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Abstract

 A micro-robot is an attractive tool that performs micro-scale 

tasks within the system by remote control. Most micro-robots 

are driven by an external force and its characteristic differs 

according to the type of the external force. Therefore, 

micro-robots have been developed to utilize the type of external 

force suitable for their respective application fields. Among 

various external forces, a light-driven micro-robot has superior 

controllability in terms of precision and regionality. Recently, lots 

of studies have been conducted on micro-robot for performing 

micro-scale tasks in bio-medical fields such as drug transport, 

surgery and diagnosis.

 Especially in micro-object transportation, since sophisticated 

control is required, a light-driven micro-robot which has 

excellent controllability is advantageous. Micro-robots for 

transportation so far have focused on force, speed and control, 

but a few of them have a function of holding objects to avoid 

object loss. 

 Our micro-object transportation Ni-Ti structure robot(MTNs) 

not only has sufficient thrust force and speed but also has the 

capability of holding objects and physically separating them from 

external systems, thus demonstrating the advantage of excellent 

transport stability and controllability. It can be fabricated and 

controlled automatically by a vision-guided laser control system. 

In consideration of mass production, we designed the 

micro-robot so that the fabrication process has low cost in 

terms of time, price and labor, and can be operated by 

commercial equipment. The newly designed transport 
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micro-robot, which displays holding capability and enhanced 

control, can be used as an actuator in lab-on-a-chip testing.

Keywords : Micro-robot, Micro transportation, Laser driven, 

Formation morphing control, Micro manipulation, Shape memory 

alloy

Student Number : 2019-24859
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Chapter 1. Introduction

1.1. Reviews on micro robots for bio-medical 

application

A micro-robot is an attractive tool that performs micro-scale 

tasks within the system by remote control. The advantage of 

remote control is that it is likely to minimize the side effects on 

the surrounding areas because it operates within the system, 

unlike other wired manner methods that require penetration 

between systems. This advantage has contributed to various 

research of micro-robot for bio-medical applications such as 

drug delivery, surgery and sensing. The enteric micromotor[28] 

is developed for precise delivery of therapeutic payloads to 

targeted disease sites. By tuning the thickness of pH-sensitive 

layer, it can selectively activate motor. The microneedle[29] 

which is consist of CoNi tube and stainless steel needle is for a 

surgery in many hard-to-reach locations in human body. it is 

controlled by magnetic in a wireless way. The bio-receptors[30] 

with artificial nanomoters can detect and isolate biological targets 

such as proteins, nucleic acids and cancer cell
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Figure 1. Micro robots for bio-medical application. a) the entric 

micro motor[28], b) the micro needle[29], c) the bio-receptor[30]
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1.2. Reviews on micro transportation 

The magnetic swarm micro-robot [3] can transport 

micro-objects of various sizes through locomotion by swarm 

control, However, it has a flaw in which the target object cannot 

be fully grasped, which can lead to object loss. On the other 

hand, the helical micro-robot [4] was developed such that it 

completely holds the target object by putting the object inside 

the body and sealing it with the cap on the front body. However, 

this is difficult to control and has a limitation in that the size of 

the object is fixed. The large number of studies including optical 

tweezers [5] which hold and move objects using a laser and 

micro-gripper robot[6] gripping through micro patterns, clearly 

indicate that there is a demand for a holding function in 

transporting micro objects.

Figure 2. Micro transportation tools. a) the magnetic swarm 

robot[3], b) the optical tweezer[5], c) the micro-gripper robot[6]
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1.3. Reviews on micro robots using external forces 

Most micro-robots use an external force for power supply 

and user-defined control (active control), As the driving 

characteristic differs depending on the type of external force, it 

is important to select the specific type of external force 

according to the application. Micro-robots developed for in-vivo 

applications are controlled by biochemicals[31] or magnetic 

fields[3,4,6,15] that can penetrate the human body. Meanwhile, 

micro-robot for in-vitro application (on-chip) usually use 

acoustic[33] or light[1,2,11] as an external force for high speed 

and regional fine control. In particular, a light-driven 

micro-robot can be controlled very finely, so it is suitable for 

use in transporting application

Figure 3. External forces for micro robot driving. a) 

biochemical[31], b) magnetic [32], c) acoustic[33]
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1.4. Reviews on light-driven Ni-Ti micro robots

Recently, Ni-Ti micro-robots have been developed exploiting 

the principle of heat generation due to the difference in laser 

absorption rate in the UV wavelength band of water and Ni-Ti. 

The Kirigami pattern Ni-Ti micro-robot [2] generates a thermal 

gradient to gain propulsion momentum. This robot which 

following the laser displays easy and precise control. However, it 

shows a limitation in terms of productivity since 

micro-patterning via micro fabrication equipment such as 

focused-ion-beam (FIB) is time-consuming and expensive. In 

order to improve productivity, the simple Ni-Ti micro-robot [1] 

was designed to simplify the fabrication process, while showing 

benefits in terms of speed and controllability. The robot is 

powered by bubble expansion resulting from local heating by the 

laser which evaporates the medium.
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Figure 4. Ni-Ti micro robots. a) Kirigami pattern Ni-Ti 

micro robot [2], b) Ni-Ti unit [1] 
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1.5. Purpose of Research 

 In this study, we have demonstrated that the proposed 

micro-object transporting Ni-Ti structure (MTNs) has enhanced 

controllability, energy efficiency and holding capability. Fig 1. 

shows the schematic of the fabrication process of the MTNs. 

The robot is designed with an emphasis on productivity to be 

suitable for mass production. The fabrication process consists of 

commercial equipment for accessibility and low price. We 

constructed the vision-guided laser control system to automate 

the fabrication process and lower the labor cost. Based on the 

force measurement results, we compared energy efficiency of 

MTNs with other light-driven micro-robots. The transporting 

experiment was conducted to show the functionality of MTNs.
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Chapter 2. Ni-Ti unit

2.1. Actuation mechanism 

 According to a previous study [1] that developed the Ni-Ti 

unit, the unit is operated by the expansion force of bubbles 

generated by laser local heating. When a unit immersed in a 

medium such as water or ethanol is irradiated with a laser in the 

UV wavelength band, the Ni-Ti surface is locally heated by the 

difference in laser absorption between the medium and Ni-Ti. 

Then, the surrounding medium is instantaneously vaporized in 

the local heating area, resulting in explosive volume expansion. 

The bubble generated by the above process pushes the unit, 

thereby gaining momentum and moving forward. 

 In the previous study [1], the hypothesis was established by 

proving that the unit speed calculated by considering the fluid 

resistance and the surface friction force and the value obtained 

through the actual experiment are similar. The speed of the unit 

is 80   at a laser intensity of 30  . Considering that 

the body is 250 , it can be said that it moves at a speed of 

320 times that of the body.
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Figure 5. Actuation mechanism of Ni-Ti unit[1]. a) regional 

laser absorption, b) bubble expansion, c) top view when laser 

control, d) Comparison graph of theoretical speed and 

experimental value calculated based on the proposed hypothesis
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2.2. Fabrication of Ni-Ti unit

  The Ni-Ti unit used in this study was fabricated by cutting 

Ni-Ti wire of diameter using a cutter with distance between the 

blades. Exerting a force over the cutter placed vertically above 

the Ni-Ti wire resulted in an average yield of 30 element 

micro-robots. Then, by annealing them at 80°C for 45 minutes, 

the units were straightened out via the shape memory effect. 

Since the straightness of the unit is closely related to the 

stability of laser control, it is very important to straighten it 

through the annealing process. The ready units were cylindrical 

shape of 50 μm diameter and 300 μm length

Figure 6. Fabrication process of Ni-Ti unit. a) chopping Ni-Ti 

wire using a cutter with distance between the blades, b) 

annealing process
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Chapter 3. Fabrication process

3.1. Overview of fabrication process

 We designed the MTNs to be fabricated at a low cost in terms 

of time, price and labor in consideration of mass production. The 

fabrication process equipment includes a cutter, laser, CCD 

camera and micro fluidic jetting equipment, all of which are used 

commercially.

 Ni-Ti was selected as the material due to its characteristic 

resilience against plastic deformation caused by impact in the 

cutting process. Since the bent unit moves unpredictably, high 

production yield can be obtained using the material that can 

ensure the quality of straightness. Ni-Ti is also a biocompatible 

material that can be utilized for bio applications.

 We set the shape of MTNs to a hexagon, showing that complex 

shapes can be formed by our automatic fabrication system. The 

structural shape varies depending on the size of the target 

object. We can choose the mode of MTNs according to the 

purpose of transportation. Fig 7. shows the two kinds of modes 

of MTNs. The open mode is reusable, so it can be used for 

transporting several objects quickly. The closed mode, which can 

secure the object, is for stable transportation. It can be 

expanded into cell form which can perform the storage/transport 

functions of a large number of micro objects by continuously 

adding same shape structures.

 Fig 8. shows the whole fabrication process of MTNs. We will 
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explain all these processes one by one detail in this chapter. 

Figure 7. Mode conversion of MTNs through heating

Figure 8. The fabrication process of MTNs 



- 13 -

3.2. Formation morphing control

3.2.1. Single unit control 

 The Ni-Ti units manipulations occurred on a 4x3” glass slide 

covered with AF coating. First, a needle was used to insert 2 

 of saline solution on the glass slide. Then, the required 

number of the Ni-Ti units were placed into the solution, on the 

surface of the slide.

 The Galvano laser scanner we used can irradiate the laser in a 

desired pattern by controlling the laser at high speed. The 

dot-shape control method is unstable cause it is very sensitive 

to the error of positional value which frequently occurs in the 

process of converting the pixel coordinate system of the camera 

to the laser coordinate system and the image processing. line 

pattern control method provides fast speed but needs a condition 

that the orientation of the unit should be parallel to the laser 

scan direction. The array pattern laser control method is robust 

to the position error of the unit and is convenient to control 

because it only needs to scan in the direction of proceeding 

regardless of the robot's orientation. After the array pattern 

laser scan, the final orientation of the unit is arranged 

perpendicular to the laser direction.
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Figure 9. Single unit control[1]. a) Dot-shape laser control, b) 

Line-pattern laser control, c) Array-pattern laser control.
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3.2.2. Vision-guided laser control system 

  We constructed the vision-guided laser control system that 

can arrange multiple Ni-Ti units to form a certain structure. 

The system is consist of CCD camera, the image processor, the 

path planner and the Galvano laser controller. 

 The high speed CCD camera (Basler AG, Germany), which was 

connected to an Olympus lens microscope of ×100 magnification 

was positioned under the workspace. The resolution of each 

image frame obtained via the CCD camera was set to 

1920×1080 pixels.

 The images that capture the workspace in realtime are tossed 

to the image processor. The image processor detects the units 

in the workspace and extracts the position and orientation of the 

units using the canny edge detection function in the OpenCV 

library. The position of units is sent to the path planner which 

allocates units to the goal positions using the Hungarian 

algorithm[26], one of the combinatorial optimization algorithms 

that solve the assignment problem in polynomial time and which 

anticipated later primal dual methods. The allocation is updated 

at regular intervals so that it can flexibly respond to unexpected 

movement and external interference. The image processor and 

path planner were coded in Python programming language.

 The Galvano laser controller operates following the path 

generated by the path planner. It is operated using EZCAD and 

positioned vertically above the glass slide.



- 16 -

Figure 10. Vision-guided laser control system. a) flowchart of 

the control system, b,c) physical appearance of the control 

system   
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3.2.3. Control strategy 

 To form a certain structure with multiple Ni-Ti units at 

arbitrary initial positions, the orientation of the unit can be 

controlled as well as its position, but it has been mentioned 

earlier that the final orientation of the unit is perpendicular to 

the proceeding direction of the laser in the array-patter laser 

control method. Controlling the position of the unit is a simple 

task that can be performed by setting the laser proceeding 

direction as a straight line connecting the current position and 

the destination, whereas controlling the orientation of the unit 

requires complex path planning algorithms. However, we can deal 

with this task by a simple trick that breaks path planning down 

into two steps. Regardless of which path the robot has followed, 

the final orientation of the robot is determined by the direction 

of the last laser scan. Therefore, the focus should be on position 

control before the last laser scan. We set the intermediate target 

point outward in a direction perpendicular to each side from the 

final target point. The last laser scan can then be fixed and the 

robot's final position and orientation can be controlled as desired. 

The demonstration of this experiment is shown in Fig 11.
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Figure 11. Formation morphing control. a) control strategy, b) 

demonstration of formation morphing control using the 

vision-guided control system 
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3.3. Bonding Process   

3.3.1. Adhesion applying using EHD  

 An EHD(ElectroHydroDynamic) micro jet printer manufactured 

by Enjet was utilized to bond Ni-Ti units. The equipment 

applies a viscous fluid to a fine size by generating an electric 

field between the nozzle and metal adherent. 

 The fact that the EHD utilizes electric force near metal causes 

an issue in selecting the adhesive. In the case of using a low 

viscosity adhesive, it was impossible to laminate because the 

adhesive was attracted to the metal adherent with high surface 

energy due to the wetting property of the adhesive. Using high 

viscosity adhesives requires a high strength electrical force, so 

the nozzle height must be set low. In this case, the attractive 

force between the nozzle and the adherent causes the adherent 

to stick to the nozzle. Several tests were conducted to find a 

suitable adhesive that can be applied at minimum applying height 

(=, same as robot height) and has low wetting property. 

Table 1. is the list of candidate adhesives, among them, we 

adopted the light curable adhesive, Loctite AA3936 manufactured 

by Henkel with a cps of 8000. This is because the light curable 

adhesive cures quickly and can be cured immediately without 

changing the workspace.

 The adhesive was laminated 3 times, about 20  each, to a 

final height of 60 . The adhesive was cured by irradiating an 

UV lamp for 30   between each application. Fig 12. shows the 

MTNs of the final completion finished up to the bonding process.
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Figure 12. Adhesion applying by EHD. a) jetting adhesive on 

a joint position using EHD, b) the MTNs of the final 

completion up to the EHD adhesive applying
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Table 1. Adhesion candidates list for EHD  
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3.4.2. Adhesion applying using micro stage  

 Only using EHD, it is difficult to get high adhesive strength, so 

the limitation was supplemented through the process of adding 

an adhesive EA6411 manufactured by H.B.Fuller with high cps 

50,000 on top with a micro-tip on the micro-stage. By using 

the image processor of the vision-guided laser control system, 

the space between units is recognized, and the position 

information is transmitted to the micro stage program, and the 

adhesive is applied in such a way that the micro tip marks the 

joint position. The fabrication process is completed by removing 

the robot from the surface of glass treated with AF coating to 

lower the surface energy.

Figure 13. Adhesion applying with micro stage. a) adhesion 

applying test, b) the MTNs of the final completion up to 

adhesion applying with micro stage
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Chapter 4. Experiment and Application

4.1. Force measurement experiments

 We conducted the force measurement experiment to calculate 

the energy efficiency of the MTNs. Fig 14-b. shows the 

experiment setup prepared by attaching the MTNs to the FT-S 

Microforce Sensing Probe by FemtoTools that can measure up to 

13.5  . Since the MTNs was stationary on the sensor tip, 

there was no drag force, and thus, we considered the measured 

force as purely a propulsion force. As a result of 10 times of 

experimentation, an average force of 7.7   was measured at a 

40  laser.
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Figure 14. Propulsion force measurement experiment. 

a) propulsion force graph of MTNs, b) force measurement 

experiment setup, c) capture of actual measurement experiment
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4.2.  Energy efficiency comparison 

 Based on the propulsion force and speed measurement of the 

MTNs, we calculated the power conversion efficiency of the 

micro robots and compared it with that of other light driven 

micro robots [8]. The efficiency is defined as Eq1.

     ....................................................................................(1)

where  is defined as 

     ...............................................................................(2)

 Here   is the measured propulsion force and v is the 

speed. The efficiency, speed and type of light sources of 

representative light driven micro robots[8] and the MTNs are 

shown in Fig 5. The efficiency of the MTNs is estimated as 

   , whereas the efficiencies of other light driven micro 

robots are between the order of  and  . As high power 

efficiency means that the micro robots require lower laser power 

to move, this can be the advantage in lower affection on the 

target or periphery region, which makes the MTNs more suitable 

for biomedical application.
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Figure 15. Energy efficiency comparison graph of light-driven 

micro robots 

Table 2. Energy efficiency table of light-driven micro robots[8] 
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4.3. Functionality of transportation

 

 The transport experiment was conducted to verify the 

transportation functionality of MTNs. A copper bead of 150  

diameter and 130  mass was used as a target object due to 

its density being higher than water’s. The task of transporting 

a copper bead at 100  over a 1,000  distance is 

completed without object loss. The MTNs is expected to 

transport multiple objects and maneuver through obstacle filled 

terrain environments. MTNs outperforms the Ni-Ti unit in terms 

of controllability due to its holding function. In the case of the 

Ni-Ti unit, there is a hassle of adjusting the orientation and 

position before transport in order not to lose the object, whereas 

the MTNs can be easily controlled because there is no risk of 

object loss.
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Figure 16. Demonstration of transport function 

of MTNs via copper bead transportation
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Chapter 5. Conclusion 

 In summary, we have proposed a fine controllable Ni-Ti 

structure micro robot, which shows reliable transport capability. 

We designed the MTNs to be productive in terms of time, price 

and labor through fabrication process automation, commercial 

equipment and high yield materials. We succeeded in 

constructing a hexagonal shape structure by formation morphing 

control with the vision guided laser control system, bonding Ni 

Ti wire units using micro fluidic jet printer and confirming 

potential to deform the shape of robot according to objects and 

purposes. The relatively high energy efficiency of MTNs 

compared to other light-driven robots indicates that the MTNs 

operates with a low laser intensity which damage to surrounding 

area less, making it suitable for biomedical applications. The 

transportation experiment result demonstrates the stable 

transport functionality of MTNs with high controllability. The 

results of our work pave the way for a lab on a chip test that 

requires highly sophisticated transport using holding capability 

and controllability.

 Our future work includes the integration of all processes into 

one system by attaching the bonding equipment to a vision 

guided laser control system instead of using EHD equipment. 

The current control system where only one robot at a time 

reacts to the laser to generate thrust also needs to be improved 

so that all robots can generate thrust simultaneously. We also 

aim to develop multi material robot that has several functions 

such as sensing, driving and holding. 
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초   록

 마이크로 로봇은 원격 제어를 통해 시스템 내에서 미세작업을 수행할 

수 있는 도구로써, 약물 수송, 수술, 진단과 같은 생물 의학 분야에서 많

은 연구가 진행되고 있다. 마이크로 로봇은 외력을 통해 에너지를 공급

받고, 제어되므로, 이용하는 외력의 종류에 따라 구동 특성이 달라진다. 

여러 외력 중 광 구동형 마이크로 로봇은 정밀하고 국소적인 제어가 가

능하다는 장점을 가지고 있다. 그러므로 정교한 제어가 필요한 마이크로 

물체 운반 작업에 광구동형 마이크로 로봇이 적합하다. 지금까지 운송용 

마이크로 로봇은 힘, 속도 및 제어에 중점을 두었지만, 물체 유실을 방

지하기 위해 물체를 잡는 기능을 가진 로봇은 거의 없습니다. 우리가 개

발한 미세 물체 수송 Ni-Ti 마이크로 로봇은 충분한 추진력과 속도를 

가질 뿐만 아니라 운반 목표 물체를 포획한 상태로 외부 시스템과 격리

한 상태로 운반할 수 있는 능력을 갖추고 있어 우수한 수송 안정성과 제

어 편의성 등 이점을 보인다. 

 본 로봇은 비전 유도 레이저 제어 시스템에 의해 자동으로 제작이 가능

하다. 양산을 고려하여 상용장비 만으로 제작 공정을 구성하였으며, 시

간, 가격 그리고 노동력 측면에서 저렴하도록 마이크로 로봇을 설계하였

다. 포획 능력과 향상된 제어 기능을 가진 본 로봇은 랩 온어 칩 테스트

에서 액추에이터로 사용될 수 있다. 

주요어 : 마이크로로봇, 레이저를 이용한 구동, 포메이션 모핑 제어

학  번 : 2019-24859
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