, their

motion range was limited to 1mm, and no accuracy of motion was studied. Also, since

the study does not contain any mathematical model of the motion characteristics, the

deviation of experimental results from the theoretical calculations cannot be seen.

1.1.4 Microrobot Control in Liquid Media

Recent studies by Metin Sitti and Arai show magnetic levitation and acoustic levitation

provide precise positioning and generate high force, respectively. Their design offers

unstable motion control due to the nonlinear distribution of electromagnetic field [72].
Unfortunately, it is hard to obtain time effective motion control. In their other work,

a robot with 5 degrees of freedom (DOF) can be moved at higher speeds (>20 mm/s)
by eight electromagnets. However, the microrobot orientation can be made with a

high positioning error of 2.83 mm [74]. They also performed microrobot control

without avoiding experimental uncertainty in the friction coefficients’ measurements,

and the adhesive force [75]. Arai et al., external ultrasonic forces applied for levitating

microrobots appeared once again as a restricting factor. The existence of the ultrasonic

waves is still present in the liquid environment [46]. They have also achieved

successful results by applying ultrasonic vibrations [46, 69, 76]. Munoz and his

team have done a capsule robot’s 3-D torque transmitted analysis that is included

a small permanent magnet [73]. However, there is still room for improvement due

to an analytical error is %8.8. Also, Lucarini et al. investigated teleoperated and

autonomous controls of a microrobot in a liquid environment. Even though they

developed a robust control algorithm with high reproducibility to manipulate it at
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a low speed of 2 mm/s, the mean error is as high as 250–300 µm. Besides, the

control response’s effect was not mentioned in higher speeds [77]. Moreover, Nelson

and his team have performed precise position control with three electromagnets.

In the work they produce by the inspiration of bacterial manipulation, they have

observed drag force and Low-Reynolds effects [19]. Feng Ling and his team performed

passive diamagnetic levitation using 4-pole magnets. However, the orbits can be 1

mm at most, and no motion sensitivities or control strategies are mentioned in their

work [52]. Accordingly, various levitation techniques for stabilizing and controlling

the horizontal movements of microrobots are existed [19, 30, 73]. Based on these

studies, active levitation techniques that use an electromagnet give better results

compared to passive levitation techniques that use permanent magnets. However,

active levitation application requires expensive and complicated feedback mechanisms

and has a higher energy consumption rate. Passive levitation is generally more

favorable since it is compact, consumes less energy, and can be applied at room

temperature [71, 78, 79]. Furthermore, it is observed that open-loop control methods

yield good results when applied to passively levitated microrobots. It is possible to

obtain satisfactory results in microrobot studies using various control methods such

as single-degree-of-freedom models [80, 81]. With these methods, even with simple

control strategies, good results can be observed. Moreover, previous studies exist in

which passive levitation was applied to living cells and water bubbles to levitate them

to a target position [82–84]. In another study, Perline and his team applied open-loop

controllers to colonies of diamagnetically levitated microrobots [71].

Those efforts have shown that microrobot levitation studies had increasing demand

to maintain better positioning accuracy and force output. In contrast, all those

studies required constant energy consumption to drive piezo vibrator or run bulky

electromagnets in order to provide continuous suspension of the microrobot. At

this point, the diamagnetic levitation emerges as a powerful method for the precise

positioning of a microrobot with a suspension mechanism. With the aid of a permanent

magnet embedded in the microrobot, which is positioned above a diamagnetic

material, the microrobot can be levitated without an active control mechanism. In

the studies on diamagnetic levitation, it is seen that the dipole-dipole [85] interaction

could be used by dividing the bismuth [86] and the permanent magnet into two halves,

respectively. Unlike Pigot’s set-up, which works on a magnetic array, our system is in

liquid, which is more suitable for lab-on-chip systems, and has higher control accuracy

[86]. According to Profijt and his team, the levitation height is much lower than our

proposed method [85]. To the best of our knowledge, the first diamagnetically floating

microrobot application was developed by Ron Pelrine et al. [71, 87]. In their work,

impressive motion repeatability and speed results are demonstrated on the trajectory
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designed by the microrobot printed circuit board (PCB). However, it is necessary to

regulate the PCB and the 4-pole magnet for levitating the microrobot in the proposed

method. Also, how to control the levitation height on the z-axis has not been specified.

Despite a microrobot levitation technique, which moves horizontally very fast, there

is no theoretical calculation. Also, minimum and maximum levitation ranges are not

specified. Also, the proposed levitation system is not in the liquid medium, so the

potential for lab-on-a-chip applications has not been discussed. The current on the

PCB affects the positioning accuracy of the passing path. In our case, the positioning

resolution of the linear stage shows the same effect.

1.1.5 Microrobot Motion Behaviour Subject to Laminar FLow

Particularly, single-cell applications such as cell injection [88], or cell cutting [69]
require increased longitudinal forces. Higher longitudinal forces are also required to

obtain a more stable microrobot motion under unsteady flow conditions. Nevertheless,

microrobots that can accurately move in longitudinal flow profiles are not studied

adequately [89–92].

Khalil and his team levitated a microrobot inside a fluidic channel using four

electromagnets [41]. However, they could move the robot against a low rate flow

of 7.5 µL/min. Using a similar levitation technique, they were able to control the

position of a micro-bead inside a fluidic channel with a 584 µL/min flow rate [93].
Generated force by their levitation system was not high; thus, it can be observed that

this system cannot be used in applications that required high flow rates. They also

studied the locomotion of an object in a microfluidic channel in the creeping flow

regime (Re < 1) [94]. They used four electromagnets for levitation and examined

the effects of different controller techniques on the robot’s speed, system rise time,

and motion sensitivity. Although rate of the applied flow is low (< 0.6 mL/min),

the positioning error is reported as ∼16 µm. Belharet and his team manipulated

a spherical microrobot (� 500 µm) in water and glycerin with different viscosity

values under laminar flow regime [53]. Applied flow rates varied in the range of

2.8 mL/min and 10 mL/min and the reported positioning error was approximately

100 µm. This margin of error renders the accurate positioning of the microrobot

impossible. Sanchez and his team used permanent magnets to control the movement

of a catalytic microrobot in a 150 µm wide microfluidic channel [95]. They were

able to achieve a lateral velocity of 78 µm/s when the applied flow velocity was

73 µm/s. However, this technique requires the use of a catalyst for self-propulsion,

which compromises the viability of the environment for cell studies and reduces the

application’s repeatability. Sitti and his team showed that a robot with dimensions
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of 250 µm × 130 µm × 100 µm can produce a longitudinal force of 52 nN when it

is moved in contact with the surface [96]. When driven in non-contact mode, the

robot could only produce a longitudinal force of 1.7 nN. Hao Li and his team were

able to perform folding and unfolding motions at various pH values in order to trap

and release drug-carrying microbeads for targeted drug delivery [6]. However, the

microrobot was able to reach a maximum velocity of 600 µm/s. This velocity renders

the configuration useless for delivering larger and heavier particles at higher flow

rates. Ke Meng and his team studied the navigation of a microrobot in a cardiovascular

environment [97]. In this study, fluidic properties of blood flow inside the circulatory

system are considered, and a robot that can achieve 5 mm positioning accuracy inside

a 10 mm/s fluidic flow is designed. It can again be seen from this study that the

optimization of longitudinal forces is critical for a microrobotic system. Since the

motion property, velocity, and 3DOF (Degree of freedom) positioning accuracy of a

microrobot are predominantly dependent on its longitudinal forces.

1.2 Objective of the Thesis

Lab-on-a-chip based micro-sensor and micro-actuator devices have been rapidly

progressing in the state-of-the-art in Micro-ElectroMechanical System (MEMS)

technologies due to integration possibility to complex tasks. Untethered biomedical

microrobots and their applications can perform minimally invasive surgical techniques

to the desired site by providing sub-micron resolutions with several new procedures.

These robots’ benefits are even less injury to the patient, faster recovery times, and

diagnostic with higher resolution. Micro-needles, micro-pumps, force, and chemical

sensors based MEMS can be carried on-board for various surgical and diagnostic tasks.

This thesis’s overall goal is to create micro/nano robots with novel functions and are

committed to establishing analysis and design technology for them by emphasizing the

micro-nano world. Sub-millimeter sized microrobots are intended for high-precision

positioning, longitudinal and parallel motion to the surface. Their levitation height

and motion control can be achieved with 5 DOF(degrees of freedom) mobilization in

the laminar flow.

For example, in the literature, 3D controlled microrobots promise in-vitro or in-vivo

applications; they have not yet been successfully applied to closed microfluidic

environments. The main reason is their high surface-to-volume ratio, which is a

handicap for robustness as they can be stuck on the substrate/channels walls or

carry away by external flow (e.g., in a blood vessel). Indeed, it is required to have

innovative methodologies for micro-nano robots to make them robust enough to

be applied in such environments. A novel diagnosis, treatment, and identification
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of many medical/bio-medicine science areas in the interdisciplinary subject area of

micro-nano robotics in biomedical applications. As such, for microfluidic researches

that require continuous flow operations such as circulated tumor cell (CTC) detection,

cell separation or sorting, etc., a microrobot is a potential candidate to develop new

generation analysis systems. The microrobot, capable of robust localization in a

time-varying flow regime, can quickly investigate a large amount of testing samples

and enable cell reuse for downstream applications. In these studies, using liquid in

stationary or very low flow profiles is that the drag force is more effective on the robot,

and the lateral forces acting on the robot can not be increased enough. Therefore,

higher lateral forces must be applied to the robot in order to increase motion sensitivity

and to move against high flow rates. These problems are expected to be solved in the

micro-nano world urgently and can therefore be considered as a priority.

As a contribution to the Micro-Nano robotic field;

- It leads the innovative research field of micro-nano robotics and promotes

collaborative researches between industry and the laboratory.

- Develop novel micro-nano robotics platforms for medical robotics/bio-medicine

with due consideration of legal, ethical, and technical challenges

- Develop lab-on-a-chip, organ-on-a-chip, and robot-on-a-chip applications use in

biological, chemical, and medical researches

- Develop new and novel magnet configuration which makes the lateral force of

microrobot is increased, and the microrobot can be moved faster (132.3 mm/s)

- Realization of the motion of the untethered microrobot in laminar flow regime

in liquid(DI-water) media for the first time

are achieved.

1.3 Hypothesis

Many microfluidic applications, such as cell separation and sorting, cell

immobilization, CTC (circulated tumour cell) detection, require a continuous

flow to be present. In order for a microrobotic platform to be functional in the

context of such applications, it needs to be able to withstand the disturbance due to

flow inside the channel. Such platforms hold the potential to be used as an analysis

platform upon which many techniques can be developed. Mostly, a microrobot,

which is capable of precise positioning in a time-varying flow regime, can investigate
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large amounts of sample in a short time and can enable cell reuse for downstream

applications [98–101].

In previous studies on the use of microrobot inside microchannels, characteristic

of the fluid flow is either stationary or has a very low flow velocity (∼ 557.4

µm/s at up to 35 mL/h). The levitation techniques used in these studies cannot

generate sufficient longitudinal forces on the microrobot. Therefore, they can not

resist the exponentially increasing drag force of the flow in higher flow velocities

[94, 102]. Therefore, the development of a levitation technique that can generate

higher longitudinal forces is needed in order to increase the precision of locomotion

and stabilize the robot against higher flow rates. The microrobot’s levitation and

orientation under higher flow rates can be used in lab-on-a-chip platforms such as

cell-culture and cell-harvesting. According to the proposed a novel permanent magnet

(NdFeB) based micromanipulation method that can produce higher lateral forces

compared to previously reported techniques [94, 102] and enables the positioning

and locomotion in a laminar flow (Re < 2000). A microrobot driving configuration

is used to increase longitudinal forces acting on an untethered microrobot. The basis

of the proposed configuration is the concentration of the magnetic field force lines on

the microrobot and the formation of a force vector on both sides of the robot’s vertical

axis. The proposed methodology enables microrobots to carry out manipulation tasks

that require continuous-flow microfluidic applications.

This study’s main contribution is the proposal of a novel magnetic manipulation

configuration, named Kerkan configuration, based on diamagnetic levitation. The

longitudinal forces on a microrobot are increased compared to the state-of-the-art

methods. Kerkan configuration is a potential candidate for applications that require a

continuous flow, high velocity, and precise positioning capability due to its various

advantages. The ability to withstand longitudinal disturbance forces allow more

robust and effective cell manipulation methods to be developed. One of the most

exciting aspects of this manipulation method is using microrobots for continuous-flow

applications, such as; on-chip diagnostic methods, lab-on-a-chip applications, and

organ-on-a-chip applications where a dynamic cell culture with the continuous

medium flow is required.
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2
MAGNETICALLY LEVITATED UNTETHERED

MICROROBOT DESIGN

2.1 Background Information

In this study, a diamagnetic microrobot levitation system in a liquid environment is

presented. It provides a three-dimensional linear and two-dimensional orientation

control in higher accuracy. In this system, a single carrier magnet and a lifter magnet

is used. In this way, it does not require current control due to permanent magnets

feature. So, unwanted physical effects such as heat and noise can be eliminated.

According to the similar approaches, our system can be more compact, and its size can

be reduced by 1/4. In the future, it will allow the construction of different polymer

microrobots in which the buoyant force can be used effectively. This study shows

includes analytical calculation, numerical and experimental studies. The microrobot’s

positioning accuracy, phase differences due to higher speed manipulation and their

effects such as head tilting are presented. The analytically presented magnetic force

equations are solved numerically by FEM (Finite Element Method) analysis. Design

steps of the system are demonstrated by multi-physics analysis before the experimental

stage. Different physic modules should be paired due to the nature of the system. Such

a problem requires multiple physic modules since the system includes magnetic and

motion-based calculations.

Moreover, the proposed approaches are then experimentally confirmed. Besides, it

is shown that the microrobot is ability to move in a submicron error for complex

trajectories. In this way, high precision of untethered microrobot manipulation

technique can be obtained without using bulky electromagnetic setup or extra sensory

attachments to increase manipulation accuracy. Our system has one ring-shaped

permanent magnet and one cylindrical-shaped magnet that is inserted to the

microrobot center. To determine the system’s working regime, the mathematical

model of the three-dimensional motion in the liquid environment is calculated via

analytically and experimentally. Every calculation steps are shown in detail in the
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following sections.

2.2 Mathematical Models

In this section, the mathematical model of the diamagnetic levitation system is given.

Forces acting on the microrobot during its levitation and the motion are presented

using a free body diagram. All of the equations are calculated analytically with the

help of simulation to determine unknown parameters. They all are then confirmed

and compared with the experimental results. At the end of this section,

• microrobot minimum and maximum levitation points,

• Drag force as a function of microrobot velocity,

• Magnetic forces acting on the microrobot on x, y, z axes

are addressed.

2.2.1 Schematic of microrobot

Precise levitation and contactless manipulation of the micro-untethered floating object

(microrobot) can be performed using diamagnetic force [103–105]. The reason for

this is that pyrolytic graphite can stabilize the magnetic field, which imposes on

microrobot. Furthermore, it is capable of generating a force in the upwards direction.

This force can change with respect to the distance between the microrobot and the

pyrolytic graphite’s upper surface. Thus, the magnetic force acting on the microrobot

can be balanced with graphite, and stable levitation can be achieved.

Figure 2.1 shows that the microrobot is positioned in a deionized (DI) water container

with pyrolytic graphite on its surface. The ring-shaped magnet (lifter magnet),

which generates the magnetic force required for levitation, is positioned above the

container. It is necessary to position the lifter magnet on the DI water container

parallelly to achieve stable and micro precise levitation. To do this, PI Micro

Stage (M-126.PD2/20mm × 20mm × 20mm, Physik Instrumente (PI) GmbH & Co.

KG, Karlsruhe, Germany) with 3-axis linear micro/nano movement sensitivity was

equipped. A manual micro-stage was used to position the DI water container parallel

to the floor and to move in 3 axes when it is necessary. Nano-sensitive laser distance

sensor (optoNCDT-ILD2300-50, Micro-Epsilon, Raleigh, NC, USA) was preferred for

instant measurement of levitation height within the system. At the same time,

the microscope camera–lens system (Olympus SZX-7, Olympus Corporation, Tokyo,
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Figure 2.1 Shows the whole experimental with Top-view (A), Front-view (B), and
Isometric-view (C). The control of the motorized micro stage where lifter magnet is

attached, is realized through a control interface programmed in Visual C#.Net
platform (Microsoft Corporation, Redmond, WA, USA). Camera image is transferred

to the same interface simultaneously. The data of laser displacement sensor is
acquired through the sensors’ own interface

Japan and PointGrey GS3-U3, FLIR Integrated Imaging Solutions Inc., Richmond,

BC, Canada) was positioned perpendicularly from the side profile. In this way, the

mechanical contact of the microrobot with the pyrolytic graphite surface can be

observed easily. microrobot levitation was performed with an external ring-shaped

N48 grade "lifter magnet" and an N52 grade "carrier magnet" located at the SU-8

body center. In the microrobot levitation system, an acrylic container with DI-water

were experimented. Pyrolytic graphite was placed on the surface of the vessel and the

microrobot was placed above it.

According to Newton’s Second Law, the motion characteristics are determined by

the forces which are exerted on the carrier magnet (shown in Figure 2.2). Firstly,

system dynamics of the microrobot was modelled to find out locomotion limits under

the proposed condition. The point where the microrobot is suspended by the forces

exerted on it in the liquid environment can be demonstrated by the mathematical

model. In this model,
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Table 2.1 System Model Parameters

Symbol Quantity Units

FB Buoyant force N

Fg Diamagnetic force N

FD Drag force N

Fm Magnetic force N

Fr Gravitational force N

Tx Unwanted torque Nm

B Magnetic flux density T

H Magnetic field strength A/m

M Magnetization vector A/m

χ Magnetic insulation coefficient −

µr Relative permeability −

Vp Volume of a particle m3

mr Robot mass kg

g Gravitational acceleration m/s2

Vr Robot volume m3

ρ f Fluid density kg/m3

ρr Robot density kg/m3

ar Robot acceleration mm/s2

• The interaction between lifter magnet and carrier magnet is shown as magnetic

force,

• The interaction between water and microrobot is shown as buoyant force,

• The interaction between pyrolytic graphite and microrobot is shown as

diamagnetic force,

• The interaction between water and microrobot during the motion is shown as

drag force,

• The gravitational force is also considered.

Parameters used in the model are given in Table 2.1, and relevant forces are shown

on the schematic in Figure 2.2. According to the configuration of the experimental
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Figure 2.2 Shows the forces acting on the micro-untethered floating object
(microrobot). A free-body diagram of the system is obtained according to the z-axis

levitation and lateral movement along the x-axis. Phase difference denotes the
lateral movements, which can be expressed as a distance between the center of the

lifter and the carrier magnet

setup shown in this figure, non-magnetic and magnetic forces acting on the microrobot

during its movement on the x-axis in the liquid environment are shown in Figure

2.2. During the microrobot’s lateral motion, it is subject to a drag force originating

from the liquid in which the microrobot is located. Due to the liquid’s hydrodynamic

structure, drag force is influenced by the direction of microrobot motion. This effect

causes a phase difference between the lifter magnet and the carrier magnet centers.

This is because the acceleration of the microrobot is counteracted by the drag force

lower than that of the lifter magnet. Moreover, drag coefficient is different due to

environmental conditions. Ring-shaped lifter magnet is moving in the air whereas

microrobot in the DI-water. Because of the drag force changes proportional to the

square of the microrobot’s speed, the amount of phase difference is higher at higher

speed. These are the reasons why the microrobot design and lower drag coefficient

are crucial factors to achieve more efficient manipulation.
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2.2.2 Theoretical Background

Non-magnetic forces, which are gravitational, buoyant, and drag forces, are shown in

Figure 2.2, and can be expressed individually as,

Fr = mr g (2.1)

FB = Vr

�

ρr −ρ f

�

g (2.2)

FD =
1
2

cdρ f Av|v| (2.3)

where the forces are denoted as Fr , FB, and FD, respectively. Vortexes are circular

patterns in the microrobot’s corner points that are mainly observable in turbulent flow

with a higher Reynolds number. However, flow speed is increased corners due to area

can be taken into account as a point. Smaller areas tend to increase flow speed, which

also affects on Reynolds number. For this reason, rather than using the "linear damping

term" in Equation (2.3), the "quadratic viscous term" is preferred to calculate drag

force more precisely. Then, attractive magnetic force induced by lifter magnet, Fm,x ,

Fm,y , and Fm,z can be expressed respectively in the volume of the suspended magnet

[78],

Fm,x = mx

y

v

∂ Bx

∂ x
dv (2.4)

Fm,y = my

y

v

∂ By

∂ y
dv (2.5)

Fm,z = mz

y

v

∂ Bz

∂ z
dv (2.6)

where mx , my , and mz are the magnetization of the volume element dv of the carrier

magnet. Alternatively, the differential form is derived by Thomson’s formulation as,

Fm,x =
Vpχ

2µ0µr
(Bx∇)Bx (2.7)

Fm,y =
Vpχ

2µ0µr
(By∇)By (2.8)
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Fm,z =
Vpχ

2µ0µr
(Bz∇)Bz (2.9)

Stable levitation can be satisfied by stability conditions in (2.7–2.9), and some of

the boundary conditions should be calculated. In this equation when ∇B2 > 0 and

(µr − 1) < 0, are satisfied then stability at the equilibrium point can be ensured. A

magnetic field gradient is needed from this equation so that a linear force can be

generated on the microrobot. The position of the microrobot can be controlled by

positioning the magnetic field gradient relative to the microrobot. The magnetic force

induced by pyrolytic graphite is the diamagnetic repulsive force on the microrobot. It

can be derived by assuming the material is uniform. In this case, the diamagnetic force

of per unit volume dv on the magnetic field of the carrier-magnet can be expressed

as,

d f = Mdia(∇B)dv (2.10)

where Mdia is the magnetization at the location of the diamagnetic material in the

magnetic field of the carrier magnet, respectively. Since χdia value is so small, it can

be expressed as

Mdia =
χdia

µ0
B (2.11)

The Equation (2.11) is substituted in to (2.10), and the volume integral for all the

diamagnetic material can be taken. Therefore, the force between the diamagnetic

material and the carrier magnet can be obtained as follows:

Fdia,x =
χdia

2µ0

y

V

�

∂ ‖B‖2

∂ x

�

dv (2.12)

Fdia,y =
χdia

2µ0

y

V

�

∂ ‖B‖2

∂ y

�

dv (2.13)

Fdia,z =
χdia

2µ0

y

V

�

∂ ‖B‖2

∂ z

�

dv (2.14)

Furthermore, it is possible to simplify the diamagnetic force components in x, y, z

directions according to Ostrogradsky’s divergence law [106] as Fdia,x , Fdia,y , Fdia,z, for
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ds, which is the surface area unit of the diamagnetic material,

Fdia,x =
χdia

µ0

{

S

‖B‖2nx ds (2.15)

Fdia,y =
χdia

µ0

{

S

‖B‖2ny ds (2.16)

Fdia,z =
χdia

µ0

{

S

‖B‖2nzds (2.17)

where nx , ny , nz are the surface normal vector component of the diamagnetic

material in x, y, z direction, respectively. The diamagnetic force between the pyrolytic

graphite and the carrier magnet can be obtained through Equations (2.15–2.17)

After determination of the magnetic forces which are given in the equation set (2.7),

(2.15–2.17), the dynamic model can be expressed by (2.18–2.20),

ẍ =
1

2mr
cdρ f Ax vx |vx |+

�

Fm,x + Fg,x

�

mr
(2.18)

ÿ =
1

2mr
cdρ f Ay vy

�

�vy

�

�+

�

Fm,y + Fg,y

�

mr
(2.19)

z̈ =
1

2mr
cdρ f Az vz |vz|+

Vr g
mr
(ρr −ρ f )− g +

�

Fm,z + Fg,z

�

mr
(2.20)

According to the dynamic model of the microrobot, state-space models can be

represented for x, y, and z axes in general form (2.21) and (2.22).

ẋ = Ax+Bu (2.21)

ẏ = Cx+Du (2.22)
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(2.21) and (2.22) can be rewritten in the Laplace form as,

sX(s) = AX(s) +BU(s) (2.23)

Y(s) = CX(s) +DU(s) (2.24)

Also, state equation can be obtained as,

sX(s)− AX(s) = [sI− A]X(s) = BU(s) (2.25)

where sI denotes an n × n with all elements are zero except diagonal part. [sI - A] is a

square n × n matrix, and its elements are directly related to the A matrix. (2.26) can

be satisfied by using the Cramer’s rule, Gaussian elimination, the matrix inverse etc.

�

sI − A
�

=





















(s− a11) −a12 . . . −a1n

−a21 (s− a2) . . . −a2n

. . . .

. . . .

. . . .

−an1 −an2 . . . (s− ann)





















(2.26)

Since all of the equations conducted with the model are second-order in (2.18–2.20),

their state space models include the following transformations:

x = x1 (2.27)

ẋ = x2 (2.28)

y = y1 (2.29)

ẏ = y2 (2.30)

z = z1 (2.31)

ż = z2 (2.32)

State-space model of the microrobot motion can be represented in the ẋ = Ax + Bu,

where A is an n × n square matrix, B is an n × m, x is the state vector n, and the
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input vector u is a column vector of length m. The output equations are commonly

written in the form of ẏ = Cx + Du. In this equation, y is a column vector, C is an m

× n matrix that includes weight of coefficients, D is an m × r matrix which is the null

matrix because of there is no direct relationship between controller to outputs.

�

x2

ẋ2

�

=





0 1

0
cdρ f Ax

2mr
| ẋ |





�

x1

x2

�

+





0
1

mr



u (2.33)

�

y1

ẏ1

�

=





0 1

0
cdρ f Ay

2mr
| ẏ|





�

y1

y2

�

+





0
1

mr



u (2.34)

�

z2

ż2

�

=





0 1

0
cdρ f Ay

2mr
| ẏ|





�

z1

z2

�

+





0
1

mr



u+





0 0
Vr g
mr

−1





�

(ρr −ρ f )
g

�

(2.35)

where u = Fm + Fg is the control signal of the system. In addition, the sum of the

magnetic forces acting on the microrobot can be collected into a single expression to

simplify as a net force in Equation (2.36),

Fnet = Fm + Fg (2.36)

FEM simulations are used to determine cd by using time-dependent FSI

(Fluid-Structure Interaction), and Fnet , stationary MNFC (Magnetic Field No

Currents). The parameters of microrobot and its environment, which are used in

both simulation and experimental studies, are given in Table 2.2 (microrobot mass,

cross-sectional areas, and volume values are obtained by SOLIDWORKS R©).

2.3 FEM Analysis

In this section, the drag force and the magnetic force imposed on the microrobot are

calculated. According to the values given in Table 2.2, analytically, drag force and

magnetic force cannot be calculated due to the complex geometry of the microrobot.

The precise calculation of microrobot can be achieved by integrating a magnetic field

around it because a convergence problem may occur during the magnetic field’s

integration due to non-uniformity. There is also no further simplification in the

analytical formulations to determine cd and Fnet as numerically. Since each force

acting on the microrobot cannot be calculated analytically, it is necessary to reduce

the processing load by utilizing numerical methods. For this reason, COMSOL R© MFNC
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(Magnetic Field No Currents) module for magnetic force calculation and COMSOL R©

FIS (Fluid-Structure Interaction) module for drag force calculation are used. In

this way, the surface stress and force exerted on the surface of microrobot can be

determined. The microrobot has a full circle design with four half-moon shape pockets

for possible future cell-separation and manipulation studies.

2.3.1 Mesh Structure

The microrobot levitation system is designed and is imported to the simulation

environment, which is shown in Figure 2.3. In this figure, (1) Air domain, (2)

Permanent magnet and (3) pyrolytic graphite are presented with mesh-render.

Assigning appropriate mesh to the system is crucial for precise results since the

magnetic field module is very mesh-sensitive. To overcome such a mesh problem,

it is required to incorporate meshes as follows:

• The minimum and maximum mesh values in tetrahedral meshes should be close

to each other. The ratio between them should be less than 1/10.

• Regular refinement feature can be used to increase mesh intensity. Level 1 or 2

can be selected but it requires more CPU power.

• Corner refinement might be good consideration for complex geometries and

Table 2.2 Micro-untethered floating object (microrobot) properties and nonmagnetic
forces

Symbol Quantity Units

mr 2.929751x10−6 N

g 9.81 m/s2

ρr 1798.374 kg/m3

ρ f 998.2071 kg/m3

Ax 1.229066x10−6 m2

Ay 1.229066x10−6 m2

Az 8.15402x10−6 m2

Vr 1.61911x10−6 m3

I 23.62x10−6 kgm2

FB,z 12.788 µN

Fr,z 28.741 µN
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sharp turns/edges. Especially the magnitude of stress around corners can be

computed with higher errors.

• Pyrolytic graphite structure can be assumed uniform and smooth. Mapping mesh

feature can be applied to the upper surface and assigned to the whole material

by the "swept mesh" method.

• Convert and insert center/diagonal points can be used to combine meshes all

together; otherwise, it would be better to use one single mesh type.

• Free triangular mesh structure is ideal for entire system if there is no huge size

difference.

According to the suggestions mentioned earlier, the magnetic levitation system mesh

is shown in Figure 2.3. In this figure (A) shows top view of the system include with

(1) Air domain, (2) Permanent magnet, and (3) Pyrolytic graphite. The same system

is also given in (B) as front-view. Three different mesh types are used in this system

which are triangular, mapping, and tetrahedral. The reason is that magnetic field lines

and their direction should not be affected by the mesh. Every mesh in the system is

calculated separately and then finalized by combining them. Mesh structure detail is

also given in the Table 2.3. The mesh number should be carefully adjusted according

to the computer since computational time is affected exponentially, not linearly.

After assigning an appropriate mesh structure, the drag force can be calculated more

precisely. Because of the non-symmetrical and complex shape of the microrobot, Fd

should be determined first. In this way, cd can be calculated since the rest of the terms

are all known numerically. Accordingly, computational fluid dynamics (CFD) must

be computed Fd while the microrobot is moving in an enclosed fluidic environment.

Parametric analysis is necessary in order to compare the drag coefficient at different

levitation height. Also, different microrobot speeds are tested. The analysis is done

in the FSI module in COMSOL R©. As a result of the analysis, the cd calculation is

completed. In this calculation, external surface stress on the microrobot body includes

gravitational and hydrodynamic effects of the microrobot z-axis. In the analysis,

cd calculations are performed by the comparison of two results. These results are

the microrobot’s levitation in the z-axis in the fluid channel and moving mesh along

the x-axis. The overall view of the computational fluid dynamics (CFD) model, the

materials’ settings, and their dimensions are shown in Figure 2.4. In this figure,

magnetic flux density can be observer outer part of the lifter magnet. The reason is

that permanent magnet is axially magnetized along its geometric axis. Magnetization

direction of this magnet is along the z axis. As we can see in the front-view that
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Figure 2.3 Shows (A) top-view and (B) Front-view. Complete mesh consists of
63259648 domain elements, 560896 boundary elements, and 4112 edge elements

magnetic field propagates on the +z direction. Moreover, magnetic flux on the

microrobot is intensified around its outer surface, as expected.

After confirmation of the N-S-N-S order is completed, the drag force should be

calculated first. In the calculation of this force, it is expected to obtain dependent

variable is velocity only. If the flow characteristic can be affected by the microrobot

position, it is challenging to compute. This is the reason that we assume, drag force

and its coefficient would only be dependent on the cross-sectional area, fluid medium,

and microrobot velocity. The FD is obtained with respect to microrobot’s velocity, that

is obtained from the analysis shown in Figure 2.5. In this figure, the surface stress plot

at the velocity of 5 mm/s. FD is calculated by integrating the external surface stresses

generated on the microrobot during its movement on the z-axis. Velocity values of

microrobot are in the range of 0–7 mm/s, and represented by the upper legend.
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Table 2.3 Mesh structure of the experimental system

Mesh feature Number of mesh

Number of vertex elements 4

Number of edge elements 90

Number of vertex elements 8

Number of edge elements 188

Number of boundary elements 1180

Number of elements 1000

Minimum element quality 1

Number of vertex elements 46

Number of edge elements 4112

Number of boundary elements 560896

Number of elements 63259648

Free meshing time 5.86s

Minimum element quality 0.03109

According to contour lines on the microrobot, the lower legend represents surface

stress on the microrobot. It can be seen more intensively at corner and intersection

points between SU-8 and stabilizer magnet, same as mentioned in Figure 2.4. The

reason is that the different properties of the intersection point of SU-8 and carrier

magnet hardness affect the homogeneous distribution in stresses. So, the intersection

point of SU-8 and magnet has more stress. Moreover, there is more stress in the

microrobot corner areas as well. This is due to the smaller areas increase the high

flow rates and it causes more stress at the corner areas.

2.3.2 Drag Coefficient Calculation

Using simulation results of the Figure 2.4–2.5, surface stresses can be calculated

numerically. To do this, positive and negative expressions for the microrobot moving in

the range of [-2 2]mm/s represent the direction of movement. Also, the surface stress

can be observed on the microrobot surface for this range, and it is shown in Figure

2.6. When the microrobot velocity is selected as 3 mm/s, light blue-green colors can

be observed more intensively around the microrobot. Colour intensity is also given

in the upper legend. Surface stress can be seen in the lower legend in the range of

16.6-348 Pa. microrobot body (SU-8) and carrier magnet have different mechanical
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Figure 2.4 The effect of the magnetic field on the microrobot and the dimensions of
the materials used are shown. As expected in the lifter magnet, the magnetic field is

seen with a higher [T] (red color) due to the magnetic field lines’ polarity in the
corner regions. In the microrobot, the same situation is seen in the magnified image.

It is also shown that the lines are in the z-axis direction (front view) since the
magnets are placed in order. Used computer: Intel Xeon E4820 * 4 processors (32

core), 128 GB RAM

hardness. Thus, surface stress is seen more intensively at the corner and intersection

points between SU-8 & stabilizer magnet. Thus, the surface’s stress is higher in the

intersection regions, while the stress in the magnet center is less and homogeneously

distributed.

In the beginning, when the microrobot starts moving from its initial state named

"stationary state," inertial forces should be overcome first. After that, the drag force

is affected as a function of velocity exponentially. According to Newton’s 1st law of

inertia and the dynamic principle of Newton’s 2nd law are exposed to friction and

viscous forces on the opposite side of the magnetic forces acting on the microrobot

in the x-axis. Besides, during the movement of the "lifter magnet," there is almost

no friction in the air environment, which is assumed to be negligible. As a result,

different accelerations occur in the lifter magnet and microrobot motions. In the
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Figure 2.5 Shows von Mises stress on the microrobot upper surface

starting position, the microrobot and lifter magnet is aligned with each other with

respect to the magnet’s center. Because the ring-shaped magnet is used in the system,

the alignment can be confirmed using a laser displacement sensor before levitation

and microrobot manipulation. Though, their motion parallelity disrupts with the

misalignment of their centers during their movement longitudinally. The drag force

imposed on the microrobot cross-sectional area is given in Figure 2.7. In this figure,

drag force due to microrobot velocity is shown. This force is the main reason for the

misalignment that can be observed during the motion. This force, which depends on

the square of the velocity, can not be neglected, especially at higher velocities. This is

because, the drag force highly depends on velocity such as 0.1 µN at 5 mm/s and 0.5

µN at 10 mm/s.

After the determination of the cd , the magnetic and diamagnetic forces are left to

calculate only. For this reason, as a second step after drag force calculation, the net
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Figure 2.6 Shows vector plot of the surface stresses around the microrobot is seen
for various velocities, c© 2021 Journal of Magnetics, with permission, from ref [107]

magnetic force, Fnet , shall be calculated. Fnet varies with the lifter magnet’s levitation

height from the pyrolytic graphite surface. The distance between the microrobot

and the pyrolytic graphite surface represents the levitation point when the total net

magnetic forces acting on the microrobot are equal to zero. Furthermore, there can be

more than one levitation point as long as stability conditions are satisfied. Simulation

results of the levitation distance with respect to the net magnetic force is given in

Figure 2.8. In this figure, the magnetic forces that are generated by the x and y axes

are lower than the z-axis. There is a 1/103 ratio between their magnetic force due

to axially magnetized ring-shaped lifter magnet. Thus, the magnetic force imposed

on the microrobot in the z-axis more dominant than other axes. However, when the

acting forces on the x and y axes of the microrobot are small, 40-50 nN, the motion

that occurs can be due to x, y forces being more significant than the drag force (Figure

2.7).

The lifter magnet position effect on levitation characteristic is demonstrated in Figure

2.9. In this figure, the total net magnetic forces on the z-axis decrease exponentially

when the lifter magnet is moved away. Minimum levitation point when lifter magnet

distance is 60 mm, 31.02 µm; maximum levitation point is 54 mm, 329.1 µm are

calculated. The experimental setup analysis is solved using the COMSOL R© direct

solver method to obtain more accurate results.

2.3.3 Determination of Levitation Characteristic

The result of the analysis is calculated by using both the Maxwell stress tensor and

global matrix evaluation methods, and it is seen that the results are the same. Lifter

magnet is far away from the microrobot so that the magnetic field force lines can occur
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Figure 2.7 Exhibits a parabolic drag force characteristic depending on the velocity of
microrobot. The drag force change is less for the [-2, 2] mm/s range, which is the
microrobot motion speed. For this reason, the system can be expressed by linear
equation, by performing curve fitting at the specified interval. For the equation

proposed as Fd = kVr , a constant coefficient was found to be k = 7.075× 10−9kg/s2.
Due to the symmetric structure of the microrobot, the force calculation is preferably

shown only for x-axis

symmetrically. Since the sufficient length of the lifter magnet is larger than the physical

length by an amount roughly equal to the air gap, the forces generated in the x- and

y-axes are weaker than the z-axis. During levitation on the z-axis, net magnetic forces

generated are in the order of micrometers. In x and y axes, the forces falling in the

nano order are about 1/103. Figure 2.8 shows the net magnetic force values calculated

when the phase difference is 0.1 mm and the pyrolytic graphite-lifter magnet distance

is about 54 mm. Along with the net magnetic force, drag force, buoyant force, and

gravitational force are acting on the microrobot simultaneously. Thus, they can be

summed as FT (total force), as it is shown in Equation (2.37).

FT = Fnet,z − FD,z + FB,z − Fr,z (2.37)

In addition, FD = 14.15 nN is calculated when the microrobot velocity is about 2
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Figure 2.8 The net magnetic force characteristics acting on the microrobot for each
of the three axes with respect to the levitation distance are presented

mm/s. The required magnetic force Fnet,z for the levitation is calculated as 15.967

µN. The corresponding force value given in Figure 2.8 is shown as marked on the

surface graph. As a result of the analysis, the robot is separated from the stabilization

point at the levitation height of 333.8 µm. Besides, there is a flat profile with a linear

slope at the levitation height: 100–300 µm. The area outside the region concerned

may be called the region of instability; within this region, the microrobot can be stably

operated. The total force obtained on the z-axis is shown as the surface plot in Figure

2.9. The maximum levitation height relative to pyrolytic graphite is shown in Figure

2.9. According to this, when the z-axis distance between the "lifter magnet" and the

"pyrolytic graphite" is more than 54 mm, microrobot reaches instability and detaches

from suspension at the height of 329.1 µm. The reason is that the required magnetic

force Fnet,z, which is calculated as 15.967 µN, cannot be obtained after 54 mm.

2.4 Materials and Methods

In this section, the materials used and microrobot fabrication are presented. In the

lifter and carrier magnets, neodymium N52 and N48 magnets are used, respectively.

For avoiding corrosion effects due to water and magnet interaction, permanent magnet
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Figure 2.9 Shows the effect of the forces exerted on the microrobot depending on
the distance between the "Lifter Magnet" and the "Pyrolytic Graphite"

surfaces are coated.

2.4.1 Permanent Magnet Surface Coating

Since most of the microrobot’s target application areas are biomedical applications, the

microrobot surface is coated with polydopamine (PDA), which is a suitable material

for biomedical applications [108]. Accordingly, after adding 100 mg of dopamine

powder (Merck & Company, Inc., Kenilworth, NJ, USA) in 50 mL of purified water,

Tris powder (100 mg) was dissolved in the prepared mixture. Starting with the

beginning of the coating, the color of the solution gradually gets darker. The magnet

is coated with the PDA is separated from the solution using another magnet. After

coating the magnet, Fourier transform infrared (FTIR) measurements were applied by

Perkin Elmer Spectrum 100 (PerkinElmer, Inc., Waltham, MA, USA) contains diamond

crystals for reflection. After placing coated magnet in accessory, peaks of the spectrum

were measured at the wavelength of 1500–1650 cm−1 and 3200–3600 cm−1; these

peaks indicate atomic vibrations of the hydroxyl groups and N–H vibrations in the

structure which is shown in Figure 2.10. In this figure, the presence of the coating

layer is confirmed by the FTIR spectrum observed. This demonstrates that the robot’s

body’s permanent magnet is successfully coated with PDA for biomedical applications.
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Figure 2.10 Fourier transforms infrared (FTIR) spectrum of magnet coated with
polydopamine (PDA). The peak between a wavelength of 1500–1650 cm−1 indicates
N–H vibrations, and the peak between the wavelength of 3200–3600 cm−1 indicates
hydroxyl groups in the structure. That proves the successful coating of the magnet

surface

2.4.2 Microrobot Fabrication

Basic lithography techniques are used for microrobot SU-8 body production. These

operations can be listed as follows:

• Silicon wafer coating with photoresist is done by using a spin coater. The

spin coating allows having homogeneous distributions according to target

thickness. Every SU-8 material has its receipt, and accordingly, coating speed

can be adjusted to have appropriate photoresist thickness AZ1505 (positive

photoresist). In this way, thin layers of the viscous material can be turned into

a smooth surface.

• Masking is used to produce microrobot body.

• Developer removing from the related zone can be achieved by using UV light. In

this process, UV light is propagating through the photoresist on the mask. Some

of the part does not allow light to be propagated due to photoresist. So, the
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shape of the robot body can be obtained at the end of this process.

• PDMS preparation,

Completion of the microfluidic system by plasma treatment microrobot manufacturing

steps are shown in Figure 2.11. In this figure, (A) shows AZ 1505, that is a positive

photoresist with the high resolution and adhesion, is firstly coated onto a substrate

surface as a sacrificial layer (MicroChemicals GmbH, Ulm, Germany). (B) shows a

negative adhesive film with a thickness of 200 µm is laminated on the sacrificial layer

by rolling at 90 ◦C on a hot plate (SUEX 200, DJ MicroLaminates, Inc., Sudbury,

MA, USA). (C) the exposure process on film is applied, and then the final polymer

microrobot body is obtained by the pattern development process. In (D), neodymium

(Nd2Fe14B) circular permanent magnet (N52 grade) with the dimensions of 1 mm

× 0.25 mm (diameter-thickness) is coated with PDA. (E) As a final step is that

PDA-coated bio-compatible permanent magnet was assembled in the microrobot body.

microrobot production has been completed in this way. Using the steps mentioned

above, different microrobots can be produced, such as thicker, thinner, or complex

geometry, as long as they can be extruded 2D to 3D.

2.5 Experimental Results

In the previous sections, calculations of the drag force, the magnetic force, diamagnetic

force, and the microrobot production are presented in detail. In this section, essential

factors that should be taken into consideration for the experimental setup is given.

2.5.1 Experimental Setup

According to the diamagnetic based levitation system, the microrobot levitation is

shown with the optimal parameter. These parameters are as lifter and carrier magnet

size, pyrolytic graphite thickness, and microrobot shape. First of all, preliminary

experiments of the microrobot, which is designed and determined by the analysis

results, are studied. The experimental system set up in accordance with the selected

parameters, as shown in Figure 2.12-(a). Preliminary experimental results are shown

that the microrobot levitation can be performed using calculated parameters. For

the lifter magnet’s orientation, a high precise micro-nano stage (PI M-126.PD2) is

equipped, and a container with thick pyrolytic graphite is placed right under it. A

camera system attached to a microscope lens (Olympus SZX-7 and PointGrey GS3-U3)

is utilized to confirm the levitation. In (B), (C), and (D) represent the different image

of the microrobot during its manipulation
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Figure 2.11 Fabrication process of the microrobot. (A) Sacrificial layer coating; (B)
SUEX lamination on sacrificial layer; (C) UV Exposure; (D) Developing; (E)

Assembling polydopamine (PDA) coated permanent magnet

Precise positioning of the lifter magnet in the z-axis relative to the pyrolytic graphite

is achieved by using the motorized micro stage. The results of the analyzes are tested

to compare whether the robot is levitated at the calculated range from 54 mm to 62

mm. Firstly, the microrobot which has a higher density than (Deionized) DI water is

allowed to sink into the graphite surface. It is observed that the mechanical contact

of the microrobot from the graphite surface can be removed by adjusting the lifter

magnet in proper position. When microrobot and lifter magnet is aligned and the

distance between them is adjusted then levitation is done. As expected, (b), (c), (d)

refer to the microrobot levitation is confirmed and results are given in Figure 2.12. As

shown in this figure and simulation results, the microrobot levitation height can be

adjusted according to the relative position of the lifter magnet.
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Figure 2.12 (A) shows diamagnetic levitation experimental setup of microrobot with
equipment. An optical microscope is used to record levitation from the lateral view.

A container is used for pyrolytic graphite and microrobot with fluid inside.
Motorized micro-stages are used due to manipulation of the microrobot in x, y, and z
axes. Magnet holder with servo motor controls the microrobot orientation due to its

parallel motion to the pyrolytic graphite’s surface. (B), (C) and (D) represent the
images of microrobot at different heights during the experiment, c© 2021 Journal of

Magnetics, with permission, from ref [107]

2.5.2 Levitation Capabilities

The whole experimental setup and the microrobot’s levitation and motion

characterization experiments are already given. The microrobot levitation height can

be controlled by moving the lifter magnet in microns’ order along the z-axis. It exhibits

the levitation characteristic depending on the magnets and properties use within the

system. The reason for using a ring-shaped lifter magnet is that it has a hole in its

center, which is required for laser measurement. The laser sensor is aligned with the

microrobot since the gap in the middle of the ring-shaped structure (� 20 mm). The

PI Stage, which we control through the interface, is moved by 50 µm on the z-axis,

followed by 10 µm steps as the first levitation is achieved. When the microrobot is

in the levitation state, the lifter magnet’s force characteristics in the motion range

of about 6 mm are observed. The measurements are made in terms of the distance

between different levitation heights, and the microrobot positions are given in Figure

2.13. In this figure, the experimental results of the microrobot with different levitation
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Figure 2.13 The experimental results show the microrobot with different levitation
height depending on the distance between "Lifter Magnet" and the "Pyrolytic

Graphite (PG)." The experiment was recorded by acquiring the position data with the
laser distance sensor in each movement step. The microrobot has been shown to
operate at a maximum stabilization level of 333.8 µm in the current system. In

figure, the microrobot is shown at various levitation heights based on lifter-magnet
position relative to PG; (a) 50 µm, (b) 127 µm, (c) 173 µm, (d) 258 µm, (e) 309 µm

and (f) 323 µm

heights depending on the distance between "Lifter Magnet" and the "Pyrolytic Graphite

(PG)." The optical microscope records the experiment, and the levitation height is

measured with the laser displacement sensor. The microrobot can be operated at a

maximum stabilization level of 333.8 µm in the existing experimental system. The

microrobot is also shown at various levitation heights based on lifter-magnet position

relative to PG; (a) 50 µm, (b) 127 µm, (c) 173 µm, (d) 258 µm, (e) 309 µm and (f)

323 µm.

In the following experiment, the lifter magnet and the pyrolytic graphite distance

effects are observed. Same as the simulation, the lifter magnet position is changed to

6 mm. Therefore, microrobot’s levitation height is changed, and it is shown in Figure

2.14. In this figure, the x-axis denotes lifter magnet height relative to the pyrolytic

graphite’s surface. Y-axis represents microrobot levitation height as an order of µm.
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Figure 2.14 Shows comparison of finite element method (FEM) and experimental
results for the microrobot levitation height according to distance lifter magnet with

respect to pyrolytic graphite surface. It is seen that the obtained levitation height are
overlapped with each other which is an indication of simulation results are confirmed

As shown in the figure, levitation height is changed exponentially rather than the

linear function of the lifter magnet height. The reason is that the net magnetic force

imposed on the microrobot is also changed exponentially and the magnets’ non-linear

nature.

As we can see in the figure, the maximum of 329.1 µm and a minimum of 30

µm levitation height obtained. This levitation range is sufficient for biomedical

applications such as lab-on-a-chip. That is because cell manipulation, drug delivery,

and pick and place robotic applications may require different objects to be used. The

diamagnetic levitation methodology that we developed may vary according to these

system configurations. The proposed manipulation method allows us to configurable

microrobot design and driving magnet properties. In this way, achieve specific

levitation intervals for different anticipations.

2.5.3 Accurate Positioning and Phase Difference Characterization

After levitation range determination is completed, then positioning accuracy and

phase difference should be measured. In our system, the lifter magnet attached to

the micro-stages is moving in the air by using motorized stages. Thus, the stage speed
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is equal to the speed of the lifter magnet due to friction being neglected. Also, lifter

magnet speed is a constant profile due to its acceleration keeps the same. However,

the microrobot is located in the fluidic environment, and its velocity profile is varying.

microrobot speed is zero at the starting position, and it increases until reaching the

desired speed. It takes an amount of time which is depending on the desired speed.

If the desired speed is high, microrobot requires more time to overcome inertial

effects and drag forces until it reaches the same speed as the lifter magnet. Thus,

the delay is occurred by the different speed profiles between the lifter magnet and

robot. This problem is named "phase difference." The microrobot speed profile can be

investigating in there different phases, which are as follows:

• Accelerating to the target speed: phase difference is getting higher,

• Constant speed: maximum phase difference,

• Decelerating to the zero speed and stop: phase difference becomes zero at the

end of the motion.

The corresponding phase difference is shown in Figure 2.15-A, and the motion profile

is shown in Figure 2.15-B. This figure (A), microrobot and lifter magnet are aligned

when t0 = 0 s. When lifter magnet moves, then microrobot follows slightly behind

it, and the phase difference occurs. The maximum phase difference is observed when

microrobot reaches at the same speed as the lifter magnet. They both move with a little

bit offset to the same direction at the same speed. When the lifter magnet movement

is completed, then microrobot speed is descending and zero at tend . With the magnetic

force’s parameter values, it is possible to calculate the phase difference analytically in

the further studies.

As a result of experimental studies and observations, the microrobot can precisely

move and position in the proposed system. microrobot performed smooth motion at

the desired speeds, ending its movement at the point where it would be coincident

with the lifter magnet, as expected. During the microrobot motion, it is exposed

to fluid-induced frictional resistance in the fluid. Besides, it has inertial effects

originating from its own mass. The microrobot follows the trajectory in x and y axes

with a delay because of all these factors. The difference between the lifter magnet

center and microrobot is measured by the laser displacement sensor, which is shown

in Figure 2.16. In this figure, (A) shows the initial microrobot position. (B) right

after its motion is started, (C) maximum difference is occurred, and (D) at the end

of the motion. The offset (delay) from the center of the lifter magnet is defined as

"phase difference." The phase difference is a parameter controlled by the computer
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Figure 2.15 The phase difference between microrobot and lifter magnet starts from
t0, starting moment, is shown in (A). After t1 (B), the carrier magnet’s speed will be
equal with the lifter magnet: however, the phase difference reaches the maximum

value. After that point, the phase difference begin to decrease. The microrobot
acceleration, ar , is already calculated by using Table 2.2 (see Figure 2.8). The phase
difference can be expressed easily for this microrobot and lifter magnet with the help

of velocity profile and acceleration specified

interface and depends on the speed of the moving ring-shape lifter magnet on the

micro-motorized stages. As the speed of the magnet increases, the phase difference

also increases as a result of experiments. The fact that the phase differences are on

the move does not cause a situation to hinder precise speed and position control. The

microrobot follows the same trajectory as the lifter magnet on x and y-axes. After the

motion is finished, the microrobot ends its movement in the concentric state with the

lifter magnet.

The amount of delay due to the micro-stage speed is experimentally determined and

shown in Figure 2.17. At higher velocities of about 1.4 mm/s, the phase difference

is characterized by an exponentially increasing trend, and at lower speeds with

linearized phase difference characterization, as expected. The phase difference falls

below 150 µm as the same linear change is likely to continue even at low speeds of 0.5

mm/s. It indicates that non-delayed positioning can be performed by neglecting the

phase difference at the nanometer range’s speed requirements, which will be needed,

especially in lab-on-a-chip applications.

2.5.4 Motion Capabilities of microrobot

The microrobot motion in an untethered manner is illustrated in the x axis for variable

levitation height. In the second experiment which is conducted with the different
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Figure 2.16 (A) shows the initial position of the microrobot, (B) first delay is
occurred when the microrobot is moved, (C) maximum delay is occurred between
the lifter magnet and microrobot’s center, and (D) motion is completed and phase

difference becomes zero. The red line belongs to the laser displacement sensor
which is propagating from the lifter magnet’s center due to its ring-shaped structure

motion characteristics such as sinusoidal and circular motion. To do this, the following

trajectories are followed:

• sinusoidal motion with 4 mm amplitude,

• circular motion with 2 mm radius

These trajectories are successfully followed at a constant levitation height of 250 µm.

The experimental result with the actual trajectory is given in Figure 2.18. In this

figure, (A) the maximum 7.91 µm, and average 0.75 µm errors for sinusoidal motion

are calculated for a high speed as 2 mm/s. In (B), the maximum 13.48 µm and average
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Figure 2.17 Shows comparison of the experimental and the analytical results for the
phase difference. It can be observed that the microrobot phase difference can be

analytically calculated which may help to adjust maximum microrobot speed

0.89 µm errors for circular motion are obtained at the same speed as (A). It can be

observed that the maximum error level increases when the trajectory has a sudden turn

and sharp movements. The reason is that the lifter magnet’s magnetic field through to

the microrobot is not linear or point-wise. Because of its effect on the microrobot as

a volume, sharp turns are hard to follow. Significantly, the sinusoidal motion has two

peak points: π/2, and the other one is 3π/2. The circular motion has four different

sharp points, which are nπ/2 where n = 1, 2, 3, and 4. Microrobot size should be

reduced in order to experience fewer errors when following its trajectory. In this way,

different trajectories can be followed more robustly and the ability to follow sharp

edges and peaks is increased.

2.5.5 Head Bending Reaction

Because of the phase difference effects, microrobot can not be moved parallel to the

pyrolytic graphite’s surface. The reason is that magnetic field force lines between the

lifter magnet and the carrier magnet should be the same. This is why microrobot

makes non-parallel itself to follow the same magnetic field gradient. This problem

is named "head-tilting." Since phase difference is increased by microrobot speed,
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Figure 2.18 The sinusoidal and circular orbit trajectories have been successfully
tracked. (A) shows the sinusoidal trajectory followed by the signal input given as

amplitude 4 mm. In (B), a circular orbit with a radius of 2 mm was followed

head-tilting is also increased due to high phase difference, and this is shown in

Figure 2.19. (A) shows microrobot starting position and (B) is the image during the

movement as can be seen from the figure that microrobot can not achieve parallel

movement and head-tilting angle is calculated as 7◦.

The phase difference is a parameter controlled by the computer interface and depends

on the moving ring-shape lifter magnet’s speed on the micro stage. As the speed of

progression increases, the phase difference increases as a result of experiments. The

fact that the phase differences are on the move does not cause a situation to hinder

precise speed and position control. The microrobot follows the same trajectory as

the lifter magnet on x- and y-axes. After the motion is finished, the microrobot ends

its movement in the concentric state with the lifter magnet. The amount of delay

40



Figure 2.19 The cause of the head-tilt reaction is to suspend the directional changes
of the vector field forces acting on the microrobot. The head-tilt angle is a parameter
proportional to the phase difference. The increase in phase difference also causes an
increase in the head-tilt angle. As shown in the figure, in the experimental studies

performed, the head-tilt angle of 7◦ is monitored. The increase in head-tilting of the
microrobot can be seen from (a) to (b)

due to the micro-stage speed is experimentally determined and shown in Figure 2.17.

The amount of head tilting angle was also be analyzed for different orientation of

the microrobot in the range of ±10◦, and it is seen in Figure 2.20. In this figure,

(A) shows the orientation and misalignment of the resultant undesired torque, which

can be prevented by the lifter magnet’s angle. In this analysis, it can be seen that

−1.96◦ negative rotation of the lifter magnet is required to obtain 0 µNm torque on

a y-axis when a 0.5 mm misalignment and 8◦ positive orientation is observed on

the microrobot. Here, for example, when the microrobot performs an 8◦ positive

angular orientation, unwanted torque can be observed. Besides, the orientation of

the lifter magnet to avoid undesired torque is calculated. As a result of this analysis,

the lifter magnet must be rotated opposite the microrobot direction. We aim to

move microrobot in parallel with respect to the pyrolytic graphite’s surface. Since

microrobot has a symmetrical design, other torques generated on x and y axes must

be equal, so the y-axis is preferred to be shown only.
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Figure 2.20 (A) refers to the orientation case with misalignment of microrobot as a
surface graph with linear characteristic. (B) refers to the values of the lifter magnet
angles to provide the prevention of undesired torque (0 approach), c© 2021 Journal

of Magnetics, with permission, from ref [107]

2.6 Discussion

2.6.1 General

In general, it is shown that the proposed microrobot levitation technique can be used

in liquid media at higher velocities up to 10 mm/s. Since the drag force is changed

proportional to the relative velocity between microrobot and fluid, head-tilting angle

can be dangerous due to non-parallel motion to the pyrolytic graphite surface.

Accordingly, microrobot can hit the surface during the longitudinal motion if its

levitation height is low. For this reason, to show microrobot orientation stability and

drive it at higher velocities with less head-tilting angle, further experiments, which

are the combination of linear, interpolation, and complex reference tracking motions

and control techniques, are needed.
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2.6.2 Analytical Calculation and Simulation

In this study, optimum parameter values such as "mesh selection," "lifter magnet

size," "pyrolytic graphite thickness" to be used in the COMSOL R© analysis prepared

to precisely levitate a microrobot have been determined. The different COMSOL R©

physics modules such as FSI and AC/DC can be reliably merged and run with

proper mesh generation. Errors discovered after simulations can be eliminated

successfully via proposed methodologies, formulations, and calculation techniques.

In the COMSOL R© analysis, it is seen that large differences and error values may occur

in the results depending on the mesh selection. For this reason, the most accurate

endorsers are shared by experimenting with different mesh methods for each analysis.

For example, in the COMSOL R© FSI analysis, the min and max values of tetrahedral

meshes should be close to each other. For this reason, "regular refinement level 2"

and "corner refinement" have been applied, and especially stress values calculated in

corner areas have been taken successfully. Therefore, on the resulting cd graph, the

"drag force coefficient" can be calculated by obtaining a smooth exponential graph.

In the MFNC, pyrolytic graphite thickness determination analysis, "mapping mesh"

is applied to the upper surface and assigned to all components by the "swept"

method. By applying "convert - insert center points" entirely to graphite, graphics

with increasing characteristics according to their thickness have been obtained.

Moreover, In the MFNC lifter magnet sizing analysis, the "free triangular" mesh

structure was applied to the surface and then "swept" to the entire component.

From the COMSOL R© "distributions menu," symmetrical mesh structure is given to

the component by adjusting the number of generated meshes based on the selected

edge. Thus, the expected graphical characteristics were taken so that the experimental

setup of the simulation was established. After successful analysis and simulation,

it is shown that the proposed microrobot levitation technique, whose equipment is

optimized, can be used. To show microrobot orientation stability and drive it at

higher velocities, further experiments that combine linear, interpolation, and complex

reference tracking motions, are needed. Optimized parameters and equipment are

chosen in this work, can be used in the next step.

2.6.3 Levitation on z-Axis

It is possible to control the movement of x-y and z-axes within the microfluidic

channel of the microrobot. Utilizing finite element analysis in COMSOL, the

microrobot’s levitation height limits were successfully determined and compared with

the experimental results. The magnetic analysis showed that the microrobot showed

linear surface behavior in the range of 90–280 µm according to the surface force graph
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on z-axis direction. Experimentally, it was determined that the current microrobot

levitation characteristic has an unstable structure in the range of 0 to 30 µm and 290

to 333.8 µm. In contrast, the system’s stable working range is in the range of 30 to

290 µm. Accordingly, compared with the experimental results, the analysis results

were within the experimental limits. If the analytical findings obtained are used on

the system, it has been proved that a safe and linear behavior range can be studied.

2.6.4 Drag Force—Lifter Magnet Effects

The distance between the lifter magnet and the pyrolytic graphite is calculated

numerically. Also, the range of levitation and its calculation steps are given in detail.

Compared to the experimental results, it has been shown that the operating range of

54–58 mm is expected with the current experimental setup. Although the microrobot

can be controlled beyond this range, it has been shown that the linear zone is the

better working range. The experimental and the numerical analysis results show that

the microrobot has more stable characteristics in the determined range. The drag

force analysis result shows that the water’s viscous effect is not much higher than

microrobot. It is calculated that the maximum value of drag force is about 5% of the

force required to levitate the robot. If micro-stages’ operating speed range is set to

±2(mm/s), it is estimated that the drag force will be less than 0.75%. Thus, we can

say that the drag force can be neglected, and the system can be linearized by neglecting

the drag force effect. For future studies, a linear control technique can be potentially

utilized in this application.

2.6.5 Center Alignment

Precise position control is also provided on the x- and y-axes of the microrobot in

the experimental data direction. microrobot mobility has been tested in motion

trajectories that may be encountered in different scenarios and work areas. The

microrobot has successfully followed the sinusoidal and circular orbits, in addition

to the linear motion. As can be seen in COMSOL R© analysis, when 0.1 mm phase

difference occurs between lifter-carrier magnets’ center, it is calculated that forces

generated in x- and y-axes are about 1/103 of the force in the z-axis. Therefore, the

predominant z-axis force cannot be affected by x- and y-axes forces dramatically, and

levitation height does not change during the microrobot motion. Furthermore, it is

always centralized with lifter magnet poles that provide stable trajectory tracking.
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2.6.6 Phase Difference

According to levitation characteristics with the help of motorized micro-stage motions,

the phase difference during the movements is seen as a factor that will force us to

do real-time position control. On the other hand, for many biomedical applications,

nanometric speeds are being used. In this case, the phase difference was found

to be negligible as a result of our experimental studies. According to the analysis

and experimental results regarding the phase difference, the torque and force values

applied to the robot were not affected. The micro-stage is moving at a maximum speed

of 2 mm/s. In this case, an offset of 0.6 mm is calculated and shown in Figure 2.17. It

can be seen that the calculated phase difference is tiny (1/66) compared to the lifter

magnet size. Thus, it is observed that there will be no effect on the magnetic force and

torque produced. When the phase difference is high, the head-tilting reaction observed

at high-speed levels is likewise observed to be negligible within the applications’

operating speed requirements. However, the possibility of giving capillary damage

to the head-tilt reaction’s surface boundaries cannot be overlooked, especially in low

run-up working conditions. In this regard, in future studies, closed-loop control-based

studies will be carried out to prevent the head-tilt reaction.
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3
STABLE UNTETHERED MICROROBOT MOTION

BEHAVIOUR

In this section, an untethered microrobot’s longitudinal motions are controlled based

on the passive diamagnetic levitation technique in a fluidic environment. A cylindrical

magnet (N48 grade neodymium) with �1mm and 250µm thickness, called the

"carrier-magnet," is used at the center of a microrobot. It is also placed above on a

pyrolytic graphite surface in a liquid medium. The reason is that magnetic field density

can be increased over the carrier-magnet due to the pyrolytic graphite stabilizing

feature. A ring-shaped magnet (N48 grade neodymium) with dimension of �40mm

× �20mm × �8mm, called the "lifter-magnet", is attached on a micro-stage and

aligned with the microrobot in order to provide stable magnetic levitation. Compared

to others, this setup is more compact and requires less energy to operate than

actively controlled magnetic levitation systems. While the microrobot moves along the

longitudinally, it cannot accelerate parallel to the ground. The head-tilting reaction

starts and develops depending on the microrobot’s longitudinal speed and increases

exponentially in time. Furthermore, the drag force also increases exponentially as

a function of the microrobot’s speed, and its effect cannot be negligible. Before

determining control parameters, the speed, mechanical delay between permanent

magnets, and carrier-magnet orientation are modeled in COMSOL R© (version 5.3,

COMSOL Inc., Stockholm, Sweden). Afterward, control strategies are applied to

minimize the drag force’s effect to realize stable locomotion characteristics even at a

much higher speed (> 5 mm/s). Experimental results show that the microrobot may

successfully have followed a sinusoidal trajectory of 150µm amplitude and a 4mm

period with an average error of 1.73 µm.

In this study, a 4 different controller models are compared by taking hydrodynamic

effects on the microrobot. For the first time, the problem of head-tilting reaction is

investigated and solutions are presented based on these three control models: the

rule-based model, the laser model, and the hybrid model. The primary purpose of the

developed control techniques is to minimize the drag force’s effect on the microrobot,
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Figure 3.1 (A) The head-tilting reaction is introduced in the uncontrolled state of
the microrobot moving in the X direction. (B) Microrobot whose dimensions are:

�3mm × �1 mm × �0.2mm, shown from top view

which moves inside a fluidic environment in an untethered manner. Thus, they can

be utilized in any application that requires complex trajectory tracking and precise

transportation of micro and nanostructures. The rule-based model uses a constant

angle, which is calculated via the projected duration of motion and motion speed, as

input parameters. The control input frequency changes between 15 (66.7 ms) Hz

and 58 (17.2 ms) Hz for the laser model. On the other hand, the hybrid model

takes advantage of those two previous strategies and combines them into a single

model. In the experimental results section, these three models’ reliability is verified,

and the results are presented. All control techniques are compared to the uncontrolled

head-tilting reaction.

3.1 Mathematical Model

Calculating the microrobot’s minimum and maximum levitation heights, speed-phase

difference of the stage, and head-tilting angle equations are presented. In

experiments, we observe that the microrobot’s longitudinal motion causes a

head-tilting reaction; consequently, it is unable to move parallel to the surface. Two

main reasons are concluded for this situation. These reasons are the "phase difference"

between the center of the microrobot and the "carrier-magnet." Second, the drag force

that acts on the robot due to its hydrodynamic structure. The phase difference occurs

because the acceleration of the microrobot is lower than the carrier-magnet. This

acceleration difference is caused by the air resistance acting only on the lifter-magnet,

which is connected to the micro-stages during its movement. While air resistance is

negligible, the drag force acting on the microrobot in the fluid cannot be omitted.
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For this reason, while the lifter-magnet follows a step function as a motion profile

with sharp edges, the microrobot has a parabolic motion profile with smoother edges

[109]. Figure 3.1 shows the schematic diagram of the head-tilting reaction and phase

difference for the microrobot moving in the x-axis. In this figure, pyrolytic graphite

is placed on the surface of an acrylic container. The microrobot is located above the

pyrolytic graphite in liquid media. For our model and further experiments, the liquid

media is chosen as De-Ionized (DI) water. The pyrolytic graphite is a diamagnetic

material with a magnetic permeability of µr=0.999992. That is the reason it encloses

the microrobot within the boundaries of magnetic field lines of the lifter-magnet. We

can achieve more stable levitation characteristics inside the liquid [109, 110].

3.1.1 Head-Tilting Model

An undesired torque Ty in the y axis is exerted on the microrobot during microrobot

longitudinal motion. It causes the microrobot to tilt in the direction of motion. Also,

a phase difference, τ, is observed, caused by the reasons mentioned above. The lifter

magnet’s position is controlled in three-axes using micro stages, and its orientation

is controlled in two axes by using two servo motors. The orientation angle of the

lifter-magnet in the direction of motion is expressed by φy . The microrobot radius is

shown by r and the angle between the corner point and the center by α. Also, the

angle between the corner point and the pyrolytic graphite is denoted by θ . Lastly,

the drag force acting on the x-axis direction movement is represented by Fd,x . As

shown in Figure 3.1, the microrobot moving in the x-direction is not parallel to the

surface during its motion due to the undesired torque Ty acting on it. For a microrobot,

for which the moment of inertia is taken as I=23.62 (µgmm2), a relation between

the angular acceleration and undesired torque can be determined [107, 109, 111].
Accordingly, (3.1) will be used to calculate the angle value at which the lifter-magnet

should be held in order to avoid the generation of undesired torque values as shown

in Figure 3.2. In this figure, the x-axis represents phase difference, the y-axis is the

lifter magnet orientation angle, and the z-axis shows undesired torque, which causes

non-parallel motion. The phase difference is expected to be less than 0.6 mm; that is

why it is preferably selected as the maximum in this axis. Lifter magnet angle range

is -10◦ to 10◦ due to avoiding microrobot surface contact at higher orientation. The

slope of the desired torque line is the torque, which can eliminate undesired torque

by applying proper lifter magnet orientation.

θ̈ =
Ty +

�

−F D,x + Fm,x + Fg,x

�

sin (θ ) r

I
(3.1)
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Figure 3.2 The angle calculation to be applied to the lifter-magnet is presented to
eliminate undesired torque

The head-tilting angle, θ , increases with the motion speed, and it has some

implications for robot levitation. Increasing head-tilting angles can cause the

microrobot to hit the surface during its motion. In Figure 3.3, the head-tilting amount,

∆, can be calculated for a microrobot with α = 3.814◦, θ = 10◦, h = 300 µm, and

r = 1503.33 µm,

∆= h− rcos(α)sin (θ ) (3.2)

where ∆ = 39.528 µm is obtained for h = 300µm, which is the instantaneous

levitation height. According to this calculation, if the angle of diversion of the

Figure 3.3 Illustration of levitation height determination in relation to the
microrobot-head-tilting angle
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Figure 3.4 Diagram of magnetic levitation system used in experiments. Numbers
represent part names. (A) shows vertical alignment of microrobot and lifter-magnet;
(B) shows forces exerted on microrobot, which is aligned with lifter-magnet; and (C)

illustrates isometric view of the whole experimental setup

microrobot is 10◦, and if the levitation height is lower than 260µm, it is determined

that the robot is likely to be hit the surface. If the instantaneous levitation height is

lower than the required tolerance between the microrobot and the surface, the robot

may hit the surface. For this reason, the operational working range of the microrobot

should firstly be determined. To find these boundaries, a free-body diagram needs to

be generated, and each force acting on the robot needs to be calculated.

The forces acting on the microrobot should be determined in order to obtain free-body

of the microrobot levitation system. To do that, the levitation system of the microrobot

is given in Figure 3.4. In (A), it shows the front view of the system with the equipment

used. In (B), the system’s top view and the forces acting on the robot are shown.

Moreover, forces acting on the microrobot is illustrated as follows:

• the magnetic force of the lifter-magnet Fmag ,

• the buoyant force due to liquid media as Fbuo,

• the diamagnetic force induced by the pyrolytic graphite, which is located on the

surface of the acrylic container (shown in Figure 3.1-A and Figure 3.4-A), as Fpg ,

• the gravitational force as Fg; and the drag force as Fd .
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In (C), the isometric view of the lifter-magnet and the test setup is shown. The

second-order mathematical representation of this model is expressed in 3.3–3.5, in

which the robot mass is mr [107, 109, 111]. The forces exerted on the microrobot are

shown in Figure 3.4-B. For a robot with a mass of 2.92 µg, robot acceleration can be

determined for known values of lifting force (12.788 µN), speed-dependent friction

force [107], and gravitational force (28.741 µN). The relationship between phase

difference and the microrobot acceleration has been investigated in a previous study

[109].

ẍ = Fd,x +

�

Fmag,x + Fpg,x

�

mr
(3.3)

ÿ = Fd,y +

�

Fmag,y + Fpg,y

�

mr
(3.4)

z̈ = Fd,z + Fbuo,z − Fg,z +

�

Fmag,z + Fpg,z

�

mr
(3.5)

It is calculated that the net magnetic force should be 16.74 µN in order to levitate the

microrobot [107, 109, 111] in accordance with the mathematical model. Applying this

net magnetic force on the microrobot causes it to levitate in the fluidic environment.

It is necessary to calculate the robot and lifter-magnet accelerations so that the

approximate values for phase difference can be found during the robot’s longitudinal

motion. The experiments aimed to control microrobot motion in high accuracy to

complete a predetermined trajectory in a repeatable manner at the desired speed.

Also, how fast this task can be accomplished is another important criterion. Since the

lifter-magnet speed profile is determined (step function), the acceleration value can

also be found. However, the acceleration of the microrobot depends on the speed of

the lifter-magnet. The lifter-magnet is capable of completing a trajectory of 5 mm in

1 sec with a speed of 5 mm/s. However, it requires more time for the microrobot to

reach a speed of 5 mm/s due to the drag force. It has been shown that the value of

Fd,x is 0.125µN for 5 mm/s speed [107]. For a microrobot with a constant mass, it

has been stated that the speed profile, and thus the acceleration, maybe of parabolic

increasing-decreasing characteristic against the variable drag force [109]. The value

of the microrobot acceleration can be determined according to (3.6).

Fmag,x − Fd,x = mr ar (3.6)
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For the microrobot whose acceleration is determined, instantaneous speed values can

be found by assuming it has an acceleration characteristic. Using the microrobot

speed, Vr , (3.7) can be used to calculate the time required to reach a speed of 5 mm/s.

vr = v0 +

∫ t

0

ad t (3.7)

The drag force, which is equal to about 1/134 of the net magnetic force [110], causes

the microrobot to have a delay of 103.1 ms in total because the starting values are

7.46 ms and 5 mm/s. As a result, according to the speed value, it is expected that the

robot will move with τ= 515.5µm. Besides, a linear expression can be obtained from

previous works done with the phase difference, and approximate phase difference

expression can be related to the speed by (3.8) [107, 109].

τ= 0.134vr − 0.146 (3.8)

3.2 FEM Simulation

In section 3.1, it is shown that the microrobot head can hit the surface if the levitation

height is not sufficient. Also, the definitions for head-tilting and phase difference

are described in detail. Besides, a method for determining the acceleration of the

microrobot in order to find the phase difference is given. In this section, the simulation

studies are conducted to develop a method for improving the head-tilting action that

acts during the microrobot’s longitudinal movements.

3.2.1 Orientation Effect of the Magnets

Using the simulation results, we obtain the following microrobot control parameters

via orientation equations, the operation limits, and the expression for surface impact

condition. In addition to them, a first-order linear equation for the phase difference

is calculated. The aim is to perform the robot motion parallel to the surface, as

shown in Figure 3.4-C. In the analyses made on the COMSOL R© AC/DC module, the

orientation that must be applied on the lifter-magnet should firstly be determined.

Figure 3.5 shows that the magnetic field force lines that pass through the lifter-magnet

and microrobot surface are shown when they are parallel to the surface. (A) shows

microrobot right movement with carrier magnet positive orientation. According to

the vectors, carrier-magnet magnetic field can be perpendicular to the ground when

the lifter magnet has an opposite orientation. A similar effect can also be seen in
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Figure 3.5 The orientation of the carrier-magnet in order to avoid head-tilting
reaction is presented. Accordingly, the carrier-magnet must have a direction opposite

to the motion direction of the microrobot, is observed

(B), which illustrates the microrobot’s left movement. It has a negative orientation

that can be stabilized with the positive orientation of the lifter magnet. Orientations

are also denoted where the angular images’ right corners as 1, positive orientation

and 2, negative orientation. Lastly, magnetic flux detail is given with the horizontally

positioned bottom legend.

It is observed from Figure 3.5 that the magnetic field lines on the robot with levitation

on the z-axis are perpendicular to the robot. A parametric analysis on the tilting

angle of the microrobot is performed in order to determine the direction of the force

applied during right and left movements. As a result of the analysis, it is found that

the robot and the lifter-magnet must have opposite orientations. In this case, the

active force lines on the robot are observed to remain perpendicular to its surface. So,

the microrobot linear motions with higher speed can be achieved more parallel than
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uncontrolled case (without any lifter-magnet orientation).

3.2.2 Environmental Effects on Microrobot

Reynolds number is affected by operational speeds, fluid properties, and size.

Microrobot and fluidic chip size are also important to determine the characteristic

length of the entrance. It determines the flow profile steady and transient conditions.

Flow profile becomes parabolic when the hydrodynamic entrance length is ended.

There is a velocity condition which is zero near the walls and maximum in the center

after the characteristic length. Because of the microrobots have a small characteristic

length, L, and a small characteristic velocity Vs. It leads to a small Reynolds (Re)

number (3.9) and Stokes flow (3.10) [110].

Re =
ρ f Vs L

µ
� 1 (3.9)

At low Re, the Navier-Stokes Equation becomes time-independent [112],

ρ

�

∂ v
∂ t
+ (v.∇)v

�

= −∇p+µ∇2v (3.10)

in which v is the velocity vector field, and p is the hydrodynamic pressure scalar field.

A low Re number can be due to a slower motion, a small working environment,

or high viscosity [40]. Navier can be omitted since Re � 1 [113] and inertial

terms of fluid become negligible, while viscous force and surface tension are more

dominant at the small length scale. In the studies with a low Re regime, it can be

seen that dimensional effects can be neglected, and locomotion of a microrobot can

be achieved by vibrating it. Depending on the vibration frequency, the p-value is

changed, and motion under low Re can be obtained [40, 110, 112, 113]. In our work,

the microrobot velocity determines the flow characteristic since DI-water remains

stationary in the container. Thus, the motion characteristics of the microrobot in a low

Re flow regime is investigated depending on its scale and with a head-tilting angle,

which varies between 0◦ − 10◦ (Figure 3.6). Creeping Flow Physics in COMSOL R©

is used for three different sizes of microrobot (1 mm, 2 mm, and 3 mm). In this

case, when the experimental conditions are kept constant, the Reynolds number’s

change depends on the speed of the robot, not its size and head-tilting angle. Also,

for microrobots of different sizes with the same flow characteristics, the drag force

does not change in the movements parallel to the surface [107, 109, 111]. However,

the drag force can change proportionally with microrobot cross-sectional area for the
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Figure 3.6 Calculation of Re number is simulated at different head-tilting angles for
microrobots with same thickness (250µm) and different sizes (1 mm, 2 mm, and 3
mm). COMSOL R© Creeping Flow analysis is utilized in stationary liquid media. The

legend on the right side, as expected, shows that the Re� 1 is not dependent on size
and head-tilting angle

identical experimental conditions. This condition is valid when the same speed and

head-tilting angle are the same with different sizes. From (3.1), the torque value that

should be applied to the microrobot can also be calculated.

3.2.3 Microrobot Working Range

After the lifter-magnet orientation problem is solved, it is also essential to determine

the microrobot’s operation limits. As indicated in Section 3.1, the robot has a risk of

surface collision, depending on its levitation height and speed. There is a risk of the

microrobot surfacing in an uncontrolled manner due to proximity to the lifter-magnet.

These situations can be addressed by setting a lower and an upper limit to the

levitation height. Figure 3.7 represents a graph for the net magnetic force exerted

on the microrobot. In this figure, the y-axis shows the distance between microrobot

and lifter-magnet at different levitation heights. The levitation height is shown x-axis,

which ranges from 0 µm to 350 µm. The reason is that the maximum microrobot

levitation height is found as lower than 350 µm in the previous studies. According to

the net magnetic force value of 16.74µN [107, 109, 111], the microrobot is observed

to be at the maximum levitation height of 329.1µm. The lifter-magnet is at a distance

of 54 mm (marked with a blue dot) from the pyrolytic graphite.

On the other hand, the microrobot is at the minimum 31.0µm levitation height when

the lifter-magnet is located at 60 mm height (marked with a red dot). It can be seen

that the microrobot can be controlled within this distance, which is also found in FEM
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Figure 3.7 Microrobot study limits are determined. Accordingly, the minimum and
maximum points are shown in the range of 31.0µm (red)–329.1µm (blue)

analysis. The lifter magnet is getting closer to the pyrolytic graphite, magnetic force

non-linearity increases. It is a challenging task to control microrobot efficiently beyond

this range. Moreover, when the distance is higher than 60 mm, the net magnetic

force cannot levitate to the microrobot. Distance effects can also be observed in the

levitation height. The magnetic force exhibits an exponential characteristic; the linear

region of 100–300µm is chosen as the operating limits. In particular, this region is

affected less by the nonlinear magnitudes for experimental speed ranges.

3.2.4 Lifter Magnet Orientation Control

After determining operation limits, the head-tilting reaction after specific time

intervals is examined, and results are presented. By the time the microrobot reaches

the desired speed with a specific delay parameter due to a lower acceleration, the

tilting angle is also found to be dependent on this parameter. Figure 3.8-A shows

the top view of the system and the lifter-magnet orientation. Figure 3.8-B shows a

depiction of the microrobot that is starting to move by tilting its head gradually in

the x-direction at t1 until it reaches the desired speed at t4. At t4, the microrobot is

depicted as hitting the surface due to its higher speed. Moreover, the simulation data

presented in Figure 3.8-C shows that the lifter-magnet is given an opposite orientation

relative to microrobot. It is observed that the head-tilting angle of the microrobot is

reduced, starting from time t2. At the time t4, instantaneous speeds are equal, and

the motion characteristic is depicted as being parallel to the surface.
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Figure 3.8 (A) shows roll, and pitch axes control the orientation of the microrobot to
eliminate head-tilting reaction. The result of the uncontrolled microrobot motion is

given in (B). The head-tilting reaction can be eliminated by adjusting carrier-magnet
orientation (C)

For all cases mentioned in the mathematical model section, the finite element method

(FEM) studies are conducted, and their results are given in this section. After

determining these results, we need to derive the equations necessary for the rule-based

model design. To this end, various tilting angle values of microrobot are studied in

COMSOL R© by parametric analysis. Different phase difference values are presented

relative to the x-axis with the upper legend in Figure 3.8, while different microrobot

angles are given on the y-axis. On the z-axis, undesired torque values for different

phase differences and carrier-magnet angles are shown. In this graph, a black dashed

line shows the values where the torque equals zero. This line shows the angle that

must be applied to the lifter-magnet in order to overcome the undesired torque. (3.11)

and (3.12) are derived using the dashed line shown in Figure 3.8. These equations are

related to the micro-stage’s speed and its tilting angle to be applied to the rule-based

model and the laser model, respectively.

θ = 1.323v − 0.529 (3.11)

θ = 1.8761φ + 0.541 (3.12)

The head-tilting angle can be improved by using these equations with a specific time
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delay depending on the speed. It is also presented with the results in the experimental

study section.

3.3 Experimental Results

In this section, the experimental studies are presented in accordance with the

simulation results, which are grounded on the mathematical models obtained in

Section 3.1. In the light of simulations and mathematical models, the lower and upper

limits of magnetic levitation are determined, and the control algorithms are created.

Afterwards, microrobot is tested for different scenarios such as following a complex

sinusoidal trajectory and longitudinal motion control at a constant levitation height,

and results are then compared.

3.3.1 Experimental Setup

Based on the derived mathematical model and conducted simulations, it is found that

the microrobot can be levitated in the range of 31.0–329.1 µm, and the undesired

torque on the robot can be overcome when the orientation of the lifter-magnet is

opposite to that of microrobot in the direction of motion. Also, the approximate

linear equation of the phase difference is given as a function of the horizontal speed

of the microrobot in (3.8). In this section, the theoretical and simulation results

are compared with the experimental results, and the experiments for each control

algorithms are explained. Pyrolytic graphite is placed on the surface of an acrylic

container filled with deionized water (DI-water). The lifter-magnet is placed on top

of the microrobot, which consists of an N48 neodymium magnet and an SU-8 frame.

The component that connects the carrier-magnet to the micro-stage is printed in a 3D

printer. This component is designed to enable controlling of the orientation of the

microrobot using two servo motors (Figure 3.9-A). An optical microscope (Olympus

SZX-7, Olympus Corporation, Tokyo, Japan and PointGrey GS3-U3, FLIR Integrated

Imaging Solutions Inc., Richmond, BC, Canada) is used for imaging the experiment

(Figure 3.9-B). On the z axis, the head-tilting angle and levitation height are measured

by a sub-micrometer-resolution laser sensor (optoNCDT-ILD2300-50, Micro-Epsilon,

Raleigh, NC, USA).

With the experimental setup shown in Figure 3.9, it is possible to control the

microrobot with 5 degrees of freedom (5 DOF). In all systems in which a microrobot is

intended to be levitated in a fluidic environment using a lifter-magnet, it is inevitable

for a phase difference to occur due to the hydrodynamic structure of the system. For

this reason, the first control problem we worked on is orienting the lifter-magnet at
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Figure 3.9 (A) Illustrates the experimental system with 2 servo motors, micro-stage
connection apparatus, and lifter-magnet microrobot alignment. In (B) the full testing

and measurement systems are shown

the optimal angle depending on the horizontal speed of the microrobot such that it

will move parallel to the surface (Figure 3.10-A).

The inputs of the control system are determined as micro-stage speed (mm/s) and

length of trajectory (mm). The motion completion time, t y , can be calculated easily for

a given trajectory using its length and microrobot speed. However, orientation control

of the lifter-magnet should not be applied until the microrobot reaches a desired speed

so that an undesired torque is not induced on the microrobot. This requirement is

explained in a previous study in detail [109]. For this reason, orientation control

of the lifter-magnet is applied after a certain time delay, t g , when the microrobot

reaches the desired speed. Before the trajectory is completed, the lifter-magnet should

return to the parallel position by reducing the angle as shown in time periods t3, t4

in Figure 3.8B. This ensures that the robot will remain parallel to the surface at the

start and at the end. By controlling the lifter-magnet angle according to (3.11), during

the time period tu as shown in Figure 3.10, head-tilting angle of the microrobot can

be reduced. The second control problem we work on is reducing the head-tilting
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Figure 3.10 (A) Shows the rule-based model (open-loop), (B) shows the laser model
(closed-loop), and (C) shows the hybrid model control block diagrams

angle using a closed loop control algorithm (Figure 3.10-B). This time, the head-tilting

angle of the microrobot is measured with a laser sensor and (3.12) is applied. A

feed-forward approach is also added to improve the transient response, in accordance

with the horizontal speed of the microrobot. The hybrid model is used in the last

controller structure. In this model, development of a better control structure is aimed

for, which could achieve lower tilting rates and a more stable motion by combining the

advantages of the rule-based model and the laser model shown in Figure 3.10-A and

B. Initially, the rule-based model shown in Figure 3.10-A is applied in order to improve

the transient response. Then, the laser model shown in Figure 3.10-B is used in order

to eliminate the steady-state error. The tu,1 value shown in Figure 3.10-C represents

the elapsed time after the first three angle commands are applied.

It is possible to obtain displacement measurements at the sub-micron level using the

OptoNCDT-ILD2300-50 laser sensor. However, it needs to be calibrated first in order

for it to be able to measure the head-tilting angle and the levitation height inside the

fluidic container, because the laser beam emitted from the laser sensor will exhibit

different characteristics inside the fluid and in the air. If the laser beam does not enter

into the fluid in a perfectly perpendicular manner, it will diffract, and the accuracy of
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Figure 3.11 The left picture shows minimum levitation height of the microrobot
(30.0µm) and maximum levitation height (333.8µm) on the right picture

measurements will lower. For this reason, blocks with different sizes, manufactured in

accordance with the DIN EN ISO 3650 standard, are used to calibrate the laser sensor.

Different blocks that have different increasing heights of 1 µm, 10 µm, and 100 µm,

starting from 0.5 mm, are used. The error rates obtained from the measurement of

these blocks are later incorporated into the control structure as Fdist (Figure 3.10-B

and C).

3.3.2 Robot Levitation

Robot levitation is preferred, especially for applications in which very high precision

(nano-level) is required. The operation range of the microrobot is affected by various

parameters such as the density of the media, temperature and so on. According to the

simulations and analytical calculations made, the operating limits of the microrobot

are found to be minimum 31.0 µm (by analysis)–30.0 µm (by experiments) and

maximum 329.1 µm (by analysis)–333.8 µm (by experiments) [107, 109, 111].
The minimum and maximum operation points are also determined in Figure 3.11.

The difference in analysis and experiments is caused by the homogeneity of the

neodymium magnets used, and the uncertainty in the magnetic flux densities within

the given range.

3.3.3 Robot Orientation Capabilities

Orientation of the microrobot is controlled by changing the orientation of the

lifter-magnet using the 2 attached servo motors (Figure 3.12). Its longitudinal

movements and control are enabled through the positioning of the lifter-magnet.

Angular motions, such as rolls and pitches, are also taken into account to control

the orientation of the lifter-magnet with high precision. The greatest advantage of
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Figure 3.12 Axial orientations of the robot are shown. (e) is the initial position at
223 µm levitation height, (a,c) shows negative and positive roll angle respectively,

and (b,d) shows positive and negative pitch angle, respectively

high-precision orientation ability is that the robot can avoid the increase in head-tilting

reaction that occurs due to the drag forces during its longitudinal motion. Figure

3.12-A presents the negative roll, Figure 3.12-B the positive pitch, Figure 3.12-C the

positive roll, and Figure 3.12-D the negative pitch orientations. Correspondingly,

Figure 3.12-E indicates the stable positioning of the microrobot at certain levitation

height (223 µm) parallel to the surface.

After successfully performing magnetic levitation and 2-axis orientation control of the

microrobot, the sine-wave-shaped trajectory is followed to demonstrate the motion

capabilities of the microrobot. For the first time, a motion profile with a variable

levitation height is applied, and the results are given in Figure 3.13. With an initial

levitation height of 200 µm, the robot is able to follow a trajectory of 4 mm horizontal

length and 150 µm amplitude at a speed of 5 mm/s with an average error of 0.536%.

It is observed that this margin of error is due to the need for sharp turns at minimum

and maximum levitation heights. To calculate testing errors, microrobot motion is

recorded at 100 fps(frames per second), and the levitation height is calculated. An

optical microscope unit, which has a wide focal area, has a fixed position such that it

records the longitudinal localization at given frame rate. Additionally, the proximity

profiles acquired from the laser sensor are compared to determine maximum and

average errors.
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Figure 3.13 The experimental data represents microrobot motion on a 4 mm
trajectory with a sine-wave profile relative to the x-axis by the time recording

changes on levitation height relative to the z-axis. Five snapshots are given to show
actual location

3.3.4 Uncontrolled Model and Rule-Based Model

Uncertainties due to laser calibration, the sampling processes and the deviations

observed during the control of the microrobot led us to design a controller. The

controller that make the microrobot levitation system more stable, and reduce the

errors while following the desired trajectories. The rule-based model, which is an

open-loop controller, is an ideal choice for stabilizing the tilting of the microrobot.

The non-linearities that are influential on these effects during the longitudinal motion

of the robot can be eliminated efficiently. Microrobot velocity and reference trajectory

is the user inputs in the rule-based model. According to the velocity, mechanical delay

and motion time is calculated. Delay is occurred due to microrobot inertia in the

fluid and the acceleration to the desired velocity. Then, determination of the lifter

magnet and its orientation are calculated according to (3.11). In this formula, θ is

calculated to determine the time period that is controlling the lifter-magnet angle.

As shown in Figure 3.14, the rule-based model is applied to reduce the head-tilting

angle, and it corrected up to a few degrees, depending on the microrobot’s speed

(Table 3.1). In this figure, microrobot speeds are adjusted in the range from 5 mm/s
to 10 mm/s with the increment of 1 mm/s. In the uncontrolled case, microrobot

head-tilting angle is proportional with respect to its speed and orientation angles are

as follows: 6.8◦, 8.3◦, 9.1◦, 9.6◦, 10.4◦, and 11.5◦ respectively. In the rule-base model,

microrobot head-tilting angle is stabilized; however, there is steady-state error at the

end of the motion is observed. These errors are as follows: 1.8◦, 2.0◦, 2.6◦, 2.8◦,

3.1◦, and 3.8◦ respectively. Because of the head-tilting angle is reduced during the
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Figure 3.14 Experimental results to show microrobot head-tilting reaction during
implementation of uncontrolled and rule-based models at variable speeds (from 5

mm/s to 10 mm/s). While head-tilting reaction is obvious, in the case of the
rule-based model, the microrobot’s longitudinal motion is slightly developed

longitudinal motion of the microrobot, it is possible to control it at lower levitation

height.

Steady-state error is occurred in the rule-based model due to the absence of a sensory

feedback mechanism. Moreover, to improve robustness of the control structure, it is

necessary to develop closed-loop control models, which are based on the vision-based,

laser, and hybrid models. Another experiment which is conducted with the open-loop

controller is also shown in Figure 3.15. In this figure, the levitation height is changed

from 200 µm to 100 µm, and images are given slightly isometric view. As the

same with the previous experiment, microrobot head-tilting angle is proportional with

respect to its speed and orientation angles are as follows: 6.8◦, 8.3◦, 9.1◦, 9.6◦, 10.4◦,

and 11.5◦ respectively. On the other hand, microrobot head-tilting angle is reduced;
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Figure 3.15 Microrobot head-tilting reaction during implementation of uncontrolled
and rule-based models at variable speeds (from 5 mm/s to 10 mm/s) when the

levitation height is changed to 100 µm is presented. It can be seen that the
rule-based model can be implemented in different levitation height during the

microrobot’s longitudinal motion since head-tilting angles do not change with the
levitation height at lower speeds

however, there is steady-state error at the end of the motion is observed. These errors

are measured as follows: 1.8◦, 2.0◦, 2.6◦, 2.8◦, 3.1◦, and 3.8◦ respectively in the

rule-base model.

3.3.5 Vision-based Model

For the closed-loop controller design, the feedback mechanism is established from the

image taken from the fixed positioned optical microscope. Following functions are

used to detect microrobot corner via optical microscope from the side-view:

• TwoFramesDifferenceDetector

• MotionAreaHighlighting algorithms
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Figure 3.16 Microrobot corner detection algorithms and their application steps are
presented

• Euclidian color filtering algorithm

• Horizontal and vertical flattening

• Threshold

• Corner point detection

• Bottom left and Right corner detection

• Calculation of atan2(x, y)

In order to calculate the angle, any two points moving at the same direction on

the object are taken. Figure 3.16 shows the algorithm flow of the visual-feedback

controller. Euclidean color filtering algorithm is used since color scale of the object

is very narrow and the object cannot be distinguished from the environment without

this filter. In motion detection, Two Frames Difference Detector (TFDD) algorithm and

Motion Area Highlighting (MAH) algorithm are used for motion detector and motion

processing respectively. TFDD and MAH are choosed for their fastest computational

time and capability of the object detection, respectively. In order to calculate the
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head-tilting angle, any two points moving that are on the microrobot in the same

direction shall be taken. To do this,

• Detecting the movement and processing the motion area as in the Figure 3.16

• Drawing the perimeter of the detected object with Graham Convex Hull (Graham

Convex Shell) algorithm

• The corner points of this convex shell by using (A) Get Furthest Point (Farthest

point) and (B) Calculating the tilting angle of the object by taking the angle

between the two points determined by the new algorithm.

According to the mentioned algorithms, the microrobot head-tilting angle is measured

at varying speed values in the Figure 3.17. The maximum head tilting angle is shown

in the figure for each speed and the controller frequency is calculated at 11 Hz. The

average head tilting angle is reduced to 1.926◦.

3.3.6 Laser Model and Hybrid Model

Following the open-loop control model that is used to improve the transient response,

the closed-loop models, which are the laser and hybrid models, are tested to decrease

steady-state error. The position and orientation information of the microrobot is

obtained from a laser sensor placed on top of the experimental setup. The head-tilting

angle is calculated from the slope of the line that intersects the lower corner points

of the microrobot. It is observed that the transient response of the microrobot can be

developed with the laser model, which uses sensory feedback from a laser sensor. The

scanning frequency of this sensor varies between 15 Hz and 58 Hz, due to the laser

sensor being sensitive to hardware limitations and other dynamic external factors such

as ambient light conditions or low-frequency vibrations. The microrobot follows the

lifter-magnet with a minimum delay of around 100 ms. Thus, the frequency of the

controller needs to be at least 20 Hz. The transient response of the head-tilting angle

does not satisfy this requirement at high speeds. Therefore, the laser model is not

robust enough to correct the head-tilting angle at higher speeds (above 15 mm/s). For

this reason, a hybrid model is developed in order to make a more robust controller to

adapt to different environmental conditions and in order to have a speed-independent

model (Figure 3.21, 3.22, 3.23). In this model, the transient response is improved by

adapting the rule-based model to the laser model. As a result, the control system can

reduce steady-state errors and can be used independently of microrobot speed.

Head-tilting angles of the microrobot and the lifter-magnet are shown in Figure

3.19–3.20 in a speed range of 5–10 mm/s when the laser model is used. Orientation
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Figure 3.17 Microrobot head-tilting reaction during implementation of
visual-feedback models at variable speeds (from 5 mm/s to 10 mm/s) when the
levitation height is 200 µm is presented. Head tilting angle of the microrobot is

reduced to 1.926◦ (average). Tilting angle of the microrobot is more developed than
the rule-based model during its longitudinal motion

control of the microrobot with only laser feedback causes it to exhibit a rolling motion

due to the drag force exerted on it along the z-axis. Thus, the steady-state error

cannot be eliminated. By using only laser feedback, it can be observed in Figure

3.19–3.20 that the head-tilting reaction sometimes surpasses the servo angle and

causes inconsistencies in the number of samples and results. For this reason, directing

the microrobot using only laser feedback cannot be regarded as a reliable control

technique.

In the next experiment, the change in head-tilting angle is investigated by running the

micro-stage at a speed of 15 mm/s. Results of this experiment are given in Figure 3.20.

The first six data points show unstable changes in head-tilting angle at the beginning

of the motion. After the sixth data point, the head-tilting angle stabilizes at around
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Figure 3.18 The images taken by the experimental data of the laser feedback and
the hybrid model controllers at six different speeds in the range of 5–10 mm/s. In
order to make the laser marker visible, the experimental images of the microrobot

are presented in isometric view

3◦. The reason for the first six errors is related to the microrobot acceleration process

[109]. Chattering occurs at the head-tilting angle until it reaches the desired speed.

Although a faster and more stable motion profile can be obtained compared to the

uncontrolled and rule-based models, the steady-state error could not be eliminated,

and the head-tilting angle remains at 3◦.

The main reason to develop the hybrid model is the unstable change observed in the

head-tilting angle during the acceleration phase when the laser model is used. A

hybrid model that combines laser model and rule-based model is used to obtain better

motion characteristics throughout the whole trajectory. In the experimental results

given in Figure 3.21, 3.22 and 3.23 a trajectory of 5 mm length is successfully followed

by the microrobot in a speed range of 5 mm/s to 30 mm/s. As can be seen from

these figures, the unstable change that is observed for the laser model during the
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Figure 3.19 The microrobot head-tilting angle and the applied servo motor angle for
the application of the laser model within a speed 5 mm/s

acceleration phase is eliminated. This enabled higher speed control to be achieved

as a result of stabilization of microrobot motion. Likewise, the steady-state error is

mostly eliminated, even at higher speeds. Here, the results indicate that the angle

of head-tilting can be reduced independently of the speed of the motion. They also

show that microrobot is capable of tracking different trajectory profiles for different

applications that require high mobility, high speed, and precise localization.

Average head-tilting angles for each controller for the speed range in which the

experiments are conducted are given in Figure 3.24. As expected, high head-tilting

angles that increase with microrobot speed are observed for the uncontrolled case.

For the rule-based, laser, and hybrid models, ever-increasing controller performances

are obtained. The average head-tilting angle values are shown in detail at Table 3.1

based on the comparison shown in Figure 3.24. As can be seen here, the head-tilting

angle obtained with the hybrid model, in contrast to the uncontrolled model, is lower

than 1◦ throughout this speed range. This average value is lower than that for the

uncontrolled case, and even than the values obtained at 5 mm/s for each controller.
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Figure 3.20 The microrobot head-tilting angle and the applied servo motor angle for
the application of the laser model within a speed 6 mm/s

3.4 Discussion

The microrobot is intended to track a 5 mm linear trajectory at 200µm levitation

height to compare the controller performances of different models. All conducted

Table 3.1 System Model Parameters

Speed(mm/s) Uncontrolled Rule-Based Laser Hybrid

5 6.8 1.8 0.9 0.7

6 8.3 2.0 0.7 0.6

7 9.1 2.6 1.1 0.6

8 9.6 2.8 1.2 0.9

9 10.4 3.1 1.3 0.5

10 11.5 3.8 1.2 0.6

Mean (Deg) 9.3 2.7 1.1 0.7
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Figure 3.21 Shows the head-tilting angles of the microrobot for speeds 5 and 6
mm/s with the hybrid controller

experiments are repeated at different speeds for each control model separately,

while the trajectories and levitation heights remain constant. Firstly, the microrobot

movement is performed at a speed range of 5–10 mm/s in the uncontrolled model.

We found that the head-tilting angle increases with respect to speed of the microrobot.

At higher speeds, the robot is likely to hit the surface of the pyrolytic graphite. In

experiments with the uncontrolled model, the reason for the head-tilting reaction in

the z-axis is the drag force generated by the DI-water medium. Thus, to reduce the

head-tilting angle, we developed a rule-based controller model. However, during the

experimental test, it is observed that steady-state error cannot be eliminated with this

model, whereas transient response can be improved. Since the rule-based model is

an open-loop controller and non-linearities in the system are not taken into account

for simplicity, the obtained results are unsatisfactory. Moreover, when the microrobot

moves faster than 10 mm/s, the steady-state error is more likely to increase, and as

a result, the microrobot head hits the surface. In the laser model, although steady

state error is less than the steady-state error of the rule-based model, due to hardware

limitation of sensing speed, this technique is not reliable enough for a closed-loop
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Figure 3.22 Shows the head-tilting angles of the microrobot for speeds 7 and 8
mm/s with the hybrid controller

controller. This model can be used to control the microrobot up to speeds of 15 mm/s
in stable conditions. Thus, it is not suitable for applications in which higher speeds are

required. Therefore, the rule-based control system and laser calibration are merged

to create a hybrid control model, resulting in a more stable control at high speeds of

up to 30 mm/s. It is verified that the microrobot with the hybrid model enabled one

to achieve more precise localization over a number of test results. Furthermore, in the

hybrid model, the aggressiveness and the transient system response can be tuned via

the rule-based model. This ensures a speed-independent, stable, closed-loop control

structure and low steady-state error.

In this study, we developed various control algorithms based on discussed three models

for the stabilization of the longitudinal motion of microrobots. There exists no prior

study for the solution to this problem. By taking into consideration the complex motion

tasks of microrobots in 3D space, a sinusoidal trajectory with 150µm amplitude and 4

mm length is also tested, with an average error rate of 1.73µm. The fact that this

motion did not take place at a constant levitation height and that the microrobot
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Figure 3.23 Shows the head-tilting angles of the microrobot for speeds 9 and 10
mm/s with the hybrid controller

has a wide range of levitation height shows the high performance of the microrobot

design and orientation control. In the mathematical model section, starting from a free

body diagram with head-tilting angle, the relation between the head-tilting angle and

levitation height and phase difference equation depending on the micro-stage speed

are derived. Thus, the mechanical delays in the controller are calculated based on the

differences in the accelerations of the lifter-magnet and the microrobot. According

to the calculated delay, the time required for the lifter-magnet to be held at the

target orientation is determined, which in turn allowed the control of the longitudinal

motion of the microrobot. By conducting parametric FEM analyses in COMSOL R©,

the equations that depend on micro-stage speed and microrobot head-tilting angle

are determined for open-loop and closed-loop controllers. The head-tilting reaction,

which can be determined using the first-order equations of angle-correction, generated

undesired torque on the microrobot. It brought out, as a result, average 9.3◦

head-tilting angle in the case of uncontrolled model. On the other hand, by using

control strategies, we achieved following results:
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Figure 3.24 Comparison of average head-tilting angles in the speed range of 5–10
mm/s

• 2.7◦ head-tilting angle for the Rule-based Model

• 1.1◦ head-tilting angle for the Laser Model,

• 0.7◦ head-tilting angle for the Hybrid Model

Moreover, the hybrid model is also experimented with at a speed of 30 mm/s and

received an average angle error of 1◦. This result proved that the microrobot can be

used in cases in which a high speed and a complex and long trajectory are necessary.

Furthermore, since the microrobot is capable of 5 axes orientation, its head position

can also be utilized in various object manipulation tasks.

As a result, through the developed control models, a solution methodology for the

head-tilting problem is developed and implemented for different tasks that require

high-speed and low positioning error rates. The presented control models are

particularly important for the purposes of cell and particle manipulation applications.

In future studies, we will focus on developing fully autonomous control techniques

and longitudinal motion in laminar flow. To do so, microrobot longitudinal forces

which is generated by permanent magnets need to be increased.
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4
FLOW-RELATIVE MICROROBOT OPTIMIZATION AND

MOTION MODELLING WITH IMPLEMENTATION

A novel permanent magnet (NdFeB) based micromanipulation method which

produces higher lateral forces compared to previously reported techniques [94, 102]
and enables the positioning and locomotion in a laminar flow (Re < 2000) is proposed.

A microrobot driving configuration with pyrolytic graphite which is a diamagnetic

material and two ring-type permanent magnets were used to increase lateral forces

acting on an untethered microrobot. The basis of the proposed configuration was

concentration of the magnetic field force lines on the microrobot and the formation

of a force vector on both sides on the vertical axis of the robot. We report the motion

characteristics of our microrobot at different flow rates with simulation results and

confirm them with experimental results.

4.1 Microrobot with SU-8 Body

In this section, the proposed micromanipulation technique is described in detail.

This technique is based on the interaction of a ferromagnetic microrobot, two

ferromagnetic outer magnets and a diamagnetic pyrolytic graphite layer. It enables

the positioning of a microrobot inside a microfluidic channel in which a continuous

laminar flow is present. In Figure 4.1-A, Fp represents the diamagnetic force, Fm the

magnetic force, Fg the gravitational force, Fb the buoyancy force and Fd the drag force.

The 2 lifter magnets were positioned above and under the channel and aligned along

with z-axis. They are N52 grade and have dimensions of �20 mm × �40 mm × 8

mm. The dimensions of the pyrolytic graphite on the surface was 7 mm width, 30 mm

depth and 0.5 mm thickness. It was expected that the levitated microrobot would not

be able to maintain its position relative to the "center line" due to drag force caused by

stream flow applied in the x-axis direction (A and B). Since the microrobot would have

a certain displacement during flow, the carrier magnet in microrobot’s center would

also have a displacement, τ, relative to the centers of the magnets. Because of this
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displacement, the angle between the upper lifter magnet with the "center line" was

indicated as α. Under these circumstances, the proposed model turns into a second

order mathematical system (Figure 4.1-B). In this model, the drag force exerted on

microrobot’s surface was modeled as disturbance input and microrobot was modeled

as a mass, the robot-liquid environment pair was modeled as a damping element and

the robot-magnets pair was modeled as a spring. The reason behind using damping

and spring elements in the model was to show the mathematical determination of

the hydrodynamic structure of the liquid and the relationship between the robot and

liquid environment in the model. The same parameters α and τ in Figure 4.1-B are

also valid here and are not shown again for a clearer representation. The microrobot’s

dimensions are given in C. A cube-shaped magnet was placed in the microrobot body,

made by SU-8 based polymer material. It has semicircular front-head, designed for

object manipulation in future studies. The gray colored ground depicts pyrolytic

graphite on the surface, that is also illustrated in this figure.

The forces shown in Figure 4.1-B, the Brownian force and the Atomic forces were

not shown. Since these forces were more dominant at the nano level, their effects

on sub-millimeter would be very low (<1 nN). Hence, they were neglected during

modeling. Fb and Fg forces considered as constant terms; for Fd , Fm and Fp forces, no

simplified or empirical formulas were reported [32, 107]. Therefore, a FEM (finite

element method) program, COMSOL R© (version 5.3a, COMSOL Inc., Stockholm,

Sweden) was used to calculate these forces.

4.1.1 Determination of Damping and Spring Coefficients

The sketch of proposed dynamic model which was designed to explain the behavior of

the microrobot in laminar flow was shown in Figure 4.1-C. Since the dynamic model

of the system was expressed as mass-damping-spring elements, the general expression

of a transfer function of a second-degree system on x axis can be represented (4.1)

τ̈(t) +
cs

mr
τ̇(t) +

2ks

mr
τ(t) =

(Fm,ux + Fm,l x − Fd)

mr
(4.1)

Viscous damping coefficient acting on a particle within the channel which has the

height of h = 3.5 mm, can be solved using (4.2),

cs =
µAc

h
(4.2)

where, cs = 3.127x10(−7) (Ns/m). To calculate spring coefficient; total magnetic force,
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Figure 4.1 (A) In order to determine the dynamic behavior of this system, the
second order system simulation in the form of mass-damping-spring is expressed in

(B). The dimensions of the microrobot used in experiments is given in (C). The
carrier magnet and the microrobot thicknesses are set to 250 µm

drag force, velocity and displacement of the microrobot were required. These values

were used in calculating ks based on the free-body diagram in Figure 4.1-C and when

put in equation (4.1) its value is determined as ks = 2.658x10(−4) (N/m). In this

calculation, the acceleration of the robot was neglected, so that the spring coefficient

was made independent of the robot mass. Such an approach was considered since

high acceleration values were not expected during the motion of the robot in the

liquid. Thus, the spring coefficient value was found and it can be used in similar

studies. Consequently, assuming that a single force source was applied, the robot

motion equation is obtained as;

τ̈+ 1.936τ̇+ 1645.4τ= F0 (4.3)
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where the maximum disturbance amplitude is F0 (Appendix Figure A.1). The natural

resonance frequency of this system for the motion equation is expressed according to

(4.3) was calculated as wn = 6.456 Hz.

4.1.2 Magnetic Force Calculation

There are some simplified formulas that model the attractive forces two identical

magnets exert on each other. However, there were no such formulas that model the

attractive forces two permanent magnets with different sizes and geometric shapes

exert on each other. For the calculation of attractive forces on carrier magnet, which

was used on the microrobot, due to ring-type lifter magnets following points are

emphasized:

• The ring-type lifter magnets were considered as solid. Magnetic force values

were calculated for larger diameter (outer) and smaller diameter (inner) values

separately. By taking the difference of the calculated force values for larger and

smaller diameters, magnetic force can be calculated.

• The magnet on the microrobot considered as bar type while the calculation was

made.

• The magnetic force of the magnets on the robot was calculated by taking

the geometric average of the force values produced for the lifter magnet and

microrobot.

Parameters required for magnetic force calculations, buoyancy and gravitational force

values were also given in Table 4.1.

The lifter magnets, and carrier magnet which was located in the center of microrobot

were given in Figure 4.2-A and Figure 4.2-B respectively. Here, the remanence

magnetic field which changes with respect to the distance from magnet were

illustrated and they are also used in (4.4) and (4.5) to calculate unknown parameters,

respectively.

Magnetic field on the symmetry axis of an axially magnetized ring magnet, Bh [114]
is,

Bh =
Br

2

� Dr + z
Æ

R2
a + (Dr + z)2

−
z

Æ

R2
a + z2

�

Dr + z
Æ

R2
i + (Dr + z)2

−
z

Æ

R2
i + z2

�

�

(4.4)

79



Table 4.1 Parameters of the microrobotic setup

Symbol Quantity Value

ρr Robot density 2882 kg/m3

mr Robot mass 0.162× 10−3 kg

Ac Projected surface area 1.09× 10−6 m2

Fb Buoyant force 1.036 µN

Fg Gravitational force 1.5838 µN

µr Magnetic permeability 0.999991

µ0 Vacuum permeability 1

Br Remanence field 1.43 T

χ Magnetic susceptibility (⊥) 450× 10−6

Magnetic field on the symmetry axis of an axially magnetized block(cube) magnet, Bb

[114] is,

Bb =
Br

π

�

atan

�

LW

2z
p

4z2 + L2 +W 2
−

LW

2(D+ z)
p

4(D+ z)2 + L2 +W 2

��

(4.5)

According to Table 4.1, the net magnetic force required for the levitation of the

microrobot on z axis was calculated as Ft = 548 nN. In order to obtain this force,

it was necessary to move the upper and lower lifter magnets vertically with respect to

the graphite surface in the configuration shown in Figure 4.1-A. However, if these two

magnets were equidistant from the robot, the total magnetic force on the robot would

be 0. Therefore, during the calculation, two magnets were moved simultaneously. In

each step, the upper magnet’s position was held constant, while the lower magnet

was offset in the range of 0-10 mm in 1 µm steps. Moreover, a distance graph was

obtained by combining both distance and offset values for each magnet movement. In

Figure 4.3, microrobot can be levitated at every point corresponding to 548 nN value

on the z axis. The bar on the upper side of this figure showed the change in force

values between 0-1 µm and the corresponding colors. As expected, if there was no

offset value between the magnets (offset = 0, y axis), the magnetic force value also

became 0. It was also seen that the magnets have an exponential characteristic due to

magnetism, and net magnetic force converged to a certain value as they move away

simultaneously. As a result, the robot can be levitated for different distance and offset

values in the green-yellow color range.
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Figure 4.2 (A) Ring-type lifter magnet whose dimensions are Ri = 20 mm, Ra = 40
mm, Dr = 8 mm and (B) bar-type carrier magnet are given. These parameters are

used to derive magnetic fields in (4.4) and (4.5)

4.1.3 Drag Force Calculation

For the drag force calculation, cross-sectional area of microrobot, which was taken

perpendicular to the flow direction during the lateral movements of the robot, was

designed as a rectangular shape with an area 460 µm × 250 µm. However, it

has an elliptical surface which can be seen in detail in Figure 4.1-C. Therefore, a

rectangular shape approach should not be adopted directly. In this case, 3D analysis

and complex formulas must be required to precise calculation of cd . Re (Reynolds

number) working range was determined based on equation (4.6) by considering flow

rate and microrobot speed. Here, to calculate Re, liquid density, ρ f = 998.29 (kg/m3,

25◦C ), hydraulic diameter D= 4.67 mm, flow rate v, dynamic viscosity, µ= 0.001003

(Pa.s) for,

Re =
ρ f Dv

µ
(4.6)

where it was substituted in (4.7) for dA/dn = 0.806, c = 0.847 then,

cd =
24
Re

dA

dn

�

1+
0.15
c0.5

�

dA

dn
Re
�0.687�

+
0.42

�

dA
dn

�2

c0.5
h

1+ 4.25x10−4
�

dA
dn

Re
�−1.16i (4.7)
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Figure 4.3 The surface graph obtained as a result of the net magnetic force
calculation is shown. The x-axis is the distance between the magnets and the

graphite; y axis shows the amount of offset applied to the lower positioned lifter
magnet; the z axis shows the total magnetic force values obtained. The bar above the

figure shows the color map of the force change between 0-1 µN

cd was calculated for different velocities depending on Re value and it was shown in

Figure 4.4. In the laminar flow regime, cd cannot be converged to a constant value.

Using the values calculated in this section and the robot cross-sectional area, Ac =
1.091 mm2, with different robot speeds, vr , drag force can be calculated according to

(10)

Fd = 0.5cdρ f Ac vr |vr | (4.8)

4.1.4 Simulation Results

In this section, analysis results, that were obtained by COMSOL R© for net magnetic

force (Figure 4.3) and cd (Figure 4.4) values, are compared with theoretical results. A

parametric and time-dependent analysis was performed for different flow speeds from

0 mL/min to 100 mL/min. In this analysis, microrobot performance were simulated

in a rectangular-shaped channel (3.5 mm × 7 mm). With the analysis, changes in

Re, cd and τ in the channel were observed and compared with the results calculated.

Overlapping of theoretical and analysis results shows the accuracy of the proposed

model, all results were recalculated in this section before experimental studies. All
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Figure 4.4 The cd values that vary depending on the Re are shown. Re converges to
a value of cd as expected at its greater values. However, it is calculated that the drag
force coefficient for the predicted operating range (0-50 mm/s) for microrobot and

flow rate would be between 0.58 <cd<1.85

simulations, which were utilized by a workstation that has AMD Threadripper 1950x

(16 real cores) processor with 96 GB RAM and with a Windows-10 64-bit operating

system, are performed using the software COMSOL R© Multiphysics Version 5.3 (CPU

License No: 17076072). AC/DC module of the software COMSOL R© was implemented

for investigating effects of magnetic field lines over microrobot and to observe system

dynamics behavior under different flow conditions by using a combination of laminar

flow-solid mechanics-moving mesh structure. In Figure 4.5, the variation of the flow

rate in the channel in the -x direction was isometrically shown when the flow was

10 mL/min. The black arrows on the figure showed the flow direction and the

characteristic of flow, and the velocity vectors at the level of the robot were shown

in the top view in detail. The slices on the right and left ends of the channel on the

y-z axes refer to the inlet and outlet respectively. No slip boundary condition and
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Figure 4.5 The analysis result is shown when the flow rate of the microrobot in a
rectangular channel is 16.6 mm/s. Due to no slip boundary conditions is considered
in a rectangular shape channel, velocity is generated as parabolic manner and higher
magnitude of velocity field can be seen around in the middle of channel and corner

of the robot (top view (B))

gravity are also considered. Mesh consists of 37251 domain elements, 3738 boundary

elements, and 534 edge elements.

In the simulation shown in Figure 4.5, the Re − cd was calculated as a result of

the parametric analysis. It was performed for 2.5 mL/min steps in the range of

0-100 mL/min (Figure 4.6). According to the theoretically calculated cd values

shown in Figure 4.4-B, it can be observed that there was an absolute error value of

0.0388(%2.26) in simulation results given in this figure. On the other hand, both

theoretical and simulation results were converged to the same number (cd = 0.49) at

higher Re.

4.1.5 Experimental Results

After theoretical and simulation analysis, experiments were conducted on microrobot

motion behavior in laminar flow regime with the proposed setup. Immobilization
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Figure 4.6 The application of different flow rates using the laminar flow-solid
mechanics-moving mesh in the COMSOL R© AC/DC module shows the relationship

between cd and Re. The markers on the graph represent each flow step of 2.5
mL/min. While the Re value increases, cd values converge to a constant value (0.49)

characteristics and lateral motion results towards or against flow direction were

examined. The dynamic behavior of the robot was studied based on the τ and

lateral force calculations. Here, the microrobot behavior and its motion accuracy at

different speeds were investigated under the different flow rates. For this purpose,

the robot was moved 4 mm along the channel forward and backward, in other

words, towards/against the flow. The microrobot lateral motion characteristics were

experimented at different flow rates (5-65 mL/min) and recorded by the optical

microscope system. The microrobot was levitated in a 3.5mm × 7 mm microfluidic

channel. A syringe pump capable of applying a flow rate from 0 to 2120 mL/h was

used to provide higher flow rates through the channel. For robot levitation, ring type

�20 mm × �40 mm × 8 mm N52 grade magnets were used below and above the

channel. The magnet positions were controlled by a high accuracy 3 axes positioning

stage. The dynamic behavior of the robot during laminar flow was shown from the

side-view in Figure 4.7.

In this figure, the tested microrobot flow rates are: (A) 5 mL/min, (B) 15 mL/min,

(C) 25 mL/min, (D) 35 mL/min, (E) 45 mL/min, (F) 55 mL/min, (G) 65 mL/min.

Moreover, the oscillation amplitudes of 585.6-1125.9 µm in (A), 1775.6-2281.3 µm

in (B), 2757.8-3120.6 µm in (C), 3494.4-3843.5 µm in (D), 4400.1-4780.7 µm in

(E), 6027.8-6556.7 in (F) and 9727.9-10388.0 µm in (G) respectively. In case of

(A) and (B), the microrobot had more amplitude due to flow velocity inside of the

channel are very low level. Between (C) - (F), a lower amplitude and lower oscillation

frequency can be seen (Figure 4.8). At (G), 65 mL/min flow rate is applied and the

microrobot reveals more unstable behavior, and the levitation control is lost at τ =
10388.0 µm. Due to the nature of stream flow and magnetic field, the displacement
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Figure 4.7 The oscillation amplitude of the microrobot subject to laminar flow are
presented. When the microrobot holds still, it exposes oscillation characteristics due

to the drag force

was increased exponentially for higher flow rates. The experiment was repeated 10

times to demonstrate repeatability. During the experiments, laminar flow profile is

applied as a step-wise function with two distinct y values. Therefore, displacement of

the microrobot converges on two distinct values at different time periods depending

on whether or not the flow is applied. The aim of step-wise flow was to test whether or

not the microrobot levitation was affected by discontinuities in the flow and drag force.

By this way, we were also able to observe and measure that whether the application of

flow rates at different time intervals over an experimental period had an effect on the

microrobot motion behavior. The results shown that microrobot answered similarly

to step-wise discontinuities flow and demonstrated stable behavior. Moreover, the

detachment point of the microrobot was also determined. Although the microrobot

was resistant to flow at 65 mL/min, the stability of levitation began to deteriorate at
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Figure 4.8 The laser displacement data depending on the flow rates was recorded
during microrobot movements. The 10 peaks in each graph indicate the number of

experiments

this flow rate. It was calculated that the distance from the point where the detachment

occurs to the center of the carrier magnet was 10388.0 µm. At this point, the upper

lifter magnet is 20 mm from the graphite surface and the lower carrier magnet at 25

mm away from graphite surface.

All experiments were performed with the robot at a constant levitation height of 100.0

µm.In the experiments carried fluidic channel, 7 different flow rates in ascending order

with 10 mL/min intervals were applied to channel and repeated 10 times for each

experiment. The data acquired by a laser displacement sensor were plotted in Figure

4.8. Here, the oscillation response of the microrobot depending on varying flow rates

was observed. However, while an oscillation response with increasing amplitude was

expected, more stable motion and decreasing in oscillation amplitude were observed

at the flow rates higher than 15 mL/min in Figure 4.8-C, D, E, F, G. This abnormality

can be explained with the resonance width of the system. Forces due to electric

charges at rest are more dominant in micro-scale systems than gravitational forces.
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Figure 4.9 presents a side view of this experiment at flow rate of 25 mL/min and
microrobot speed of 50 mm/s. From the initial location, the microrobot travelled

4mm away. From its initial position to the final position, the microrobot performed
oscillation characteristics as (1.05-1.07 sec), (2.04-2.06 sec) respectively

Vibrations and second order system responses are generated in this case. From the

robotic perspective, another reason for not being able to hold microrobot at a single

location under a constant stream flow was that our system did not have any active or

passive controller.

Microrobot could not remain in a single fixed position and several peaks were observed

at displacement values especially below 15 mL/min flow rate. The continuous

oscillation hindered our ability to position the microrobot precisely. On the other

hand, at higher flow rates the microrobot had more stable characteristics by the means

of lower oscillation amplitudes. In Figure 4.7-G and Figure 4.8-G, it can also be

also observed that although the microrobot has lower oscillation, instantaneous peak

values scaled up and the robot went back and forth till 10388.9 µm then detachment

occurred.

The second experiment was conducted where the microrobot was moved 4 mm

laterally both towards/against the laminar flow. This experiment was also repeated

10 times for each microrobot speed in the range of 10-50 mm/s for each flow rate

(Table 4.2). In each experiment, the speed was increased by 10 mm/s and the

microrobot was moved backward and forward. Figure 4.9 presents a side view of

this experiment at flow rate of 25 mL/min and microrobot speed of 50 mm/s. In the

beginning, the microrobot was standing in the levitation state in the initial position.

With flow, the first oscillation had been observed (1.05-1.07 s) and it was successfully

moved to 4000 µm away from the initial location. After 4000 µm displacement, the

microrobot demonstrated the same oscillation interval (2.04-2.06 s). By the same

scenario, Table 4.2 was obtained by measuring lateral displacement of the microrobot

subject to different flow rates when it was intended to move 4000 µm. Each value

at the intersection of each row & column was averaged over 10 experiments. Here,

there is no data available for when the flow speed reaches the detachment point (65

mL/min) and microrobot speed reaches 50 mm/s. Because, it is due to drag force rise

at the higher microrobot speeds as it drops resistance against to flow. In Table 4.2,

this point was represented as "x".
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Table 4.2 Microrobot 4000 µm longitudinal motion experimental results

Microrobot Speed (mm/s)

10 20 30 40 50

Fl
ow

R
at

e
(m

L/
m

in
)

5 4075,4 4024,9 4054,1 3946,6 3988,8

15 4047.3 3926.5 3973.6 4058.9 4070.7

25 4030.5 3990.7 3942.4 4054.1 4042.5

35 3973.9 4004.7 4069.2 3990.5 3982.8

45 4015.2 4009.9 4127.4 4033.2 3962.6

55 4014.9 3893.3 4071.9 4081.8 4069.1

65 4124.4 3942.9 4075.5 3977.9 x

For different microrobot speeds (10-50 mm/s), each distance data was grouped under

the respective flow rates. These rates were then shown in Figure 4.10 with means

± SD (Standard Deviation) values. Data were normalized by flow rate, expressed

as means ± SD, and compared with respect to the microrobot speed by 1-way

ANOVA and unpaired t-test (Statview v.5.0, SAS, Cary NC). A P value of <0.05 was

considered significant. The results show that there was no major difference between

the displacements obtained from different flow rates since p was found as 0.46. The

minimum error measured for the lateral displacement of 4000 µm was 0.951% at 35

mL/min and the maximum was 2.106% for 65 mL/min. When the distance between

upper lifter magnet and robot was 20 mm (where it was calculated that α > 27.449◦),

in this case, the magnetic force required to levitate the microrobot in the z axis could

produce a maximum lateral force of 284.65 nN according to Ft tan(α). Depending on

the magnetic force exerted on the microrobot on the z axis, the rate of lateral force

could be found as 51.94%.

After obtaining the theoretical and analysis results of all required parameters,

experiments were conducted in the liquid flow regime. First of all, limits of standing

microrobot subject to laminar flow were tested in order to find out its detachment

point. For this purpose, increasing flows were applied in 5-65 mL/min range and

with 10 mL/min intervals. During these experiments, we also have observed that the

microrobot had oscillations behavior depending on the flow rates. It had oscillations

ranging from 585.6-1125.9 µm at 5 mL/min, 1775.6-2281.3 µm at 15 mL/min,

2757.8-3120.6 µm at 25 mL/min, 3494.4-3843.5 µm at 35 mL/min, 4400.1-4780.7

µm at 45 mL/min, 6027.8-6556.7 at 55 mL/min and 9727.9-10388.0 µm at 65 mL

/ min. Moreover, It was also observed that the microrobot had higher oscillation

frequency at the slower flow rates (5 mL/min and 15 mL/min), in other words, the
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Figure 4.10 SD values of all measured lateral motion results with means for
microrobot speeds from 10 mm/s to 50 mm/s are expressed. Although different flow

rates and microrobot velocities are applied, displacement and error amounts are
similar according to P<0.05 by 1-way ANOVA (p=0.46)

oscillation frequency fallen off as the flow rate risen up. However, some distortions

(peaks) were detected in the microrobot position momentarily, which was due to the

non-linearity of the magnetic field and flow. These peaks at 65 mL/min distorted the

microrobot levitation and shifted from the lifter magnets’ central region and caused

loss of control. The distance of this point to the center was calculated as 10388.0 µm

and called as detachment point. This behavior can be explained with the oscillating

band width of the system. Electric charges at rest are more dominant in micro-scale

systems than gravitational forces.

The longitudinal motion of the microrobot was monitored again under the same

flow rates after the displacement experiment. For this purpose, the microrobot was

followed up a longitudinal trajectory of 4 mm with 5 different speed values varies

between 10-50 mm/s. When the drift force acting on the microrobot increases due to

laminar flow, the microrobot can move against flow rate of 65 mL/min at a velocity of

40 mm/s. However, when trying to move the microrobot at a speed of 50 mm/s, the

levitation distortion followed the rupture. Furthermore, microrobot’s motion accuracy

was obtained with a maximum error of 2.106% when it travelled 4 mm distance

at different motion speeds (10-50 mm/s). As a result of these experiments, it can

be demonstrated that the proposed microrobot is capable of positioning under the
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laminar flow regime and follow a longitudinal trajectory in a microchannel.

4.2 Micro-magnet based robot

4.2.1 Materials and Methods

the experimental setup is given in Figure 4.11 in an isometric view. Initially, the

microrobot is levitated at the designated starting position, and then a steady-state

flow is applied to the channel using a syringe pump. Displacement of the microrobot

is then measured by a laser displacement sensor. In Figure 4.12 close-up view of the

levitation mechanism is illustrated. A model of the proposed levitation technique is

given in Figure 4.13. All calculation steps and assumptions to obtain the corresponding

mathematical model are given in detail in this section. Also, free-body diagram

of the system, calculation of the forces acting on the microrobot (Figure 4.14)

and longitudinal motion model (along the x-axis) are described. Throughout the

manuscript, longitudinal motion is the motion of the microrobot along the x-axis,

which corresponds to the length of the robot and vertical motion is motion along the

z-axis, which acts in the direction of gravitational forces.

4.2.2 CAD Design

In the proposed microrobot manipulation technique, the flow inside the channel is

generated by a syringe pump. The position of the microrobot is measured using the

laser displacement sensor. The CCD camera, coupled with the optical microscope, is

used to obtain the channel’s side-view. The motorized linear stage controls the vertical

position of the upper and lower magnets. Controlling the vertical position allows us

to adjust the microrobot’s levitation height inside the channel. A detailed view is

shown in Figure 4.12. The pyrolytic graphite layer generates a repulsive force on the

microrobot due to its diamagnetic properties (µr = 0.999991). The lower magnet is

used to increase the longitudinal forces on the robot. With the lower magnet present,

the vertical force that the upper magnet needs to generate is higher. The servomotors

are used to control the orientation of the upper and lower magnets in 2-DOF, which

enables us to control the orientation of the microrobot.

4.2.3 Free Body Diagram

A free body diagram of the proposed technique during longitudinal motion (along

the x-axis) is presented in Figure 4.14. In this figure, the two lifter magnets were

positioned above and under the channel and aligned along the z-axis. They are N52

grade (Remanence Br = 1.43T , no coating, axially magnetized, Hangzhou YangYi
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Figure 4.11 Shows an isometric view of the CAD design of the experimental setup,
c© 2021 IEEE, with permission, from ref [115]

Magnetics Co., Ltd) NdFeB and have dimensions of �20mm×�40mm× 8mm. N52

grade was used due to its higher concentration of magnetic flux compared to other

grades. The N52 grade robot which is called “carrier magnet” has dimensions of

�250µm× 250µm. The microfluidic channel has a square-shaped cross-section with

the dimensions of 900µm × 900µm. The pyrolytic graphite on the surface is 7mm

× 30mm × 0.5mm. It was expected that the levitated microrobot would not align

itself in its initial position due to the drag force caused by the flow applied along the

longitudinal axis (-x axis). Thus, microrobot displacement is measured along with the

upper lifter and lower lifter magnets center, which is shown as "centerline" in Figure

4.14. The microrobot would have a certain displacement during flow, τ, relative to

the magnets’ centers. The angles between the upper lifter magnet and lower lifter

magnet with the "centerline," which is due to this displacement, were denoted as α
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Figure 4.12 Close-up view of the levitation mechanism, c© 2021 IEEE, with
permission, from ref [115]

and β , respectively.

In Figure 4.14, Fp represents the diamagnetic repulsive force generated by pyrolytic

graphite, Fm the magnetic force, Fb the buoyant force, Fg the gravitational force. The

drag force, Fd , is shown at a distance, r, from the microrobot center. This offset is a

result of the drag force profile acting on the microrobot due to the flow in the channel.

This profile, which has a parabolic characteristic, produces different drag forces at

different points on the robot surface (Appendix Figure A.2, A.3, A.4 and Figure A.5).

By averaging these velocities the microrobot surface; a single resultant force can be

obtained which is is formed a few microns (denoted as r) down from the center of

gravity of the microrobot. Details of the calculation of this force is given in Section

4.2.4. According to free body diagram buoyant and gravitational forces are, Fb =
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Figure 4.13 A sketch that shows the primary forces acting on the microrobot for the
proposed dynamic model. Here the fluidic forces are modeled as a damping element,

and the magnetic forces are modeled as spring elements. Magnetic forces can be
modeled as spring elements due to the stabilizing nature of the pyrolytic graphite, c©

2021 IEEE, with permission, from ref [115]

Vr(ρr −ρ f )g and Fg = mr g, and the moment force is;

Mr = Fd r = Ir θ̈ (4.9)

where Ir = mrτ
2 and θ represents orientation angle of microrobot to the pyrolytic

graphite surface and θ̈ represents angular velocity. The orientation angle of the

microrobot can be calculated as

θ (t) =
x
θ̈ (t) =

x Fd r
mrτ(t)2

(4.10)

To calculate θ , Fd and τ must be known. Detailed calculations are shown in Section

4.2.4. Also, for the calculation of Fm and Fp, no explicit analytic formulas were

reported [116]. However, detailed calculation steps and the analysis of magnetic

forces exerted on microrobots in a fluid medium, was previously reported [32, 109,

117]. The robot was located above pyrolytic graphite and balanced with two lifter

94



Figure 4.14 Shows a free-body diagram of the robot. The main forces that
determine the microrobot’s longitudinal motion are the fluidic drag force and the
combination of longitudinal components of the magnetic forces due to upper and

lower magnets, c© 2021 IEEE, with permission, from ref [115]

magnets above and below the channel as described in Section 4.2.2. In this model, the

effects of flow and additional lower lifter-magnet were also added to the mathematical

model in accordance with previous works. Brownian and atomic forces are neglected

in our model since their effects on the micro-scale are insignificant (< 1nN) [118].

4.2.4 Drag Force Calculation

For calculating the drag force, the cross-sectional area of the microrobot during

longitudinal movements should be used. Reynolds number was determined based

on (4.11) by considering flow rate and microrobot speed.

Re = ρ f Dv/µ (4.11)

Here, density of the fluid is denoted by ρ f = 998.29(kg/m3, 25oC), hydraulic diameter

by D = 0.9mm for square-shaped channel, fluid velocity by v, and dynamic viscosity

by µ = 0.001003 Pas. Laminar flow conditions begin to deteriorate when Re > 2000,

for which the fluid velocity is calculated as v = 2232.7mm/s. For fluid velocities

below this value, obtained Reynolds number guarantees that the flow regime stays in
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Table 4.3 Parameters of the microrobotic setup

Symbol Quantity Value

ρr Robot density 7400kg/m3

mr Robot mass 9.081× 10−8kg

Vr Robot volume 1.2272× 10−11m3

Ac Projected surface area 4.9087× 10−8m2

Fb Buoyant force 0.7703µN

Fg Gravitational force 0.8904µN

µr Magnetic permeability 0.999991

µ0 Vacuum permeability 1

Br Remanence field 1.43T

χ Magnetic susceptibility (⊥) 450× 10−6

the laminar region. Drag force coefficient cd was calculated in (4.7), dA =
p

4Ac/π

denotes spherical diameter, dn =
3
p

6Vr/π denotes nominal diameter, and c denotes

the surface sphericity (shape factor) [116]. Calculating these values accordingly, we

obtain dA/dn = 0.8736 and c = 0.5531. Using these values and substituting (4.11)

in (4.7) for different velocities depending on the respective Re value gives the graph

shown in Figure 4.15-A. Since we are working in a laminar flow regime, variations in

the cd value are large at lower flow rates (cd ≈ 0.49, Re > 1000). Therefore, assuming

that the working speed of the robot is in the range of 0−100mm/s, the relevant region

of the cd graph is shown in more detail at Figure 4.15-B. Drag force can be calculated

by using the cd , which is calculated in this figure and for different microrobot speeds,

vr , according to (4.12).

Fd = 0.5cdρ f Ac vr |vr | (4.12)

To determine the robot orientation described in Section 4.2.3, the distance between

the microrobot center and the center of drag force, r, needs to be calculated (as shown

in Figure 4.14). This calculation is done for 100 µm levitation height, and 1-5 mL/min

flow velocity where no-slip boundary conditions were applied (Appendix Figure A.2,

A.3, A.4). Additionally, mean velocity values are calculated for each flow rate. The

r-value is assumed to be unaffected by changes in flow rate because the standard

deviation of this parameter over each flow rate value was determined as±0.089 mm/s.
The maximum error value was thus calculated as %0.3, which is a negligible value

(Appendix Figure A.5).
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Figure 4.15 (A) Shows the drag coefficient’s variation against the Reynolds number
for the entire range of laminar flow regime. However, it is calculated that the drag

force coefficient for the predicted operating range (0−100mm/s) for microrobot and
flow rate would be between 0.58< cd < 1.85. The drag force coefficient values in

this range shown in great detail in (B), c© 2021 IEEE, with permission, from ref [115]

4.2.5 Magnetic Force Calculation

Various formulas in the literature can be used for determining the interactions between

identical magnets; however, they can’t be utilized for non-identical magnets, as in

the case of our configuration [119]. The following procedure was used for the

calculation of the magnetic forces between the carrier magnet and the lifter magnets.

Firstly, the ring-shaped lifter magnets (Figure 4.16-A) were both assumed as two

disc-shaped magnets. The outer diameter of one of these magnets was equal to the

outer diameter of the original magnet. The outer diameter of the other magnet was

equal to the inner diameter of the original magnet. The magnetic field around the

microrobot was calculated for both disc-magnets. The geometric mean of the magnets’

resulting magnetic fields was then taken to determine the particular magnetic field of a

ring-magnet. As such, the magnetic force acting on the microrobot (Figure 4.16-B) was

determined by taking the mathematical integration of the magnetic field magnitude
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Figure 4.16 (A) Shows the ring-type lifter magnet whose dimensions are
Ri = 20mm, Ra = 40mm, Dr = 8mm and (B) the cylinder-type carrier magnet whose

dimensions are shown. These parameters are used to derive the magnetic fields
given in (4.13) and (4.14), c© 2021 IEEE, with permission, from ref [115]

over the microrobot body (4.16).

The lifter and carrier magnets were illustrated in Figure 4.16-A and 4.16-B respectively.

The remanence magnetic field changes with the distance from magnets’ center and can

be formulated as in (4.13) and (4.14). The magnetic field on the symmetry axis of an

axially magnetized ring magnet, Bh [114] is,

Bh =
Br

2

� Dr + z
Æ

R2
a + (Dr + z)2

−
z

Æ

R2
a + z2

�

Dr + z
Æ

R2
i + (Dr + z)2

−
z

Æ

R2
i + z2

�

�

(4.13)

where z is the distance from the center of the magnet. The magnetic field on the

symmetry axis of an axially magnetized cylinder magnet, Bb [114] is,

Bb =
Br

2

�

D+ z
p

R2 + (D+ z)2
−

z
p

R2 + z2

�

(4.14)

To ensure the stability of the microrobot at the levitation point, following criteria

(4.15) must be met,

∇2U = −
χV
2µ0
∇2B2 > 0 (4.15)

where potential energy is represented by U , vacuum permeability by µ0, magnetic
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Figure 4.17 The surface graph obtained as a result of the net magnetic force
calculation is shown. The x-axis is the distance between the magnets and the

graphite; the y-axis shows the offset applied to the lower positioned lifter magnet;
the z-axis shows the total magnetic force values. The bar above the figure shows the
color map of the force change between 0− 0.8 µN, c© 2021 IEEE, with permission,

from ref [115]

susceptibility by χ, and volume by V . Only a diamagnetic material can satisfy this

stability condition [120]. The attractive magnetic force, which was applied by a lifter

magnet, acting on the microrobot, was expressed in (4.16) in a volumetric form [32,

107, 109],

Fm =
µr − 1
2µ0µr

y

v

∇B2dv (4.16)

By using parameters in Table 4.3, the net magnetic force required for the levitation of

the microrobot on z-axis can be calculated by (4.17),

Ft = Fp + Fmu,z cosα− Fml,z cosβ (4.17)

where Ft = 0.120 µN. To obtain Ft , it was necessary to move the upper and lower

lifter magnets vertically to the pyrolytic graphite surface in the configuration shown
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in Figure 4.12. However, if these two magnets were equidistant from the microrobot,

the total magnetic force would be 0 N. The net magnetic force acting on microrobot

can be calculated by using (4.13), (4.14), (4.15), (4.16), and it is shown as a surface

graph in Figure 4.17. Here, the x-axis represents the lower magnet’s displacement

from its initial position. The y-axis represents the initial distance between upper and

lower magnets and pyrolytic graphite’s upper surface at the beginning of the parameter

sweep with a constant offset value. In the simulations, the upper and lower magnets

initially had the same distance to the microrobot such that the net magnetic force

on it was zero. Then, the lower magnet was displaced downward with 1 µm steps

in the range of 0-10 mm. This displacement causes the net force on the microrobot

to increase exponentially at each step. The Ft value, calculation of which is given

in (4.17), corresponds to the net magnetic force required to achieve levitation. The

microrobot can be levitated at every point on the surface graph shown in Figure 4.17

corresponding to this value (0.120 µN) on the z-axis. Thus, it can be observed that

levitation can be achieved for different initial distance and offset values.

4.2.6 Mathematical Model

In this section, a dynamic motion model of the longitudinal motion of the microrobot

is given. The conceptual diagram of the microrobot manipulation technique is given in

Figure 4.12. The model of the proposed technique is illustrated in Figure 4.13. This

system yields a second-order mathematical model for which the free-body diagram

is given in Figure 4.14. In this model, the microrobot is modeled as a mass. The

microrobot and fluid interactions are modeled as a damping element. The interactions

between magnets, pyrolytic graphite, and microrobot are modeled as a spring element.

Damping and spring elements represent the liquid media’s hydrodynamic structure

and the interactions of permanent magnets with diamagnetic material, respectively.

The spring nature of the magnetic forces can be understood by observing the vertical

levitation distance between graphite and microrobot. When microrobot moves

downwards (-z-direction in Figure 4.13), pyrolytic graphite generates a higher lifting

force on it. Thus, the microrobot can move to its stable position. Similarly, if the

microrobot moves upwards, a decrease in the lifting force can compensate for this

disturbance and pull the robot downwards.

When the flow is applied through the microrobot, it causes a fluidic pressure on its

surface. So the microrobot moves longitudinally (through -x-axis) to the centerline.

As the microrobot translates to this pressure, its movement is damped by the water

due to its viscosity. The effect of fluidic medium on magnetic interactions can be

neglected since the DI-water’s magnetic permeability is almost identical to that of air
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(µr = 0.999991). Consequently, drag force exerted on microrobot’s surface due to

applied flow can be modeled using a damping element. Since the system’s dynamic

model is constructed using mass-damping-spring elements, the transfer function of a

general second-degree system can be used to model the system’s dynamic response,

as shown in (4.18), where τ is the displacement on the x-axis.

τ̈(t) +
cs

mr
τ̇(t) +

2ks

mr
τ(t) = F0(t) (4.18)

Here, mr , cs, ks and F0 represents mass, damping, spring coefficients, and disturbance

respectively. For this dynamic system; damping ratio, ζ (4.19) and natural resonance

frequency, ωn(rad/s) (4.20), can be calculated as,

ζ=
cs

2
p

ksmr

(4.19)

wn =
Æ

ks/mr (4.20)

where microrobot mass is mr = 9.081× 10−8 kg. Viscous damping coefficient acting

on a particle within the channel which has a height of h= 900 µm, can be determined

using (4.21) [121],

cs = µAc/h= 5.4705× 10−8(Ns/m) (4.21)

where the projected surface area of the microrobot Ac = 4.9087×10−8 m2. According

to (4.18), ks is required to determine the dynamic response of the system. In this

case, the relationship between the longitudinal force acting on the robot and the

robot distance to upper and lower magnets center, τ, should be calculated. In this

way, microrobot moves away from the center of the lifter magnets up to a certain

distance, and it gives the longitudinal force as shown for the fixed levitation height

h= 100 µm in Figure 4.18. In this figure it can be seen that the longitudinal magnetic

force has a linear characteristic for small displacements (up to 7.5 mm). This plot

has an exponential characteristic when the microrobot moves away from the center

of the lifter magnet greater than 7.5 mm. So, the second spring coefficient should be

used by curve fitting in the first order. That is why we use two spring coefficients for

displacements lower than 7.5 mm and between 7.5 mm and 15 mm by using (4.22).
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Figure 4.18 The longitudinal force on the microrobot increases linearly as it moves
away from the center of the lifter magnets up to a certain distance. The longitudinal

magnetic force can be modelled as a spring element due to its linear relationship
with displacement. In light of these results, we see that for displacements lower that

7.5mm the spring coefficient can be taken k = 21.675nN/mm. If microrobot
displacement is measured greater than 7.5mm, the spring coefficient is switched to

the k = 17nN/mm, c© 2021 IEEE, with permission, from ref [115]

ks = Fl/τ (4.22)

where Fl is the longitudinal force which can be seen in Figure 4.18. In our case, ks =
21.675 nN/mm and ks = 17 nN/mm is calculated, respectively. After determinations

of cs (4.21) and ks (4.22) are completed, we can assume that a single external force

is applied and equations of the microrobot motion for both values of ks are obtained

from (4.18) as,

τ̈(t) + 0.602τ̇(t) + 238.69τ(t) = F0(t) (4.23)

τ̈(t) + 0.602τ̇(t) + 187.13τ(t) = F0(t) (4.24)

where the maximum disturbance amplitude is F0 and robot mass, mr = 9.081× 10−8
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Figure 4.19 Dynamic behavior of the microrobot at different flow rates as predicted
by the analytical model. Microrobot exhibits oscillatory behavior due to the magnetic
forces’ nature. It converges to a stable resting position when the fluidic and magnetic

forces are balanced, c© 2021 IEEE, with permission, from ref [115]

kg. To obtain the transfer function of the robot motion, time domain equations

in (4.23) and (4.24) should be converted to the frequency domain. When initial

conditions are set as τ(0) = 0 and τ̇(0) = 0 following transfer function is obtained,

τ(s)
F0(s)

=
1

s2 + 0.602s+ 238.69
(4.25)

τ(s)
F0(s)

=
1

s2 + 0.602s+ 187.13
(4.26)

Responses of these transfer functions to different disturbance amplitudes, F0, due to

fluid flow are given in Figure 4.19. The natural resonance frequency of (4.23) and

(4.24) and the settling time of the system were calculated as ωn = 2.458Hz, ωn =
2.177Hz and ts = 3.145sec respectively.

The drag force values for different robot velocities are calculated using (4.12).
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Subsequently, the r value is substituted in (4.9) and θ values are calculated using

(4.10). The orientation angles for flow velocities between 1-4.5 mL/min with 0.5

mL/min steps are calculated as 0.643◦, 0.598◦, 0.579◦, 0.578◦, 0.571◦, 0.489◦, 0.494◦

and 0.436◦ respectively. These angles were calculated for the robot’s steady-state

dynamic solution. As such, the theoretical longitudinal positioning error was

determined as 11.015±3.231nm. Additionally, a positioning error of 1.161±0.178µm

was calculated in the z-axis due to the deterioration in the parallelity of the microrobot

to the surface. However, since the position of the mass center of the robot and the

height of it’s geometrical center doesn’t change the effect of this orientation during

the robot’s movement can be ignored.

In this section, drag force coefficient, cd , was obtained by using a Finite Element

Method (FEM) based program, COMSOL R© in order to confirm the analytical results

(Figure 4.15). Overlapping of analytical and simulation results show the accuracy of

the proposed model. For this reason, it is important to determine the relationship

between Re and cd for calculating the drag force more accurately since the rest of the

parameters are known in (4.27).

4.2.7 Reynolds Number Effects

A parametric and time-dependent analysis was performed for different flow rates from

0 mL/min to 10 mL/min. In this analysis, fluidic flow around the microrobot was

simulated in a square-shape channel (900µm× 900µm). No-slip boundary condition

is considered in the channel walls (Hydrodynamic entrance length is also given in

Appendix Figure A.6). All simulations conducted with a workstation with an AMD

Threadripper 1950x (16 real cores) processor with 96 GB RAM and a Windows-10

64-bit operating system using the software COMSOL R© Multiphysics Version 5.3 (CPU

License No: 17076072).

In this analysis, to compare cd with the analytical results, the microrobot position

was kept constant in the channel. The microrobot is assumed to be stationary in the

channel. It is a valid simplification since cd is only affected by the relative velocity

between the fluid and microrobot when the cross-sectional area is fixed. Therefore,

analyzing a range of flow rates also accounts for when the robot moves inside the

channel with the same relative velocity. Assuming the robot is stationary helps reduce

the computational time and decrease the complexity of analysis. Drag force coefficient

can be calculated by integrating surface tension, Fd , on the robot cross-sectional area,

and rest in (4.27).
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Figure 4.20 The analysis result for a flow rate of 41.6mm/s is shown. The velocity
field reaches its maximum at the center of the channel due to the no-slip boundary

condition (B) and (C), c© 2021 IEEE, with permission, from ref [115]

cd = 2Fd/(ρ f Ac vr |vr |) (4.27)

In Figure 4.20, the variation of the flow rate in the channel (longitudinal direction)

was isometrically shown when the flow rate was selected as 2.5mL/min. The right and

left ends of the channel parallel to the y-z axes refer to the inlet and outlet, respectively.

No-slip boundary conditions and gravity are also considered. The black arrows on the

figure showed the flow direction, and the characteristic of flow and the velocity vectors

at the level of the microrobot was shown in the top view (B) and front view (C) in

detail. In (C), it can be observed that the velocity profile acting on the microrobot

has exponential characteristics, and it generates a non-symmetrical drag force on the

cross-sectional body of the robot. In this way, a different magnitude of the drag force

is produced on each point on the robot surface. That is why drag force is shown acting

on the robot a few microns down from its center of gravity in Figure 4.14. The change
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Figure 4.21 The application of different flow rates using the laminar flow-solid
mechanics-moving mesh in the COMSOL R© AC/DC module shows the relationship
between cd and Re. The drag force coefficient is calculated for increasing flow rates
with an interval of 0.5mL/min. As the Re value increases, cd value converges to a

constant value (∼ 0.49), c© 2021 IEEE, with permission, from ref [115]

of drag force coefficient with Re is shown in Figure 4.21, which gives the results of

the parametric analysis shown in Figure 4.20. The parametric analysis was performed

for every 0.5mL/min step in the range of 0−10mL/min. At each step, Fd and vr were

substituted in (15) and cd was calculated. The results obtained as such are shown

in Figure 4.21. According to the theoretically calculated cd values shown in Figure

4.15-B, it can be observed that there was an absolute average error value of ±0.0388

(2.26%) in simulation. On the other hand, both theoretical and simulation results

were converged to the same (cd = 0.49) at higher Re (Re>2000).

The microrobot’s dynamic behavior inside the fluidic channel is simulated using

COMSOL R© to determine its motion pattern and compare it with the analytical results.

In addition to Figure 4.20; the moving mesh, deformable-body, laminar flow, and

fluid-structure interaction modules of the COMSOL R© are utilized in longitudinal

motion simulation (Appendix Figure A.7 and detailed Figure A.8 and A.9.)

After analytical and simulation results were obtained, experiments were conducted to

analyze microrobot longitudinal motion in the laminar flow regime with the proposed

setup.

4.2.8 Stationary Microrobot in Fluidic Flow

The microrobot’s longitudinal motion characteristics and immobilization response

were studied when the lifter magnets moved towards or against the flow direction.
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Figure 4.22 The oscillation amplitude of the microrobot subject to laminar flow are
presented. When the microrobot reaches its final position, it exhibits an oscillatory

motion characteristic due to the interaction of drag and magnetic forces. The
oscillation amplitude varies depending on the applied flow rate. The amplitude of

oscillation relative to the resting position is shown in (A) 1mL/min, (B) 1.5mL/min,
(C) 2mL/min, (D) 2.5mL/min, (E) 3mL/min, (F) 3.5mL/min, (G) 4mL/min, (H)
4.5mL/min. For lower flow rates the oscillation amplitudes were insignificant, c©

2021 IEEE, with permission, from ref [115]

In section 4.2.6, the dynamic behavior of the microrobot was studied based on

the τ and longitudinal force calculations. Here, the microrobot motion and its

accuracy at different speeds were investigated under different flow rates. In the

first experiment, the microrobot longitudinal motion characteristics were evaluated at

different flow rates ranging from 0.5mL/min to 4.5mL/min with 0.5mL/min intervals

when microrobot velocity is zero (Figure 4.22). An optical microscope system records

the longitudinal position of the microrobot, and its displacement is measured using the

laser displacement sensor given in Figure 4.23. Due to the nature of streamflow and

magnetic field, the displacement increased exponentially for higher flow rates. The

experiment was repeated 10 times to demonstrate the repeatability of the proposed

methodology. Although the microrobot was resistant to flow at 4 mL/min, levitation
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Figure 4.23 Displacement of the microrobot for different flow rates as measured by
the laser displacement sensor, c© 2021 IEEE, with permission, from ref [115]

stability began to deteriorate at this flow rate. For this reason, the detachment point

of the microrobot was also determined. It was calculated that the distance from

the detachment point to the starting position was 15152.2µm. At this point, upper

lifter magnet is 19.7mm and lower carrier magnet is 22.8mm away from the graphite

surface. All experiments were performed with the robot at a constant levitation height

of 100.0µm (Appendix Figure A.10 and A.11).

Here, the oscillation response of the microrobot depending on varying flow rates was

reported. At flow rates higher than 2.5mL/min, an oscillation response with increasing

amplitude and a less stable motion was observed as shown in Figure 4.22-E, F, G, H.

Because of non-contact motion and low environment stiffness, the vibrational response

of the microrobot approaches the resonance frequency of the system [122]. From the

robotic perspective, another reason for not holding microrobot at a single location

under a constant stream flow was that our system did not have any active or passive

controller. The continuous oscillation hindered our ability to position the microrobot

precisely. The microrobot had less stable characteristics due to higher oscillation

amplitudes at higher flow rates.

4.2.9 Microrobot Motion in Fluidic Flow

The second experiment was conducted where the microrobot was moved 4000 µm

longitudinally towards and against the flow. It is shown from the side-view in Figure

4.24. Initially, the microrobot was in a levitation state at the starting position. The first

oscillation was observed with the flow, and it was successfully moved to 4000 µm away
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Figure 4.24 Presents a side view of this experiment at a flow rate of 2.8mL/min and
a microrobot speed of 50mm/s. From the initial position, the microrobot traveled

4mm in the longitudinal axis. From its initial position to the final position, the
microrobot performed oscillatory characteristics, c© 2021 IEEE, with permission,

from ref [115]

from its initial position. After 4000 µm displacement, the microrobot demonstrated

the same oscillation interval. By the same scenario, Table 4.5 was obtained by

measuring the longitudinal displacement of the microrobot subject to different flow

rates when it was intended to move 4000 µm. Each value at the intersection of each

row & column was averaged over 10 experiments. Here, there is no data available

for when the flow speed reaches the detachment point (4.5 mL/min) and microrobot

speed reaches 50 mm/s. In Table 4.4, this point was represented as "x".

For different microrobot speeds (10−50mm/s), each distance data was grouped under

the respective flow rates. These rates were then shown in Figure 4.25 with means ±
SD (Standard Deviation) values. Data were normalized by flow rate, expressed as

means ± SD, and compared to the microrobot speed by 1-way ANOVA and unpaired

T-test (Statview v.5.0, SAS, Cary NC). A P value of < 0.05 was considered significant.

The results show no major difference between the displacements obtained from

different flow rates since P was found as 0.46. The minimum error measured for

Table 4.4 Microrobot 4000 µm longitudinal motion experimental results

Microrobot Speed (mm/s)

10 20 30 40 50

Fl
ow

R
at

e
(m

L/
m

in
)

1 4015,4 4024,9 4004,1 3996,6 3988,8

1.5 4026,1 3986,7 3993,6 4011,3 4010,2

2 4047,3 3986,5 3973,6 4058,9 4020,7

2.5 4030,5 3990,7 3942,4 4054,1 4042,5

3 3973,9 4004,7 4069,2 3990,5 3982,8

3.5 4015,2 4009,9 4127,4 4033,2 3962,6

4 4014,9 3893,3 4071,9 4081,8 4069,1

4.5 4124,4 3942,9 4075,5 3977,9 x
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Figure 4.25 Standard deviation values of all measured longitudinal motion results
with means for microrobot speeds from 10mm/s to 50mm/s are expressed. Although

different flow rates and microrobot velocities are applied, displacement and error
amounts are similar according to P < 0.05 by 1-way ANOVA (p=0.46), c© 2021

IEEE, with permission, from ref [115]

the longitudinal displacement of 4000 µm for flow rates higher than 2.5mL/min was

0.951% at 2.5mL/min and the maximum was 2.106 % for 4mL/min. Comparison

of the displacement values determined from the analytical calculations, simulation

results, and experimental measurements and error values in comparison with the

experimental results are given in Table 4.5.

4.3 Discussion

This study investigates the motion profiles of an untethered microrobot subject to

laminar flow. For a microrobot that is intended to be moved towards or against the flow

direction, the total net magnetic force’s longitudinal component plays a critical role.

According to the analytical, simulation, and experimental results, the magnetic field

was intensified by our new micromanipulation method. Consequently, the microrobot

successfully followed a linear trajectory of 4mm length back and forth at a flow rate

of 4.5mL/min (92.6mm/s) and with a velocity of 40 mm/s. At a velocity of 50mm/s,

the levitation of the microrobot was distorted. The distance of this point, at which

detachment occurred, to the starting point, was calculated as 15152.2µm. The results

of these experiments indicate that the proposed configuration can be used to control

the motion of a microrobot under laminar flow conditions and follow a linear trajectory
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Table 4.5 Comparison of the displacement values determined from the analytical
calculations, simulation results and experimental measurements are given at the

upper part of the table. Error values in comparison with the experimental results are
given at the bottom part of the table

Displacement (µm) Error (%)

Analytical FEM Experimental Analytical FEM

Fl
ow

R
at

e
(m

L/
m

in
)

1 1119.7 1113.8 1196.6 6.43 6.92

1.5 2139.9 2171.5 2108.7 1.48 2.98

2 3365.3 3297.7 3462.0 2.79 4.75

2.5 4676.2 4638.3 4581.5 2.07 1.24

3 6243.3 6389.8 5972.8 4.53 6.98

3.5 9217.5 8563.1 9160.4 0.62 6.52

4 11182.3 11402.2 11016.3 1.51 3.50

4.5 15217.9 15179.4 15152.2 0.43 0.18

in a microchannel.

One of the most exciting aspects of this manipulation method is that microrobots

can be used for continuous-flow microfluidic applications such as on-chip diagnostic

methods, liquid biopsy, and hemodialysis. Remarkably, cell manipulation tasks inside

microfluidic channels such as cell separation and sorting require a continuous flow to

be present. This manipulation technique’s ability to withstand substantial longitudinal

disturbance forces might be used to increase the ability to perform these tasks

accurately. We believe that this method will enable the development of more robust

and effective cell manipulation methods.
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5
INCREASING MICROROBOT FLUID RESISTANCE

AGAINST TO FLOW

5.1 Materials and Methods

In this section, four different microrobot manipulation methods are presented and

compared. Proposed magnetic configurations are based on ferromagnetic permanent

ring-shaped magnets (N52 grade, Remanence Br = 1.43 T, no coating, axially

magnetized, Hangzhou YangYi Magnetics Co., Ltd) and a thin pyrolytic graphite layer

(500 µm). The aim of this section is to compare the ability of these configurations’

ability to increase the stability and the magnetic force imposed on the microrobot

during its longitudinal motion. These diamagnetic levitation configurations can be

listed as,

- (A) a single magnet above the channel,

- (B) two magnets one of which is below and the other is above the channel,

- (C) two combined magnets both below and above the channel with a smaller

magnet concentric to a bigger one,

- (D) two combined magnets both below and above the channel comprising of

two identical bigger magnets.

These configurations are tested at the same experimental conditions to validate that

"Kerkan configuration" gives a better result. Dimension effect of the lifter magnets was

investigated in the previous study, where it was observed that a linear magnetic force

could be obtained for an outer diameter range of 25-45 mm [107]. In this study, we

compare four configurations in order to demonstrate that the magnetic field lines are

more linear and concentrated around the microrobot with the proposed configuration

(Kerkan). However, magnetic field orientation is not affected by the size of the

magnets. The desired effect of linearized magnetic field lines can only be achieved
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when a smaller magnet is used in conjunction with a bigger magnet. The proposed

configurations were tested when the microrobot, which is inside a fluidic chip, is

levitated at a constant levitation height of 100 µm. Levitation height is confirmed

and monitored in real-time using a laser displacement sensor that is placed above the

top ring-shaped magnet. The reasons for using a ring-shaped magnet are as follows:

- Disc-type, cylindrical and cube-shaped magnets are larger than the microrobot

size. Since these magnets are axially magnetized and have a more homogeneous

magnetic field, it is challenging to align the microrobot to their center.

The microrobot can align itself in anywhere of these magnets due to the

homogeneous magnetic field distribution. Thus, it is hard to manipulate the

microrobot by moving the lifter magnets in 5 DOF. However, the microrobot can

be aligned in the ring-type magnets easily. It can be controlled in high precision

due to the fact that a ring-shaped magnet creates a higher magnetic gradient

that is directed towards the center. In contrast, a solid magnet creates a uniform

magnetic field throughout the center of the magnet.

- The ring-shaped magnets have a hole in their center through which the laser

beam that was used for measuring the position of the microrobot can pass

through. The laser displacement sensor is aligned with the microrobot through

the gap in the middle of the ring-shaped structure. In this way, real-time

monitoring of the levitation height and longitudinal displacement relative to

the magnet’s center was realized successfully.

5.1.1 A free body diagram of the microrobot

All of the magnetic configurations and equipment used, including their dimensions,

are shown in Figure 5.1. In Figure 5.1-(A), a flow is applied (1) to a microrobot

inside the microfluidic channels. The microrobot (2) is positioned 100 µm above the

channel surface and at the permanent magnet’s center named as "bigger magnet" (5).

This magnet is connected to the servo motor (6) using a 3D printed holder (4). This

servomotor is used for adjusting the microrobot orientation by holding the magnet

parallel to the channel surface. Also, microrobot (2) is given by closed-view at the

corner. In Figure 5.1-(B), two permanent magnets (5) are used above and below

the microfluidic channel. In Figure 5.1-(C), the Kerkan configuration is shown. The

difference of this configuration is that smaller diameter permanent magnets (7) are

added to the bigger magnets (5). Thus, this configuration makes magnetic field lines

more linear on the microrobot surface (please see Figure 5.6). In Figure 5.1-(D), two

permanent magnets shown with (5) are placed above and below the fluidic channel.
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Figure 5.1 The CAD models for four different magnetic levitation configurations
named (A) "single," (B) "double," (C) "kerkan," and (D) "double-double" are given in
isometric view, respectively. All the equipment’s list is given in the bottom left corner
of (A), and their dimensions are also available on the figure’s right side. W, h, l, d, t,
od, id denote width, height, length, diameter, thickness, outer diameter, and inner

diameter, respectively

Furthermore, microrobot, magnets, and fluidic channel dimensions are also available

on this figure’s right side.

The microrobot is imposed by the magnetic (Fm), diamagnetic (Fp), buoyant

(Fb), gravitational (Fg), and drag forces (Fd) during its longitudinal motion.

The interactions between permanent magnets generate magnetic forces on the

robot. Pyrolytic graphite stabilizes microrobot levitation because of its diamagnetic

properties. The buoyant force is due to the interaction between water and the

untethered microrobot. Lastly, the drag force is a critical component to determine

the microrobot motion and stability limit. During the longitudinal motion or to keep
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Figure 5.2 A free body diagram of the microrobot during its longitudinal motion is
presented with a front view. This diagram can be used for every proposed

configuration. For example, all the terms related to the bottom magnet should be
removed when single configuration is applied. The magnetic force’s magnitude

varies for the rest of the configurations only. τ denotes the longitudinal distance
from the centerline of the magnets. According to the flow rate, which generates drag

force on the microrobot, τ changes exponentially

microrobot in initial position, the net magnetic force acting on the microrobot must

be greater than the drag force. This condition should be satisfied in order to move the

microrobot in the desired path and the speed. All of the aforementioned forces are

illustrated in the Figure 5.2 as a free body diagram. In this figure, two permanent

magnets are positioned on the top and the bottom. These magnets aligned with

each other, and their center is named "centerline." Microrobot and centerline have

a displacement, and it is denoted as τ. The microrobot and the magnets are initially

aligned with each other when there is no flow applied on the fluidic channel. However,

displacement occurs due to drag force resulting from the increasing amount of flow

rate. Hence, the drag force effect on the microrobot can only be balanced (when

τ= 0, τ̇= 0) by a net magnetic equal force according to Eq. (5.1).

Fmu,x(τ) + Fml,x(τ)− Fd,x = mrτ̈ (5.1)
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Table 5.1 Parameters that were used in the calculation of the forces

Parameter Value Unit

Fg 1.588 µN

Fb 0.944 µN

Fd 0.037 µN

Fp 0.484 µN

Fm 0.160 µN

ρr 7400 kg/m3

µ 0.0008891 Ns/m2

ρ f 997.050 (25 ◦C) kg/m3

m?
r 0.162× 10−6 kg

g 9.805 m/s2

Note: "?" Taken SOLIDWORKS R©

The calculation of the parameters for solving this equation is explained in the following

sections.

5.1.2 Analytical Calculations

It is required to calculate the longitudinal forces on the microrobot for each magnetic

configuration shown in Figure 5.1 in order to calculate Eq. (5.1). The diamagnetic

force which is exerted by the pyrolytic graphite on the microrobot surface can be

calculated in a volumetric form as shown in Eq. (5.2).

Fp =
χd

µ0

y

V

�

Bx
∂ Bx

∂ z
+ By

∂ By

∂ z
+ Bz

∂ Bz

∂ z

�

dv (5.2)

To ensure the stability of the microrobot at the levitation point, Eq. (5.3) should be

satisfied,

∇2U = −
χV
2µ0
∇2B2 > 0 (5.3)

where potential energy is represented by U, vacuum permeability by µ0 , magnetic

susceptibility by χ, and volume by V. Only a diamagnetic material can satisfy

this stability condition [120]. The magnetic force generated on the microrobot is
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calculated in a volumetric form as shown in Eq. (5.4).

Fm =
µr − 1
2µ0µr

y

V

∇B2dv (5.4)

Gravitational, buoyant and drag forces are calculated as shown in Eq. (5.5–5.7).

Fg = mr g (5.5)

Fb = Vr(ρr −ρ f )g (5.6)

Fd =
1
2

cdρ f Ar v2
f r (5.7)

Reynolds number can be calculated based on Eq. (5.8) by considering predicted

operating range 10-150 mm/s [123].

Re =
ρ f vf r lc

µ
(5.8)

where vf r is the relative operating velocity between fluid and microrobot, density of

the fluid is ρ f = 997.05 kg/m3 (at 25◦C), dynamic viscosity is µ= 0.0008891 Ns/m2,

and the characteristic length is lc = 0.9 mm. Re determines flow characteristics if it is

creeping flow (Re < 1), laminar flow (1 < Re < 2× 105), or turbulent flow (2× 105

<). Here, Reynolds Number is between 8.95 and 134.20 corresponding to flow rates

in the range of 0.5 mL/min and 4 mL/min, so the flow is laminar. The momentum

equation is given as Eq. (5.9) [124]:

ρ
∂ ~v
∂ t
= − ~∇P +ρ~g + ν∇2~v + ~F (5.9)

Here, v is flow velocity, ρ is the density, and p is the pressure. Accordingly, drag

coefficient can be calculated in Eq. (5.10) when 2<Re<500 [125],

cd =
24
Re
(1+ 0.15Re0.687) (5.10)
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Figure 5.3 Shows the drag coefficient’s variation against the relative velocity which
is between fluid flow and microrobot for the laminar flow regime. It is calculated
that the drag force coefficient for the predicted operating range 10-150 mm/s for

microrobot and flow rate would be between 0.95 < cd < 4.49

According to the flow rate and boundary conditions (no slip boundary condition) Re

is changed in the entire channel as velocity becomes zero near the walls and the

maximum in the center. Therefore, the relationship between relative vf r and cd is

given in the Figure 5.3. At the same time, numerical values of the magnetic forces for

the configurations are calculated in our previous work [32, 107, 109]. The forces in

the free body diagram are calculated when the vf r = 50 mm/s and lc = 0.9 mm and

they are given in Table 5.1. The force values given in this table is used to calculate the

longitudinal forces for all of the microrobot configurations.

5.2 Simulation Results

In this section, the longitudinal displacement of the microrobot, τ in Eq. (5.1), is

calculated by using a Finite Element Method (FEM) based program, COMSOL R©.

The aim is to show Kerkan configuration has lower displacement according to the

other configurations we proposed. In this analysis, Fluid-Multibody Interactions with

assembly mode are used to observe a solid particle’s relationship inside a fluidic

environment. Drag force is calculated as a result of "Laminar flow" computation in

the fluid module. The magnetic forces acting on the microrobot is calculated by using

"Magnetic Fields, No Currents." Magnetic and drag forces are then used in "Multibody
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interaction with assembly mode" in order to determine τ in Eq. (5.1). The functions

of each of these modules are as follows:

- The mesh structure of the water surrounding robot inside the fluidic channel

needs to be modelled using the deformable body module due to the motion of

the robot. As the robot moves forward as a rigid body, the deionized water

structure displaces so as to compensate for this motion.

- The robot itself is modelled using the moving mesh module since its position

changes as a function of elapsed time and the flow rate. However, as the robot

body is assumed to be rigid and deformable mesh module is not used in this

domain.

- Since the flow regime is laminar in the working flow rates, laminar flow module

is used to simulate the fluidic flow inside the channel.

- The drag force exerted on the body of the microrobot is simulated using the

fluid-structure interaction module. The force calculated by this module is

coupled with the moving mesh module in order to determine the displacement

of microrobot meshes at each iteration.

We have performed two different simulations to confirm the levitation point and

longitudinal displacement. Firstly, the total net forces acting on the microrobot is

calculated when its levitation height is 100 µm. The magnets are then moved in

the vertical axis in the 0.1 mm step for finding the total net force on the microrobot

is equal to zero. Thus, the microrobot can be held in constant levitation height at

100 µm. Therefore, when, this becomes a levitation point. Secondly, flow rate and

microrobot velocity are defined as parametrically. The aim is to observe the effects of

the different magnitudes of the parameters’ on the simulation results. In this way, it

is easy to compare simulation data with the experimental results. Subsequently, after

fixing the permanent magnets’ vertical positions, the microrobot was moved across

the longitudinal axis in a 0.01 mm step from the permanent magnets’ center up to 20

mm. The net magnetic forces acting on the microrobot’s longitudinal axis is calculated

depending on the τ for all magnetic configurations in the same way.

The first step is to build the model of the magnetic field for proposed magnetic

configurations. In this research, the magnetic field is induced by ring type one smaller

and one larger, and one cylindrical NdFeB magnets with the configurations which is

given in Figure 5.1. The magnetic flux density of the permanent magnets is used as
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Figure 5.4 Here the longitudinal force on the microrobot is given for four different
configurations. Since in the other configurations, the microrobot is subjected to

magnetic fields both from above and below, the single configuration generates lower
longitudinal forces in comparison. Rest of the magnetic forces’ which have another

magnet positioned below the channel, pull the microrobot to both sides and make its
motion more stable. The magnetic force difference of a maximum of 20% was

observed between double and double-double configurations. The reason for this is
that there are more magnets in the double-double configuration. Thus, its magnetic

field magnitude cause such a difference; however, it can be seen at higher
displacement only. In the Kerkan configuration, the magnetic force increases of 43%
is observed compared to the double-double configuration. Also, it can be seen that
the Kerkan configuration can be effective from the initial position of the microrobot

up to 20 mm

1.43T. The magnetic resistivity coefficient for the pyrolytic graphite is given in diagonal

form as shown in Eq. (5.11) [120].

χd = −







85 0 0

0 85 0

0 0 450






× 10−6 (5.11)

Accordingly, the longitudinal forces are calculated and given in Figure 5.4 for the

proposed configurations. In this figure, the x-axis represents the distance from the

centerline of the magnets. The y-axis represents the net magnetic force that is imposed

on the microrobot’s longitudinal direction. Four different results can be observed

due to the magnetic configuration we proposed: single, double, double-double, and

Kerkan. Single configuration generates a lower magnetic force on the microrobot
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Table 5.2 Simulation Results of the major parameters with respect to flow rates

Parameters

Re cd vf (mm/s) Fd (µN)

Fl
ow

R
at

e
(m

L/
m

in
)

0.5 10.384 4.404 10.288 23.947

1 20.767 2.750 20.576 60.826

1.5 31.150 2.143 30.864 110.636

2 41.534 1.816 41.152 273.377

2.5 51.917 1.607 51.440 349.050

3 62.300 1.460 61.728 437.654

3.5 72.684 1.349 72.017 489.190

4 83.068 1.263 82.305 553.657

as we expected. The reason is that there is no permanent magnet that can pull the

microrobot below. In this way, the magnetic field intensity can not be increased in that

configuration. In the double configuration, the magnetic force changes with respect to

τ are more linear than other configurations up to 9.5 mm. However, it produces 20%

the lower magnetic forces than the double-double configuration. The linear region is

shifted around 10.5 mm, and the produces magnetic force is higher. It is observed

that Kerkan configuration produces the highest longitudinal forces and increases of

43% is observed compared to the double-double configuration. Here, it is seen that

the maximum longitudinal force is achieved when the concentric offset between the

magnets was between 11-13 mm. For the other configurations, no such peak values

are obtained. Furthermore, the magnetic field lines’ concentration is increased over

the microrobot, and the result of the force characteristic is taken with a higher slope.

The relationship between the longitudinal displacement in Figure 5.4 can be

determined by comparing it with the flow rate that we applied on the microfluidic chip.

The flow rate generates the drag force that disrupts the equilibrium and stabilization

of the microrobot. The flow rate can be converted into a flow velocity using the

dimension of a square-shaped chip. Because the flow rate does not change inside

the channel, it can be divided by 0.9 mm x 0.9 mm to have flow velocity. The drag

forces is then calculated for the flow rate from 0.5 mL/min to 4 mL/min as shown in

Table 5.2. In this table, all the parameters that we determine in our simulations are

given. The Reynolds number shows an increasing characteristic with the increasing

flow velocity. The drag coefficient is affected due to Re in the environment. Thus,

the drag force is varying, and it causes different drag forces to occur for different

microrobot speeds. By substituting the magnetic force (Figure 5.2) and drag force
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Figure 5.5 Simulation result is obtained with respect to Eq. (5.1) in the COMSOL R©

(Table 5.2) in Eq. (5.1), the microrobot displacements are calculated as in Figure

5.5. As we expected, the microrobot shows resistance up to a certain point despite

the increasing drag force values. However, when it goes out of the linear region, the

displacement increases faster. This is because a certain amount of time is required for

the decay of the inertial force resulting from the acceleration of the microrobot [32].

The microrobot longitudinal motion’s stability is determined by observing the

magnetic fields for all magnetic configurations. Kerkan configuration allows us to

achieve a more stable levitation and motion of the microrobot. Here in Figure 5.6, the

magnetic field lines are in the linear regime in the range of 20 mm on the horizontal

axis. Microrobot levitation and longitudinal motion are more stable within this range

due to a uniform magnetic field. The reason is that the magnetic field is generated

from bigger to smaller magnets. Furthermore, the magnetic field is propagating to the

smaller magnet; its intensity increases and can be assumed more point-wise.

5.3 Experimental Results

After analytical and simulation results are obtained, the longitudinal motion

experiment is performed in the laminar flow regime with the proposed magnetic

configurations. The microrobot’s displacement is measured using a laser sensor
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Figure 5.6 (A), (B), (C) and (D) show the general frontal-view of the magnetic field
distributions for each configuration respectively. Their close-up view for the magnetic
streamlines are demonstrated in (A-1), (B-1), (C-1) and (D-1) when the microrobot
is displaced 10 mm from the magnet’s centerline. As can be seen from the upper and

bottom part of the streamlines, the magnetic field lines are more linear for the
Kerkan configuration. Lastly, magnetic field force lines are presented in (A-2), (B-2),

(C-2) and (D-2). As can be seen here, the magnetic field lines are given as three
dominant vectors that have two horizontal components and one perpendicular. In

the Kerkan configuration, horizontal components of the magnetic field force lines are
slightly upwards compared to others. Thus, the levitation can be maintained with a

more intense and linear magnetic field that is achieved with the Kerkan configuration

when the magnets are held in the initial position. In section 5.1, the microrobot’s

longitudinal motion is studied based on the τ and force equations. Here, the

microrobot displacement is investigated under different flow rates. In this experiment,

the microrobot longitudinal motion are evaluated at different flow rates ranging from

0.5mL/min to 4mL/min with 0.5mL/min intervals when microrobot velocity is zero.

Firstly, the microrobot is levitated along the z-axis (perpendicular to the pyrolytic

graphite surface). The microrobot is then positioned initially for all configurations

when the levitation height of 100 µm. The microrobot the distance from the centerline

of the magnets is measured in order to compare the magnetic forces generated from

magnetic configurations. A lower displacement value indicates that the motion of the
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Figure 5.7 Microrobot is shown for four different configurations under 0.5 mL/min
flow rate (10.3 mm/s velocity) and at a levitation height of 100 µm. In (A) the

initial position of the microrobot is shown for each experiment. (B), (C), (D), and
(E) represent magnetic configurations named "Single," "Double," "Double-Double,"

and "Kerkan" respectively. Analogous to the simulation results, it is observed that the
microrobot moved backwards lesser for the Kerkan configuration. The reason for this
are the magnetic field lines over the microrobot and the longitudinal forces acting on

the microrobot are increased

microrobot can be modeled with a higher stiffness coefficient. As such, it is more

resistant to external disturbances and exhibits a more stable behavior. Thus, this

test aims to demonstrate the advantage of Kerkan configuration to the microrobot

manipulation. For the comparison, the NE-1010 (Higher Pressure Variant, Wantagh,

New York, US) syringe pump which has a flow rate capacity of 0-2120 mL/hr is

used. During the experiments flow rates is adjusted in the of 0.5-4 mL/min and each

experiment is repeated 10 times. The aim is to show the stability and repeatability

of the proposed configurations. In Figure 5.7-A, the initial state of the microrobot

levitated above the pyrolytic graphite is shown. (A) is the same initial condition

for each experiment and configuration. The displacement under 0.5 mL/min flow

velocity are shown for (B) Single, (C) Double, (D) Double-Double, and (E) Kerkan

configurations. Similar to the simulation results, Kerkan has lower displacement with

respect to other configurations. The maximum displacement is observed in Single

configuration because of its longitudinal force is the lowest.

A more detailed and numerical comparison of each configuration is given in Figure
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Figure 5.8 For all configurations between 0.5 mL/min and 4 mL/min the
displacement values for the microrobot are given. The single configuration was able
to withstand the lowest flow rate (2.5 mL/min) due to its low longitudinal force. For

all flow rates, higher displacement values were observed

5.8. It is seen that the lowest displacement is observed in the Kerkan configuration.

It is demonstrated that with this new configuration, the magnetic field lines in

the vertical axis are concentrated on the microrobot body and with the linearized

magnetic flux density. In this way, a higher longitudinal force is imposed on the

microrobot body. The microrobot breakage point is observed for 2.5 mL/min flow

rate for the single configuration. The displacement is increased exponentially with

the increasing flow velocity. For the other configurations, the displacement has more

linear characteristics than the Single configuration. However, for each flow rate, the

lowest displacement value is achieved by the Kerkan configuration. Even though the

Kerkan and Double-Double configurations can withstand the same maximum flow

rate, the Kerkan configuration had a %21.8 lower displacement value.

The experimental results are shown in Figure 5.8 can be used to validate simulation

results. Overlapping of experimental and simulation results show the validation

of the proposed magnetic configuration. Comparison between experimental and

simulation results are presented as error percentage in Figure 5.9-A and absolute

error is demonstrated in Figure 5.9-B. The proposed configuration shows significant

improvements in terms of longitudinal forces according to both simulation and

experimental results. Furthermore, Figure 5.10 shows the breaking point of the
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Figure 5.9 (A) shows error as percentage between experimental and simulation
results. Also, the mean errors as follows: Single 3.7%, Double 3.9%, Double-Double
3.6%, and Kerkan 3.5%. (B) shows absolute error and their mean as follows: Single
152.1 µm, Double 232.1 µm, Double-Double 140.6 µm, and Kerkan 179.5 µm. As
we can see, Kerkan configuration can withstand higher flow rates at almost same

amount of error

magnetic configuration at maximum flow rate that they can withstand. Accordingly,

the initial starting position of the microrobot for the all magnetic configuration is

shown in 5.10-(A). In 5.10-(B), (C), (D), and (E) represent magnetic configurations

named "Single," "Double," "Double-Double," and "Kerkan" respectively. These breaking

points are and flow rates can be observed in Figure 5.9. Kerkan configuration

can withstand at the highest flow rate with lower displacement rather than other

configurations.

5.4 Discussion

This work presents a novel magnetic configuration that significantly improves the

microrobot’s longitudinal forces by generating a linear magnetic field around the

microrobot. The magnetic field intensity change rate is adjustable by three axes
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Figure 5.10 (A) shows initial starting position of the microrobot for the all magnetic
configuration. (B), (C), (D), and (E) represent magnetic configurations named

"Single," "Double," "Double-Double," and "Kerkan" respectively. As we can see that
Kerkan configuration can withstand at higher flow rate with lower displacement

rather than other configurations

motorized linear stages. This is due to relative differences between microrobot and

the magnets that are used for the magnetic manipulation. Additionally, due to the

sub-micron resolution of the magnetic manipulation, the proposed configurations are

compared with a high accuracy.

Ring-shaped neodymium (NdFeB, N52 grade) permanent magnets are used in the

proposed configurations in two different sizes. The levitation height and longitudinal

displacement relative to the magnet’s center are measured using a laser displacement

sensor that is placed above the magnet on top. Since, the laser light should be

propagated through the microrobot’s upper surface to measure its height and position,

the magnets have a gap in the middle of their center. That is why the ring-shaped

magnet was preferred to be used. Also, the reflection angle of the sub-micron

resolution laser displacement sensor (optoNCDT-ILD2300-50, Micro-Epsilon, Raleigh,

NC, USA) is up to 25◦. The levitation height and longitudinal displacement can

only be calculated by the reflected light. Increasing the magnet layers may cause

alignment problems between themselves and can block the reflected laser light from

the microrobot surface. Therefore, optimum magnet thickness is selected as 8 mm

according to our previous work done.
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6
RESULTS AND DISCUSSION

This study investigates the increasing longitudinal force of the untethered microrobot

subject to high rate flow in order to move it in high precision. In microrobot

studies intended to be moved in the laminar flow, the total net magnetic force’s

longitudinal component plays a crucial role. Vertical component of this force is used

due to adjusting the levitation height. According to the analytical, simulation, and

experimental results, the diamagnetic levitation stabilizes microrobot orientation.

After that, the different controllers’ effect on the microrobot orientation and their

advantages over each other are compared. Although the open-loop (rule-based)

controller is more suitable to implement than the other controllers, it requires more

time to finish a reference trajectory with a more steady-state error. A less head-tilting

angle is measured in the visual-feedback controller; however, detecting the microrobot

with 250 µm thickness can be problematic due to optical microscope focal depth in the

higher range. The magnetic field is then intensified by our new micromanipulation

method named "Kerkan" rather than implementing a controller. Consequently, the

microrobot can follow a linear trajectory of 4 mm and can withstand high rate laminar

flow at 4.5 mL/min.

Moreover, the microrobot can be moved with a maximum speed of 50 mm/s.
Therefore, the relative velocity between the microrobot and flow can be reached up

to 132.6 mm/s. At a velocity of 50mm/s, the levitation of the microrobot is distorted,

and the breaking point is measured as 15152.2µm. These experiments show that

the proposed method can be used to control microrobot motion under laminar flow

conditions. Also, it can follow a linear trajectory at varying levitation heights in a

microchannel. Lastly, it is also indicated that the proposed method cannot be affected

by microrobot shape and size. One of the most exciting aspects of this manipulation

method is that microrobots can be used for applications that require continuous-flow.

On-chip diagnostic methods, liquid biopsy, hemodialysis, and cell manipulation tasks

inside microfluidic channels such as cell separation and sorting can be some of the most

important ones to a continuous flow to be presented. These manipulation techniques
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can be used to increase the ability to perform these tasks accurately. This method can

develop more robust and effective cell manipulation methods due to its intensified

magnetic field with increased magnetic force.
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A
Supplementary Materials

Figure A.1 Dynamic behavior of the microrobot with SU-8 body at different flow
rates as predicted by the analytical model. Microrobot exhibits oscillatory behavior
due to the magnetic forces’ non-linear nature. After period of time when the fluidic
and magnetic forces are balanced, then microrobot displacement can converge to a

stable resting position.
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Figure A.2 This figure shows the flow profile around the microrobot for 50, 75 and
100 µm levitation heights. It was used to determine if there is a correlation between

flow velocity and levitation height.
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Figure A.3 This figure shows the flow profile around the microrobot for 125, 150
and 175 µm levitation heights. It was used to determine if there is a correlation

between flow velocity and levitation height.
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Figure A.4 This figure shows the flow profile around the microrobot for 200, 225
and 250 µm levitation heights. It was used to determine if there is a correlation

between flow velocity and levitation height.
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Figure A.5 This figure is used to determine the point at which the drag force is
applied on the robot surface. The offset of this point from the microrobot center,

which was denoted as "r" was calculated. As such, the effect of this phenomenon on
the microrobot orientation was determined.
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Figure A.6 This figure was used to show the impact of the hydrodynamic entrance
effect on the microrobot movement. The velocity magnitude at the center of the

channel gradually increases and attains a parabolic shape as it gets to the
fully-developed state. This interval between the start of the channel and the point

where the flow is fully developed is called the hydrodynamic entrance interval.
During our calculations, the effect of this hydrodynamic entrance was taken into

consideration.

Figure A.7 This figure shows the results of the flow simulation. These results were
used to determine the microrobot displacement magnitude for different flow rates.
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Figure A.8 This figure shows the close-up version of the flow simulation results.
These results show the flow profile around the microrobot at steady-state conditions

for (A) 1 (mL/min), (B) 1.5 (mL/min), (C) 2 (mL/min) and (D) 2.5 (mL/min).
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Figure A.9 This figure shows the close-up version of the flow simulation results.
These results show the flow profile around the microrobot at steady-state conditions

for (E) 3 (mL/min), (F) 3.5 (mL/min), (G) 4 (mL/min) and (H) 4.5 (mL/min).
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Figure A.10 This figure shows the levitation height measurements at different flow
rates. The desired levitation height was 100 µm, and for the flow rates at 1

(mL/min), 2 (mL/min), 3 (mL/min) and 4 (mL/min). The deviation was less than
1.5 µm. Thus, it can be seen that the microrobot successfully operated under stable

conditions when a constant flow was applied.
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Figure A.11 This figure shows the levitation height measurements at different flow
rates. The desired levitation height was 100 µm, and for flow rates at 1.5 (mL/min),

2.5 (mL/min), 3.5 (mL/min) and 4.5 (mL/min). The deviation was less than 1.5
µm. Thus, it can be seen that the microrobot successfully operated under stable

conditions when a constant flow was applied.
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