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Introduction

Surface contamination by bio-films or sediments from liquid medium are critical issues for both the sustainable in-vitro microfluidic chips and for the quality in-vivo environment. Recent development of mobile microrobots could be a promising solution to clean the contaminants inside microchannels thanks to their small-scale. The possibility to remove biofilms was demonstrated by catalytic-magnetic nanoparticle composites robots using both the mechanical force and the catalytic chemical reactions [START_REF] Hwang | Catalytic antimicrobial robots for biofilm eradication[END_REF]. Catalytic micromotors were used for the preconcentration of radioactive uranium in aqueous solution [START_REF] Ying | Radioactive uranium preconcentration via self-propelled autonomous microrobots based on metal-organic frameworks[END_REF]. Although these principally chemical approaches are promising solutions for cleaning, their robust and sustainable functionalities should further be considered. One major issue of such microscale mobile agents towards such aims could be the static or dynamic frictions dominating every operation steps. Especially in the biological applications, the stiction between microrobot and substrate could become higher due to surface-deposited nutrients from cell-culture medium. The situation could be even worse inside physiological environments such as blood vessels. Therefore, any contaminants or dirt having the size similar or smaller than microrobots could increase the risk of stiction which can perturb their sustainable and robust motions and functionalities. Various microrobots have been studied and demonstrated in their propulsions remotely powered by optical [START_REF] Li | Micro-rocket robot with all-optic actuating and tracking in blood[END_REF][START_REF] Hu | Micro-assembly using optically controlled bubble microrobots[END_REF][START_REF] Arai | On-chip single-cell separation and immobilization using optical tweezers and thermosensitive hydrogel[END_REF], acoustic [START_REF] Aghakhani | Acoustically powered surface-slipping mobile microrobots[END_REF][START_REF] Soto | Acoustic microcannons: toward advanced microballistics[END_REF][START_REF] Qiu | Wireless Acoustic-Surface Actuators for Miniaturized Endoscopes[END_REF], chemical [START_REF] Jurado-Sanchez | Micromotors for environmental applications: a review[END_REF][START_REF] Li | A fast and powerful swimming microrobot with a serrated tail enhanced propulsion interface[END_REF] or magnetic energy [START_REF] Yesin | Modeling and control of untethered biomicrorobots in a fluidic environment using electromagnetic fields[END_REF][START_REF] Zhang | Artificial bacterial flagella: fabrication and magnetic control[END_REF][START_REF] Ghosh | Controlled propulsion of artificial magnetic nanostructured propellers[END_REF][START_REF] Sitti | Pros and Cons: Magnetic versus optical microrobots[END_REF]. The microfluidic channel applications could amplify such risk of stiction due to increased channel walls influences. In the automated system with feedback control, the stiction of microrobots could cause excessive power increasement to compensate motion control errors due to the stiction induced control delay. This can cause excessive heating of external powering system (e.g. magnetic coils in case of magnetically actuated microrobots) and results in instability of motion control by losing the computer vision tracking stability of microrobot. To overcome such issues, the microrobots with high propulsion dynamics with low stiction are inevitable. The hard materials (metal or ceramic) based microrobots propelled by magnetic field gradient demonstrated to show one of the highest propulsion dynamics [START_REF] Ivan | NIST and IEEE Challenge for MagPieR: The Fastest Mobile Microrobots in the World[END_REF]. Thinner microrobots can further enhance propulsion dynamics especially in highly damped condition like microfluidics [START_REF] Salmon | On-chip mobile microrobotic transducer for high-temporal resolution sensing using dynamics analysis[END_REF]. These all metal or metal/ceramic structures compared to others containing polymers [START_REF] Tung | Polymer-Based Wireless Resonant Magnetic Microrobots[END_REF] showed clear advantages of having less stiction to substrates and longer lifetime. Moreover, the intensity of magnetization in a given volume could also be increased to contribute to the magnetic propulsion dynamics. Although excluding polymers contributes to reduce the stiction between microrobot and substrate, all the miniaturized mobile devices are not free from the stiction. Most of such microrobots are constructed with certain geometrical constraints to guarantee sufficiently robust mechanics and propulsions. For example, in the recent decades, the microrobots with closed surface and relatively thicker layers have been the morphological standard [START_REF] Ivan | NIST and IEEE Challenge for MagPieR: The Fastest Mobile Microrobots in the World[END_REF]. Although this could be beneficial to stronger mechanics and magnetization, their surface frictions increase as well due to higher mass and larger contact area to substrate. The increased magnetic propulsion force could be compensated by the increased surface friction. We can consider that the microrobots made of thin metal films are helpful to the stiction issue. It is a possible strategy to use standard dimples to decrease stiction to the surface. However, the standard dimples (not oscillating) on the closed surface is less efficient to overcome relatively high stiction to surface. Moreover the all-metal closed surface structures are rigid in terms of mechanics thus active oscillations of structures with high amplitude could be limited. The active oscillations were applied to overcome the surface friction but it usually requires relatively high frequency range compared to the propulsion frequency and the oscillation amplitudes are usually very low under micrometer [START_REF] Orazio | Realtime vision based dynamic power management of in-plane magnetic mobile microrobots for avoidance of excessive surface stiction[END_REF]. Therefore, our approach in the article is to combine open surface and active oscillations which reduces the stiction to the surface. This will allow microrobots to be able to reach over microns amplitude oscillations.

In addition, multi-mode propulsion capability is inevitable to further enhance the propulsion robustness thus for a sustainable motion of microrobots [START_REF] Barbot | On-chip Microfluidic Multimodal Swimmer toward 3D Navigation[END_REF]. Surface motion of microrobots can avoid them to carry away by external flow [START_REF] Barbot | On-chip Microfluidic Multimodal Swimmer toward 3D Navigation[END_REF][START_REF] Barbot | Local flow sensing on helical microrobots for semi-automatic motion adaptation[END_REF]. As a surface motion, the tumbling motion shows enhanced robustness in propulsion [START_REF] Bi | Design of Microscale Magnetic Tumbling Robots for Locomotion in Multiple Environments and Complex Terrains[END_REF][START_REF] Serrano | Multiflagella Artificial Bacteria for Robust Microfluidic Propulsion and Multimodal Micromanipulation[END_REF]. Particularly the rolling motion is promising to the propulsion against flow for the stable navigations inside blood vessels [START_REF] Alapan | Multifunctional surface microrollers for targeted cargo delivery in physiological blood flow[END_REF]. In this work, as illustrated in the Figure 1, we propose all-metal, thin-film and open surface mobile microrobots with the multi-mode propulsion capability consisting of the surface motions like tumbling, rotation and sliding motion by oscillations. Concerning the functionality and application of the microrobot, we aim to use the microrobot for cleaning inner surface of microfluidic chambers and channels with purely physical manipulations by liquid motion induced by rotation or oscillation of microrobot. Multi-mode motion and manipulation are promising for cleaning contaminants in unclean surface. This enhances the navigation and the cleaning robustness in uncontrolled environments by allowing to choose an appropriate motion. Tumbling motion is chosen to move over the particle fields by minimizing the risk of the microrobots to get stuck to them or to get damaged. This feature is useful to navigate over the substrate containing vulnerable cells by minimizing their damages caused from the motions of microrobots.

For the cleaning of surface contaminants, microrobots have multi-mode cleaning manipulations depending on the types of target contaminants. If the contaminants consist of less sticky particles, we can trigger the microrobot`s motion to rotating motion for the cleaning by non-contact manipulation based on induced liquid motion.

The liquid motion induced from rotation or oscillation of microrobot could expel the particles out of the microrobot. This non-contact cleaning mode is fast to clean and does not damage substrate. But it is less efficient to clean the contaminants more strongly stuck to the substrate. If the contaminants contain the particles strongly stuck to the substrate which is more challenging to clean, we can trigger the microrobot`s motion to sliding contact mode cleaning. This mode is powered by oscillating motions of microrobot at higher frequency than the other motion modes. The oscillating microrobot can clean the particles by detach them from substrate and push them by contact manipulation. This mode of cleaning is slower than the non-contact manipulation by induced liquid motion but it is more efficient to clean the particles well stuck to substrate. The cleaning area is through the linear path of microrobot's motion. In this paper, we will show the concept, design and fabrication in the first part.

Then modeling and simulation of oscillation motions will be shown. Afterwards, we will show the experimental results of the propulsion characteristics in both open chamber and closed capillary tube. Finally, we will show the surface cleanings of two different types of contaminants (microparticles and microfibers).

Design and Fabrication of Microrobot

The proposed microrobot has three different motion modes and two manipulation modes as illustrated in the Figure 1. The video 1 demonstrates these three motion modes including the tumbling, the rotation and the sliding. The switching between the different motions is made by controlling the actuation frequency and the axial direction of the rotating magnetic field. The rotation and the tumbling motions are operated at low actuation frequencies typically below 100 Hz. This upper limit of frequency can vary depending on the surface and the fluidic drags.

At the low-frequency range, the rotation and the tumbling motions can be chosen by the roll angle of the rotating magnetic field. With the roll angle close to zero, microrobot is moved with the tumbling motion. When the roll angle gets closer to 90 degree, microrobot switches motion to rotation. At higher frequencies above 100 Hz, microrobot switches its motion to the sliding motion. The sliding motion could have different oscillation modes depending on actuation frequency. More details on different motion modes are further described in the manuscript. To increase the operational frequencies, we can consider to increase the magnetization of microrobots and/or to increase the intensity of external magnetic field which result in increasing the magnetic torque and the cut-off frequency.

Mechanical Analyses of Microrobot

Consisting of the open surface with springs, the metallic microrobot is mechanically soft and elastic which make them to be better adapted to the surrounding environments. The mechanically robust and resilient microrobots are essential to their applications to avoid any possible damages. The fabricated microrobots need to be dislocated from their fabrication substrate to the target manipulation substrate such as microfluidic devices. Moreover, the integrated microrobots suffer from the surface tension at the water-air interface during the liquid injection to the microfluidic chamber which has microrobot on it. In the air, the transfer of microrobot made by mechanical pick-and-place manipulation using microscale probes or tweezers. This can exert an excessive mechanical force to microrobots thus can damage them during the process. The surface tension at the water-air interface during liquid injection could also damage microrobots or make them to have plastic deformations. Even if the microrobots are successfully integrated to microfluidic environments without damage, they could also be deformed or damaged due to their dynamic motions and their surface/fluidic drag forces. Elastic and deformable microrobots are thus to be an asset to avoid any plastic deformation or damage to unstick microrobot when it sticks to microchannel walls or substrate.

The horizontal dimensions around 270 µm are decided to cover most of the biological cells (from few microns of red blood cells to hundred microns of oocyte cells) towards their future biological cell applications. Considering the microrobot is aimed to be operational in liquid environment with unclean surface, it is important to enhance the propulsion dynamics and to reduce drag force. Therefore, the geometry of the microrobot was decided to minimize drag force which is the sum of the fluidic drag and the substrate drag. For this, thinner microrobots are more efficient to minimize the drag force than the thicker ones due to the smaller mass/substrate drag and the smaller reference area/fluidic drag. Considering the mechanics of Ni layer, we found that the actual dimensions with aspect ratio around 1/20 (270 µm in horizontal and 13 µm in vertical) are a good compromise to maintain the mechanical stability of the microrobots to avoid any damage or plastic deformation due to liquid/surface tension or external stress for handling during or after microfabrication. The structure mechanical simulation of the microrobots shown in the Figure 4 reveals that the microrobots have sufficiently strong mechanical stiffness around 0.3 N/m in all axes which can sustain their mechanical stability under relatively excessive force loading for microrobots up to 10 µN. The width of the spring and the size holes are 10 µm and the identical spacings between two beams of spring are the reasonable bottom limit of the standard MEMS process. This also facilitates under etching to release the microrobots. Furthermore, the aspect ratio of the spring beam close to 1 (width 10 µm and height 13 µm) makes the spring part of the microrobot stable in-plane.

The standard "opening ratio" of the holey membranes is calculated as 31% based on the formula, (S/P) 2 ×100 (%) where the S and P are the size and the pitch of the rectangular holes. This contributes to reduce the mass, volume and the surface stiction. The dimensions of the two holey membranes are set to be different. In the vertical oscillations of the membranes, asymmetric mechanical resonances of the two membranes having different lengths could further enhance to overcome random stictions to substrate. In the horizontal oscillations, the asymmetric membranes could amplify the lateral deflections as shown in the Figure 4 (deflection in X) which also contributes to overcome surface stiction. Moreover, thanks to the asymmetric membranes having different masses, one membrane could apply mechanical force by deflection from oscillations to other membrane being stuck to the substrate. Due to the scale constraint, the two membranes are connected at both extremities of the springs to reduce spring constant as small as possible for maximum deflection amplitudes. To estimate the mechanical stability, structure mechanical simulations using finite element method simulation tool (COMSOL Multiphysics) were made. Figure 4 shows the structure mechanical simulation of microrobot under the applied force of 10 µN in three axes. The mechanical stresses applied to microrobots in X, Y and Z axes are estimated to be 3.7 kPa, 2.8 kPa and 3.7 kPa respectively. The elastic modulus of the microrobot in X, Y and Z axes is 1.0 kPa, 24.4 kPa and 1.3 kPa. These values are also largely smaller than the elastic modulus (207 GPa) and the tensile strength (yield) (59 MPa) of bulk Ni structures [START_REF] Lide | CRC Handbook of chemistry and physics[END_REF]. Therefore, we can consider that the applied stress is within the elastic range of microrobots. In the finite element simulation, the applied force is chosen to be high enough to simulate the possibly applied force from various sources like the surface tension of water, the mechanical manipulation, the drag force during propulsion or the force to unstick from substrate or walls. From FEM simulations, we can estimate the stiffnesses in X, Y and Z axes are 28.57 N/m, 423.73 N/m and 9.80 N/m respectively. We compared the stiffness in Y axis by analytical calculation. The spring constant of the microrobot can be modeled by the 2 parallel serpentine springs which are the 16 serially connected lateral beams. The stiffness of each beam Kb is 3EI/L 3 (E: Young`s modulus, I: Intertia moment, L: Length of beam) while the inertial moment I is tw 3 /12 (t: thickness of beam, w: width of beam). The stiffness of a single serpentine (Ksp) with 16 serial connection of the beam is Kb/16. The total stiffness of the microrobot (Ktot) is 2Ksp and it is calculated to be 415 N/m. This value is close to the estimated stiffness from FEM simulation which is 423.73 N/m. It should be noted here that the difference could come from the errors of measured geometrical values of the beam width, length and thickness.

Concerning the propulsion induced drag force, the microrobot undergoing the drag force of 5.1 nN at the maximum propulsion speed deforms itself in 0.18 nm, 0.01 nm and 0.52 nm in X, Y and Z axis. This deformation induced from propulsion drag force is ignorable considering the microrobot`s dimension and the elastic range of deformation. Together with the metal layers, the elastic microrobots with open surface can make them mechanically robust to any excessive force possible to be applied in various applications. Thanks to the mechanical robustness, the microrobots can be safely handled by pick-and-place manipulation. This is an important characteristic to be able to integrate the microrobots with application workspaces such as microfluidics or biological systems depending on their applications. Furthermore, this will also contribute to prolong their lifetimes of use. Figure 5 shows the different mode of resonating motions of the microrobot by finite element model simulations. The first and the fourth modes of resonance show symmetric bending motion of the front part or the central membrane in vertical axis which has slightly lower stiffness than other axes. This mode can be useful to move over substrate with obstacles or to move over rough substrate. Vertical oscillations can generate flow through the cavities of microrobot thus can make the microrobot levitate and move away particles from the bottom of microrobot through non-contact flow manipulation. This is useful to remove the particles with minimal stiction to substrate. Second mode is lateral deflections with longitudinal compressions. This motion mode is adapted to the sliding motion over fine substrate roughness. Since this motion can generate lateral force up to around few tens of micronewtons, the microrobot can move away particles placed in the microrobot`s trajectory by sliding and pushing based contact manipulation. This mode of manipulation is useful to remove particles with higher stiction force to substrate. The third and the sixth modes are the torsional oscillations in the longitudinal axis of microrobot. This can generate high torque thus can overcome microrobot`s stiction to substrate effectively. And this is useful to move away particles placed near both sides of the microrobot. The fifth motion is the tensile elongation motion in the longitudinal axis. The elongated membrane could apply elastic force to the other membrane thanks to the elasticity of the springs. This could break any possible stiction of the body of microrobot thus to release it.

The oscillations in vertical axis such as the 1 st mode could make the microrobot to levitate. Considering the apparent weight of the microrobot is estimated as 38.3 nN from the buoyant force of 4.8 nN and the gravity force of 43.2 nN. The apparent weight could be compensated by applied fluidic force from vertical oscillations to be able to levitate the microrobot. The oscillation frequency necessary for levitation is estimated to be over 426 Hz. All the oscillation modes allow to overcome the surface stictions of microrobots. Therefore, microrobots can be controlled with less powers and the stabilities of motion control are enhanced. These are great advantages to optimize the energy transfer efficiency and real-time feedback control. Additionally, these oscillations allow to clean out any contaminants possible to be stuck to microrobots. This self-cleaning characteristic of microrobot allows to prolong the life-time of microrobots by avoiding the efforts or time to replace them at each application. Although the resonance frequencies and oscillation amplitudes of each modes could vary depending on the characteristics of surrounding medium and applied intensity of magnetic field, such multiple oscillation modes enhance the robustness of both the propulsion and the manipulation enabling the fail-safe solution.

Propulsion Characterizations and Motion Control

The proposed microrobots show high propulsion dynamics which makes them to be promising to various applications. Among several motion modes of the microrobot as shown in the Figure 1, the tumbling motion shows the highest propulsion dynamics. Therefore, we characterized the propulsion by tumbling motion by measuring the propulsion speed versus tumbling frequencies in three different configurations. We tested propulsions of microrobots in open chamber filled with water or Phosphate-Buffered Saline (PBS) which is a buffer solution commonly used in biological research. Video 2 shows the propulsion of microrobot by tumbling motion at different rotating magnetic field frequencies. As shown in the Figure 6, three-axis Helmholtz electromagnetic coil setup was used for the experiments to generate three dimensional rotating magnetic fields. In each axis, the coils generate magnetic fields linearly with current controlled inputs. They can reach up to around 10 mT at 1A maximum current input. The uniformity of the generated magnetic fields is 98 % in the workspace of 15mm×13 mm×7 mm X, Y and Z axes respectively which defines the range of action. Custom-developed software was used to control the electromagnetic fields in terms of magnetic field intensity, actuation frequency and rotation angles of microrobots. Furthermore, the software can track the gravity center of the microrobot`s position via computer vision-based tracking thus we can obtain the position and speed of microrobots in different actuation frequencies. Figure 6 shows that the microrobot reaches to maximum propulsion speed up to around 8.1 mm/s which is equivalent to 30 body lengths per second. Since the propulsion speeds are close to each other in both the water and the PBS solution, we used PBS solution for the propulsion tests inside the closed channel with capillary tube. The PBS solution and the same microrobot were injected to the capillary tube and both the in/outlets were closed to stop the drift flow during the propulsion characterizations. 

Applications of Microrobot for Cleaning in Microfluidics

Multiple motion modes are useful characteristic to apply microrobots for physical manipulation. We can consider that the microrobots can handle micro scale contaminants composed of microfibers or microparticles inside the closed microfluidic environments. Such contaminants can be introduced to microfluidic devices through in/outlets. In-vivo vascular network could suffer from various sources of contaminants such as bacterial or viral infections which can cause blood clots on the surface of blood vessels. While microfluidic channels are extremely vulnerable to clogging by accumulation of such contaminants, minimally invasive and targeted interventions to such closed microchannels are challenging. Microrobots could be one of the most promising solutions for rapid and minimally invasive removal of such contaminants. The proposed microrobots are able to manipulate micro objects either by contact manipulation [START_REF] Hwang | Mobile microrobotic manipulator in microfluidics[END_REF] or by non-contact manipulation [START_REF] Paris | On-chip multimodal vortex trap micro-manipulator with multistage bi-helical micro-swimmer[END_REF]. Contact manipulation is more efficient for handling large or heavier objects but challenges are to detach microrobots from the contaminants after handling them. Non-contact manipulation is free from the stiction to contaminants but it is less adapted to handle the objects larger or heavier than microrobot. To deal with randomly present contaminants with different sizes in the realistic configurations, it is necessary to use microrobots having multi-mode manipulation capability consisting of both the contact manipulation and the non-contact manipulation. Figure 8 shows the contact manipulation of microfiber bundles. Using multi-mode propulsions, the microrobot can stick itself to the target microfiber bundle. Approaching to microfiber bundle can be done by tumbling motion and sticking to them is done by rotation motion. The microfiber bundle stuck to microrobot moves together with the microrobot using sliding motion. The sliding motion is chosen to generate higher motion torque to be able to overcome both the increased stiction and the gravity due to the attached microfiber bundle. To further minimize the surface stiction, the microrobot stands with its side and moves with sliding motion based on oscillations. The steering of the propulsion direction is allowed to reach the target position to release the microfiber bundle. After the microfiber bundle is manipulated, the microrobot can be detached out of the microfiber bundle by its own mobility. For the detachment process, the microrobot moves out of the microfiber bundle by the rotation motion. This is an important characteristic for microrobot`s pool cleaning applications. The video 4 demonstrates the microfibers manipulation by microrobot.

In addition to the contact-mode manipulation, microrobot can manipulate smaller objects to remove them out of its motion trajectory. Figure 9 In addition to the demonstrated cleaning by non-contact manipulation, the microrobot can also physically transport microparticles or microbundle by contact manipulation. This can also serve as an additional step of removing the residue of the contaminants stuck to microrobots after their surface cleaning processes. Since the proposed principle is aimed to remove relatively soft biological or polymeric target objects, the microrobot made of pure nickel (hard metal) should not shed particles due to frictional interactions with the target objects. Moreover, the surrounding liquid medium can serve as lubricant to avoid wear of robot due to friction. In a capillary, typical planar robots with single motion modality could be complicated to remove the particles underneath. However, the proposed microrobot have multiple motion modality including tumbling, rotation and sliding motions thanks to the surface openings. The tumbling motion could be used to make cleaning by contact manipulation inside a capillary. In addition, local fluidic motion generated from rotation or tumbling as shown in the Figure 9 could also be in a capillary by non-contact manipulation. Some of them could be manipulated easily by non-contact manipulation but some others with higher stiction to substrate would need other way to manipulate them. Our proposed microrobot allows to detach such contaminants out of substrates. Then they are able to clean them by the contact based static manipulation and by the non-contact manipulation based on induced liquid motion. This pre-detachment of the contaminants out of substrate facilitates the cleaning process by microrobots. In the other state-of-the-arts related works, the pre-detachment step was mostly done by catalytic reaction by chemicals. The pre-detachment step of our proposed microrobot is based on purely physical oscillations. This purely physical way of cleaning is more adapted and promising to a wider range of biological or medical applications.
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  In addition to the robust and the resilient propulsion characteristics from the multi-mode propulsions and the open surface, the proposed microrobots could further enhance those characteristics by enabling resonating motion. The resonating motion of microrobot should further reduce the surface stiction by the high frequency oscillations and by the deflection induced elastic forces. Moreover, the generated flow through the cavities and the springs should also contribute to overcome possible stiction and bonding between the microrobot and the substrate. The flow generated between microrobot and substrate from oscillations of microrobot should enhance the lubrication between them by levitating the microrobots. The reduced mass of the open surface microrobot compared to the one with closed surface is helpful to reduce the stiction. Additionally, the generated flow through the open surface microrobots in oscillations could function to move the particles between the microrobot and the substrate thus to clean the substrate which is an important functionality of the proposed microrobot.

Figure. 5

 5 Figure. 5 Oscillation motion simulation. Oscillation modes in different natural

Figure. 6
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 8 Figure. 8 Manipulation of microfiber bundles by microrobot (1-4) The microrobot

  shows the captured images of the microparticles cleaning steps by microrobot combining the rotation and the sliding motions. The rotational motion can induce liquid motion around the rotating microrobot. The induced liquid motion pushes the microparticles away to clean the circular area around microrobot. Depending on the rotational frequency, the cleaning efficiency could be changed. In addition to the circular spot area cleaning by rotation of microrobot, linear trajectory cleaning could also be possible by sliding motion. The sliding motion can also induce liquid motion to push microparticles out of the trajectory of microrobot. Different oscillation modes could affect to the cleaning efficiency. The cleaning process can be made either by user`s manual control or by closed-loop automation of given trajectory command. The video 5 shows the microparticles cleaning by microrobot.
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  Our proposed microrobots which are all-metal, open surface, thin-film and soft demonstrated their multimodal propulsion and manipulation capabilities. They are useful and effective at cleaning microfluidic environments by both the contact and the non-contact manipulation. The microrobot`s pool cleaning function was proven to be effective at mostly realistic configurations of surrounding environments which are unclean and uncontrolled. Commonly known major issues of such applications are the stiction of microrobot to contaminants which disfunctions the microrobot immediately thus to convert them to contaminants. Avoiding the stiction issue for such applications and environments require the microrobots to have much enhanced level of robustness in both the propulsion and the manipulation. As demonstrated in this article, the proposed microrobots consisting of the open surface thin-film metallic structures are promising from their multiple motion modes and manipulation modes. For the demonstration of the microrobot`s pool cleaning function, we exploited the proposed microrobot in the experiments of cleaning microfibers and microparticles as the model contaminants. Since the contaminants are randomly distributed and their stictions to surface could vary largely depending on their resting time, density/mass and surface chemistry, the multi-mode propulsion and manipulation of the proposed microrobot could be an important asset for the microrobots towards such applications.
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